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Abstract.
Bifeet—eempaﬁeeﬂ—betweeﬂ—pa}eeﬂeeameThe stable carbon isotopic composition §3C records-and-modelresultsfacilitates

- e-is an important variable to
study ocean carbon cycle across different time scales. We include a new representation of the stable carbon isotope '2C into the

HAMburg Ocean Carbon Cycle model (HAMOCC), the ocean biogeochemical component of the Max Planck Institute Earth
System Model (MPI-ESM). '3C is explicitly resolved for all existing-oceanic carbon pools considered. We account for frac-
tionation during air-sea gas exchange and for biological fractionation €, associated with photosynthetic carbon fixation during
phytoplankton growth. We examine two €, parameterisations of different complexity: eg"pp varies with surface dissolved CO2
concentration (Popp et al., 1989), while el%aws additionally depends on local phytoplankton growth rates (Laws et al., 1995).
When compared to observations of §'3C +a-of dissolved inorganic carbon (DIC), both parameterisations yield similar perfor-

mance. However, with regard to 6'3C in particulate organic carbon  (POC) ¢ e shows a considerably improved performance

than ef™S-beeause-the-Jatterresultsin-, This is because ex™* produces a too strong preference for '2C, resulting in too low

J'3C in particulate organic carbon in our model. The model also well reproduces the eceanie-global oceanic anthropogenic
CO, sink and the oceanic '3C Suess effect, i.e. the intrusion and distribution of the isotopically light anthropogenic COs inte

the-industrial-period—in the ocean,
We-further-apply-the-approach-of Bide-et-al(2017a)-who-The satisfactory model performance of the present-day oceanic
3'*C distribution using ¢, and of the anthropogenic CO, uptake allows us to further investigate the potential sources of
WMMMRWMMMMMIM the first
global oceanic 13C Suess effect estimate based on observations
With-this-, They have noted a potential underestimation but their approach does not provide any insight about the cause. By
sources of underestimation of '>C Suess effectbythis-appreach-as—it-has-beennoted-byEide-et-al(2017a). Based on our

model we find underestimations of 3C Suess effect at 200 m by 0.24%c in the Indian Ocean, 0.21%o in the North Pacific,

0.26%o in the South Pacific, 0.1%o in the North Atlantic and 0.14%o in the South Atlantic. We attribute the major sources of
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the-underestimation to two assumptions in Eide et al. (2017a)’s approach: a-spatially-eonstantthe spatially-uniform preformed

component of §'3Cpyc in year 1940 and negleeting13C-Suesseffeetin-the neglect of processes that are not directly linked to
the oceanic uptake and transport of CFC-12 free-swatersuch as the decrease of §'°Cpoc over the industrial period.

The new '*C module in the ocean biogeochemical component of MPI-ESM shows satisfying performance. It is a useful tool
to study the ocean carbon sink under the anthropogenic influences and it will be applied to investigating variations of ocean
carbon cycle in the past._

Copyright statement. TEXT

1 Introduction

The stable carbon isotopic composition §'3C measured in carbonate shells of fossil foraminifera is one of the most widely used
properties in paleoceanographic research (Schmittner et al., 2017). It is defined as a normalised ratio between the stable carbon

isotopes '3C and '2C:

13c/12c

13C(%0) =
( 00) ( Rsld

1) -1000, (1)

where Ry is an arbitrary standard ratio. In observational studies, the ratio 3C/*2C in Pee Dee Belemnite (PDB; Craig, 1957)
is conventionally used for Rgyq.

§'3C provides information on past changes of water mass distribution and properties (e.g. Curry and Oppo, 2005; Peterson
et al., 2014). Direct comparison between paleo §'3C measurements and simulated §*3C facilitates evaluating the ability of
Earth System Models (ESMs) to simulate paleo ocean states. For this reason, we present a new implementation of *3C in the
HAMburg Ocean Carbon Cycle model (HAMOCCSH), the ocean biogeochemical component of the Max Planck Institute Earth
System Model (MPI-ESM). A comprehensive representation of §*3C is a timely extension of MPI-ESM in support of planned
simulations of a complete last glacial cycle within the German climate modeling-modelling initiative PalMod (Latif et al.,
2016). Before applying the new 3C module to paleo simulations, we evaluate it by comparison to observational data in the
present day ocean.

Earlier versions of HAMOCC already featured a '*C module, for instance HAMOCC2s (Heinze and Maier-Reimer, 1999) and
HAMOCC3 (Maier-Reimer, 1993). HAMOCC3 included prognostic **C variables for dissolved inorganic carbon (DIC), par-
ticulate organic matter and calcium carbonate-(Mater-Reimer; 1993). HAMOCC3 also accounted for temperature-dependent
isotopic fractionation during air-sea gas exchange (higher 6'3C of surface DIC in colder water) and biological fractionation
during carbon fixation. Due to the simplified representation of marine biological production in HAMOCC3, biological frac-
tionation was based on fixation of inorganic carbon into non-living particulate organic matter, and was parameterised by a

spatially and temporally uniform factor. This approach for biological fractionation of '>C, however, could not reproduce the
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observed large meridional gradient of §'2C in particulate organic matter (Goericke and Fry, 1994). Since then, HAMOCE
HAMOCC3 was refined in particular with regard to its representation of plankton dynamics;—which-eurrently-. The current
version HAMOCCG6 resolves bulk phytoplankton, zooplankton, detritus, dissolved organic carbon (Six and Maier-Reimer,
1996), and nitrogen-fixing cyanobacteria (Paulsen et al., 2017). We thus develop an updated '3*C module that considers the

refined ecosystem representation and test different non-uniform parameterisations for biological fractionation during phyto-

plankton growth.

for our model, we test the parameterisations of Popp et al. (1989) and Laws et al. (1995). These parameterisations are selected
for two reasons. First, they are of different complexities. The parameterisation of Popp et al, (1989) empirically relates 3C bi-

ological fractionation to the concentration of dissolved CO5 in seawater;2)-the-parameterisation-of- Laws-et-al{(1995)whieh
whereas that of Laws et al. (1995) considers dissolved CO2 concentration and phytoplankton growth rate. Second, input

AAAARTIIRRAANARAAANARRARANITNAAARARAIAA

variables in these two parameterisations are explicitly computed in the model. We omit more complex parameterisations that

include effects of cell membrane permeability of molecular CO, diffusion, cell size, and shape (e.g. Rau et al., 1996; Keller

and Morel, 1999) as HAMOCCS6 does not resolve these features of plankton cells. Te—&ssess—me—medeks—peffefmaﬂee—we—ﬂm

6_€DTUQS§?BINCV&5NCW measurements were mostly carried out in late 20th centuryand-have pickedup-the-oceanie 12C-Suess

ie—12 s o~ In_the upper ocean 0'°C in dissolved inorganic
&@WW‘MWIWWW the intrusion of anthropogenic CO, from fossil fuel
combustion which carries a lower *C/'2C signal (Gruber et al., 1999; Quay et al., 2003). Such §'3Cpc decrease is referred

@%W (Keeling, 1979). Recently, Eide et al. (2017a) derived an observation-based estimate of

the global ocean 13C Suess effect since pre-industrial times. Such an observation-based estimate is valuable as it is the basis

of an almost independent estimate of the global ocean anthropogenic carbon uptake. And it could be used for evaluating
models at pre-industrial states (Eide-et-als2047b)-(Buchanan et al., 2019; Tjiputra et al., 2020) and for setting up paleo simu-
lations (O’Neill et al., 2019). Yet, Eide et al. (2017a) have noted that their approach might underestimate the oceanic >C Suess

effect. They conjectured an underestimation of '3C Suess effect between 0.15 - 0.24%0 at 200 m depth in 1994. However, the
quantitative spatial distribution of this underestimation is unclear. Moreover, although Eide et al. (2017a) have related the un-
derestimation to several assumptions in the approach they applied, the quantitative impact of these assumptions is still unclear
as the measurements are limited in space and time to perform in-depth investigation.

Our model data includes all parameters needed to apply Eide et al. (2017a)’s procedure which relies on regressional re-
lationships between preformed §'3Cpyc (related to the transport of surface waters with specific DIC and DI'3C) and CFC-
12 (Chlorofluorocarbon-12) partial pressure. Thus, our consistent model framework, with the complete spatio-temporal in-

formation of the hydrological and biogeochemical variables, enables us to investigate the spatial distribution of the above-

To choose a suitable biological fractionation parameterisation
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mentioned potential underestimation of the oceanic 13C Suess effect. Moreover, our model framework also allows for the
attribution of the underestimation to the assumptions of the procedure Eide et al. (2017a) applied.

In the following sections, we first provide a brief introduction to the global ocean biogeochemical model HAMOCCG,
followed by a description of the new 3C module including the experimental setup (Section 2). Section 3 presents the model
evaluation against observations in the late 20th century and Section 22-4 evaluates the simulated oceanic *5C Suess effect.

Section 5 addresses our findings on testing Eide et al. (2017a)’s approach for estimating the oceanic '3C Suess effect. Summary
and conclusions are given in Section 6.

2 Model description
2.1 The global ocean biogeochemical model (HAMOCC6)

HAMOCCS6 (Ilyina et al., 2013; Paulsen et al., 2017; Mauritsen et al., 2019) includes biogeochemical processes in the water
column and in the sediment. In the water column, the following biogeochemical tracers are simulated: dissolved inorganic
carbon (DIC), total alkalinity (TA), phosphate (PO,), nitrate (NO3), nitrous oxide (N5O), dissolved nitrogen gas (Ns), sili-
cate (SiOy), dissolved bioavailable iron (Fe), dissolved oxygen (O2), bulk phytoplankton (Phy), cyanobacteria (Cya), zooplank-
ton (Zoo), dissolved organic matter (DOM), particulate organic matter (POM), opal shells, calcium carbonate shells (CaCOs),
terrigenous material (Dust) and hydrogen sulfide (H3S). The sinking speed of POM linearly increases with depth (Martin
et al., 1987), whereas constant sinking speeds are set for opal, CaCO3 and Dust. Except for CaCO3 and opal, whose sinking
speeds (30 and 25 m d~*, respectively) are considerably faster than the horizontal velocities of ocean flow, the water-column
biogeochemical tracers are transported by the hydrodynamical fields in the same manner as salinity.

The sediment module is based on Heinze et al. (1999). It simulates remineralisation and dissolution processes as in the water
column concerning dissolved tracers (PO4, NO3, N3, Og, SiOy4, Fe, HoS, DIC and TA) in the pore water and the solid sediment
constituents (POM, opal, CaCO3). The tracers in the pore water are exchanged with the overlying water column by diffusion.
Pelagic sedimentation fluxes of POM, CaCO3 and opal are added to the solid components of the sediment. Below the active
sediment there is one diagenetical burial layer containing only solid sediment components and representing the bedrock. To
balance the loss of nutrients, TA, DIC and SiOy in the water column, constant input fluxes of DOM, CO? and SiOy4 are added
uniformly at the ocean surface, whose rates are derived from a linear regression of the long-term (approximately 100 years)
temporal evolution of the sediment (active and burial) inventory.

A detailed description of HAMOCCS6 is provided in Mauritsen et al. (2019) and the references therein. Different to the
HAMOCCES version in Mauritsen et al. (2019), we allow DOM degradation in low oxygen conditions until all available O is

consumed.
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2.2 The stable carbon isotope 13C in HAMOCC6

HAMOCCS6 simulates total carbon C, which is the sum of the three natural isotopes 12¢ 13C and MC. Because in nature 2C
constitutes about 98.9% of the total carbon and !3C only constitutes about 1.1 % (Lide, 2002), in HAMOEE-HAMOCC6H
we assume 2C = C. We include a '3C counterpart for each '2C prognostic variable, that is, we introduce seven new trac-
ers for the water column and three for the sediment. '3C only mimics the '>C biogeochemical fluxes, modified by the
corresponding isotopic fractionation. We assume '3C inventory to be as large as the inventory of '2C to reduce numeri-
cal errors. Consequently, the reference standard of the stable carbon isotope ratio Rgq is set to 1 in Eq. (1). In this sec-
tion, we describe the implementation of *3C fractionation during air-sea exchange and carbon uptake by bulk phytoplank-
ton and by cyanobacteria. Because the isotopic fractionation during the production of calcium carbonate is small (Turner,

1982) and uncertain (Zeebe and Wolf-Gladrow, 2001), it is not considered in this study—, following the model studies of e.g.
Lynch-Stieglitz et al. (1995); Schmittner et al. (2013); Tjiputra et al. (2020).

2.2.1 Fractionation during air-sea gas exchange

The net air-sea CO4 gas exchange flux F' reads

F = —kco, Yco, (pCO2™" —pCO,™™). )

Here, pCO2™"" and pCO,*™ are the partial pressures of CO, in the surface seawater and in the atmosphere, respectively. The
piston velocity kco, (ms~') for CO, and the solubility yco, (mol L™ 'atm ') of CO, are calculated following Wanninkhof

(2014) and Weiss (1974), respectively.
Fhe-Similar to the air-sea flux of total carbon in Eg. (2), the net air-sea >*CO, exchange flux '3 F' is-deseribed simitarto-Bg—

reads

B F = —Bkeo, "yc0, (PCO™ Ry — pCO™™ Rym) , )

in which, R, and Ry are the ratios of '3C/2C in surface pCO, and in atmospheric COs, respectively. Following Zhang et al.

(1995), we can re-write Eq. (3) as

su R atm
B = —kco, 0k 70, Cageg <pcoz 2 — pCo,™ Rm> : “)
QDIC+g

Here, oy, = 13kc02 /kco, is the kinetic fractionation factor, cq«g = 13')/@02 /7co, is the equilibrium isotopic fractionation

factor for gas dissolution (from gaseous to aqueous CO2), apicg = Rpic/ Ry is the equilibrium isotopic fractionation factor
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from gaseous CO5 to DIC and Rpjc =" Cpyc/'?Cpic. Parameters o, caq« ¢ and apic« are temperature-dependent and the
are obtained from laboratory experiments (Zhang et al., 1995), and-are-often expressed in terms of a permil fractionation factor
€(%o) = (v — 1) x 103:

€ = —0.81-0.85, measured at 21C, (@)
€ageg = 0.0049 T — 1.31, (6)
€DIC«+g = 0.014T¢ f(jo3 —0.1057¢ + 10.53. @)

Here, T is the seawater temperature in °C and fco, = Cog_ /DIC is the fraction of carbonate ions in DIC. Because in
Eq. (6) the temperature dependency is weak, we use a constant €,q., = —1.24, obtained at T = 15°C in the model, following
Schmittner et al. (2013). In Eq. (7) we neglect the first term 0.014T¢ fco,, because fco, is generally smaller than 0.1 and
because the constant factor is one order of magnitude smaller than that of the second term 0.1057¢.

Note that Eq. (5) (¢, = —0.85) and the simplified Eq. (7) (e = —0.105T +10.53) in this study, adopting those of
Schmittner et al. (2013), are slightly different from the OMIP protocol (Orr et al., 2017; €, = —0.88 and epy,
Results of a short pre-industrial simulation with ¢ and epjc¢ from OMIP protocol yield negligible difference (not shown). In
our future simulations ¢ and epjce.; suggested by the OMIP protocol will be used..

2.2.2 Fractionation during phytoplankton growth

The lighter stable carbon isotope 'C is preferentially utilised than-over '*C during photosynthesis (O’Leary, 1988). Following
Schmittner et al. (2013), we formulate this isotopic fractionation during net growth of the bulk phytoplankton and cyanobacteria

as

3G = Rpic aphy«pic G, (3

with

Qage—g
QlPhy<—aq- €))
ADIC+g

QPhy<—DIC = (aq«+DIC XPhy<—aq =

Here G (umol C L™* day ') denotes the growth of bulk phytoplankton or cyanobacteria. Qphy«DIC 18 the isotopic fractionation

factor for DIC fixation, which is determined by the equilibrium fractionation factor ci,q«pic from DIC to aqueous CO(aq)
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and by the biological fractionation factor €, = (aphy<aq — 1) x 103 related to the fixation of CO2(aq). Here the subscript "Phy"
denotes either the bulk phytoplankton or cyanobacteria.

We test the parameterisations for biological fractionation from Popp et al. (1989) and from Laws et al. (1995), i.e.

&P = —17log(CO,(aq)) + 3.4, (10)

6Laws — ( I
P COQ(aq)/psea

Here, CO4(aq) (umol L™1) is aqueous CO» in surface water, p (day 1) is the specific growth rate of bulk phytoplankton or

— 0.371) /0.015. an

of cyanobacteria. Note that Laws et al. (1995) measured €,q« pny. Because aphyaq is close to unity, €, ~ —€aqpny (Zeebe

and Wolf-Gladrow, 2001). In Eq. (11), we set the seawater density p, a constant value of 1.025 kg L™'. Then Eq. (11) is

simplified to
davs —6g3__H 947 (12)
P CO2(aq)

Both COs(aq) and p (depending on local conditions of light, water temperature and nutrient availability) are determined

in HAMOCCHAMOCCS. Figure 1 illustrates the values of ey and ¢5** under typical ranges of COs(aq) and y in the

p
Popp

Laws i generally more negative than e, . For high 4 values, e.g. = 2, e5™*

p p
than eg()pp. Under high p and low COs(aq), elpjaws becomes positive, which is unrealistic. However, our simulated ratios of

ocean. When 1 <1, € is constantly less negative
phytoplankton growth rate to dissolved CO5 concentration do not produce unrealistic positive el%"‘ws at any time step in this

study.
2.3 Model set-up and experimental design
2.3.1 Setup

We conduct ocean-only simulations using the MPIOM-1.6.3p1 (Jungclaus et al., 2013; Notz et al., 2013; Mauritsen et al.,
2019) with HAMOCC6. MPIOM is a free-surface ocean general circulation model. It uses a curvilinear grid with the grid
poles located over Greenland and Antarctica. We use a low-resolution configuration with a nominal horizontal resolution of
1.5°. This configuration has a minimum grid spacing of 15 km around Greenland and a maximum grid spacing of 185 km in
the tropical Pacific. There are 40 unevenly spaced vertical levels. The layer thickness increases from 10 m in the upper ocean
to 600 m in the deep ocean. The upper 100 m of the water column are represented by nine levels. The time step is 1 hour. In
this set-up, we additionally include the oceanic uptake and transport of CFC-12. CFC-12 is chemically inert and can therefore
be treated as a conservative and passive tracer participating in all hydro-dynamical processes within the ocean identical to e.g.

salinity. The implementation of the air-sea gas exchange of CFC-12 follows the OMIP protocol (Orr et al., 2017).
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Figure 1. The permil biological fractionation factor €, against aqueous CO> concentration. The solid line illustrates eg(’pp, in which the
biological fractionation during phytoplankton growth is only a function of CO2(aq). The dash-dotted lines show eLaWS which depends on

1/ COsq, the ratio of phytoplankton growth rate to CO2(aq), for 1 =0.2 (blue), 0.6 (red), 1.2 (yellow) and 2.0 (purple) day ~*

2.3.2 Experimental design

We-earry-out-For the pre-industrial spin-up simulations
with-the-we cyclically apply the 1905-1929 sea-surface boundary conditions from ERA20C (Peliet-al;20+6)which-covers

the-period-(Poli et al., 2016, covering 1901-2010—For-the-pre-industrial-period;we-eyclically-apply-the foreing-of 1905-1929
and-setthe-). The atmospheric CO2 mixing ratio is set to 280 ppmv. We-firstcondtet-a-A spin-up run is first conducted without

13C tracers until the long-term averaged global net air-sea 12€0,-CO, flux is smaller than 0.05 Pg C yr—! (adequate to the

C4MIP criterion for steady state conditions of <0.1 Pg C yr—!; Jones et al., 2016). This model state is the starting point for the
two spin-up runs including '3C tracers, PI_Popp and PI_Laws, which are based on the biological fractionation parametrisation
& (Eq. 10) and ;™ (Eq. 12), respectively.

The 3C tracers are initialised as follows. The mean §'3C of the marine organic matter is about —20% (Degens et al., 1968).
Therefore, we set the initial concentrations of '2C in the bulk phytoplankton, cyanobacteria, zooplankton, dissolved organic
carbon, particulate organic carbon in the water column and particulate organic carbon in the sediment to 0.98 (according to

Eq. 1) of their '2C counterparts. The initial 1*Cpyc in the water column is calculated feltowing-using the relation between
d'3Cpyc and POy (Lynch-Stieglitz et al., 1995) +

013Cpic =2.7—1.1P0O,. (13)
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Figure 2. (a) The evolution of atmospheric CO» (blue, Meinshausen et al., 2017) and 6*3CO (red, Jones et al., 2016) during 1850 - 2010.
(b) The evolution of atmospheric CFC-12 concentrations (Bullister, 2017). Solid blue line indicates the northern hemisphere, dashed red line

indicates southern hemisphere.

and Eq. (1). Here POy and DIC are from the quasi-equilibrium state of the spin-up run without '3C tracers. The initial con-
centrations of 13Cc,co, in the water column and in the sediment, and the initial concentration of 13Cpyc in pore water are set

identical to their 12C counterparts.

The pre-industrial stable carbon isotope ratio 6'3CO; of atmospheric COs is fixed at —6.5%o. The input—+ate-inputs of
dissolved organic '*C (DO'3C) and '>CO3 "~ are uniformly added at the ocean surface. The input rate of DO'3C is calculated
as the product of the input rate of DOC and the sea-surface DO'3C/DOC ratio; the input rate of *>CO3 ™~ is the product of
the input rate of CO?,)‘ and the sea-surface 13CO§_ / CO§_ ratio. This approach to determine 3C input rates results in a

small drift in the water-column '3C inventory but it only has minor impact on the simulation results (see Appendix 22A).
13

PI_Popp and PI_Laws are spun up for 2500 simulation yearss

biegeochemical-and-hydrodynamical processes. Equilibrium states are reached with 98% of the ocean volume having a §'3Cpc.
drift of less than 0.001%o year—! (employing the same criteria as for 1*C in OMIP protocol, Orr et al., 2017). _An equilibrium

In the transient simulations for the historical period 1850-2010, Hist_Popp and Hist_Laws, we prescribe increasing atmo-
spheric CO, mixing ratios (Meinshausen et al., 2017) due to anthropogenic activities and decreasing atmospheric §'3CO,
following OMIP and C4MIP protocols (Jones et al., 2016) (Fig. 2a). For the period 1850 - 1900, when forcing data is ab-
sent, we continue applying the 1905-1929 ERA20C cyclic forcing. From 1901 to 2010, we use the transient ERA20C forcing.
The evolution of the atmospheric CFC-12 concentration (Fig. 2b) follows Bullister (2017). Because the atmospheric CFC-12 is
slightly higher in the northern hemisphere, we prescribe a linear transition between 10°S and 10°N. Input rates rates of DO'3C,

DOC, 13CO§7, CO? and SiOy are kept constant, and are the same as those in the pre-industrial simulations.

3 Model results and observations in the late 20th century



Our model generally well simulates the physical and biogeochemical state for the present-day ocean. The detailed model-observation
comparison for the ocean physical variables (e.g. seawater temperature and salinity, Atlantic meridional overturning circulation

stream function, CFC-12) and for the ocean biogeochemical tracers (e.g.

in Appendix B and C.
235 In this section, we compare simulated 13C between the two simulations Hist_Popp and Hist_Laws and evaluate the two

roduction, nutrients, DIC) are summarised

experiments by comparison to observed §'3Cpoc and §'3Cpyc. The observations used here are the surface §'3Cpoc measure-
ments assembled by Goericke and Fry (1994) and the observed §'3Cpyc, for both the surface and the interior ocean, compiled
by Schmittner et al. (2013). For the model-observation comparison, we first grid the ebservational-data-sets-observed §'3Cpoc
and 9'3Cpyc horizontally onto a 1x1 degree grid and vertically (only for §*Cpyc) onto the 40 depth layers of the model. Mul-
240 tiple data points in the same grid cell in the same month and year are averaged. Then we bilinearly interpolate the simulated
monthly-mean §'3Cpoc and §'3Cpjc over a 1x1 degree grid. To quantitatively compare the performance between Hist_Popp
and Hist_Laws and to other *>C models, we calculate the spatial correlation coefficient r and the normalised root mean squared
error (NRMSE, normalised by the standard deviation that is calculated using all the available measurements of 513Cpoc or

§'3Cpyc during the observational periods) between model results and observation.

245 A global ocean climatology of pre-industrial §'3Cpyc has recently be derived by first estimating the oceanic *3C Suess
effect (Eide et al., 2017a) and then removing it from the observed §'3C Eide et al., 2017b). This pre-industrial §3C
estimate has been used to evaluate model performance (Tjiputra et al., 2020). We do not include a §'3Cpc evaluation for

the pre-industrial ocean because the historical simulations in this study facilitates the direct comparison to observations in

the late 20th century, different from Tjiputra et al. (2020) which only includes pre-industrial simulations with '3C tracers.

250 Moreover, as is already discussed by Eide et al. (2017a) and is discussed in Section 5 of this study, ">C Suess effect is possibl

underestimated by Eide et al. (2017a)’s approach, This suggests Eide et al. (2017b) likely overestimate the pre-industrial §-3C

3.1 Isotopic signature of particular organic carbon in the surface ocean

For comparison between Hist_Popp and Hist_Laws, the climatological mean state of §'3Cpqc is derived by averaging over
255 1960-1991, the period when most §'3Cpoc measurements were collected. In Hist_Popp, the climatological annual-mean sur-
face 5'3Cpoc has a global mean value of —22.5%o and it shows a distict horizontal pattern (Fig. 3a). Less negative values up
to —19.3%o are found in the subtropical regions, where alkalinity is typically high and COz(aq) is consequently low. This low
CO2(aq) results in a smaller isotope fractionation during carbon fixation by phytoplankton (Eq. 10, Fig. 1) with a biologi-
cal fractionation factor €, > —13%o (Fig. 3¢c). Poleward of the subtropical regions, §'3Cpoc gradually decreases. The reason
260 for this is twofold. First, €, decreases from —13 to about —20%o following the increase of COz(aq). Second, the thermal ef-
fect of equilibrium fractionation causes about 3%o more fractionation in the polar regions than in the tropical and subtropical
regions (according to Egs. 7 and 9). The lowest 6'*Cpoc of about —30%o¢ occurs close to Antarctica where highest surface
DIC concentrations are typically found because of the upwelling of deep waters and the reduced air-sea gas exchange by ice

cover (Takahashi et al., 2014). The annual range of §'3Cpoc (Fig. 3e), i.e. the difference between the minimum and the maxi-

10



265 mum of its climatological monthly-mean annual cycle, is low (< 0.5%0) in the subtropical regions and it increases polewards

270

up to ~ 9% in the Southern Ocean, mirroring meridional changes in the annual range of CO2(aq).
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Figure 3. The climatological (1960-1991) annual-mean surface values for Hist_Popp (a, ¢, e) and Hist_Laws (b, d, f) for ¢ BCpoc (a, b),

€ (c, d), and for the annual range of § BCpoc (e, ). All values are given in permil (%o).

Compared to Hist_Popp, Hist_Laws shows lower annual-mean surface 6'3Cpoc (Fig. 3b), with a global-mean value of

—29.9%o due to more negative ¢, (Fig. 3d). This is because ¢;*** (Fig. 1) is always more negative than & when the simulated

mean growth rates (Figs. Cla and C1b) are lower than 1 day~'. As e{;aws increases with growth rate (Eq. 12), we find less

negative 63Cpoc (up to —24.1%o) in the central tropical Pacific, where highest growth rates are simulated (Figs. Cla and C1b).

The lowest 612Cpoc of —33%o occurs in the Arctic Ocean and around Antarctica due to the combination of low growth rate, high

CO3(aq) and low seawater temperature. The meridional range of the annual-mean §'3Cpoc in Hist_Laws (~ 9%o) is smaller

than that of Hist_Popp (~ 11%o) because for low growth rates €

Laws

o is generally less sensitive to CO2(aq) changes compared to
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;™ (Fig. 1). This also results in a smaller annual range of §'3Cpoc in high latitudes (Fig. 3f) than Hist_Popp (Fig. 3¢). In the
low and mid latitudes, Hist_Laws show larger annual range of §'3Cpoc because in these regions CO4(aq) concentrations are
relatively stable but growth rates shows noticeable seasonal variability.

Hist_Popp captures major features of the observed §'3Cpoc (Figs. 4a, 4c and 4e). The meridional gradient, with less negative
values in the low latitudes and minimal values around 60°S, is well reproduced. In contrast, Hist_Laws shows generally
lower 6'3Cpoc than the observations (a global mean bias of —8%o) and smaller §'Cpoc difference between low and high
latitudes (Figs. 4b, 4d and 4f). This is also seen in a recent study by Dentith et al. (2020), who tested eg(’pp and €, with
the FAMOUS model of intermediate complexity. The underestimation in the global mean and in the meridional gradient of
d'3Cpoc in Hist_Laws suggests that the parameters of the linear fit in Eq. (12) (slope and intercept) would need to be increased
to gain a better performance. Around 60° S of the Atlantic Ocean (Fig. 4b), Hist_Laws simulates a smaller range of §'3Cpoc
than the observations. This is also a result of the small §'3Cpoc annual range produced by e;;aws (Fig. 3f). Between 40° S and
40° N in the Atlantic Ocean, Hist_Laws simulates §'2Cpoc peaks in the region of high growth rates south of the Equator,
whereas the observed high § 13Cpoc values locate between the Equator and 20° N.

In the Indian Ocean around 45° S, Hist_Popp does not capture the prominent §'3Cpoc peak in the field data (Fig. 4e), al-
though the simulated COz(aq), the controlling factor in the parameterisation epPOPP (Eq. 10), well reproduces the meridional
variation of the ebservationscontemporaneous COs(aq) measurements (Fig. 4g). This is because although the empirical cor-
relation between ¢, and COz(aq), such as Eq. (10), holds true to the first order over large areas of the global ocean, other
factors, such as growth rate, affect the local variability in €, (Popp et al., 1998; Hansman and Sessions, 2016; Tuerena et al.,
2019). Hist_Laws captures the §'*Cpoc peak around 45° S in the observations (Fig. 4f), owing to the dependency of e#a‘”s on
phytoplankton growth rate and to the model successfully reproducing the high productivity in this region (illustrated by phyto-
plankton biomass, Fig. 4h). This is in alignment with the field study by Francois et al. (1993) and the model study by Hofmann
et al. (2000), who ascribed this observed §'3Cpoc peak to a local high phytoplankton production during the measurement
period.

Overall, Hist_Popp (r = 0.84 and NRMSE = 0.57) better reproduces the observed §'3Cpoc than Hist_Laws (r = 0.71,
NRMSE = 2.5). Here a higher NRMSE indicates the model captures a smaller fraction of the variation in observations. The
performance of Hist_Popp regarding §3Cpoc compares well to that of the FAMOUS model (Dentith et al., 2020; Figure 8) and
the BVie-University of Victoria (UVic) Earth System Model of intermediate complexity (with » = 0.74 and NRMSE = 0.92;
Schmittner et al., 2013). Note that Schmittner et al. (2013) compared climatological annual-mean model output to the § BChoc
measurements from Goericke and Fry (1994), whereas our study uses model results of the corresponding month and year of
the measurements. This difference leads to a better comparison of Hist_Popp to the observed 6'3Cpoc in high latitudes, partic-
ularly in the South Atlantic Ocean around 60° S, and therefore it is one reason for the slight better performance of Hist_Popp
compared to Schmittner et al. (2013), aside from the underlying differences between the two models.

Hist_Popp also well reproduces the temporal changes of the biological fractionation factor ¢, when compared to_the
observation-based estimates of Young et al. (2013). In Hist_Po

for the period 1960-2009 (Fi

the change rate of ¢, has a global-mean value of —0.026%o0 yr—

. C7a), similar to an estimate of —0.022%o yr—" in Young et al, (2013). Modest ¢, changes are
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Figure 4. Comparison of surface 53 Cpoc (%0) observations (blue triangle) from Goericke and Fry (1994) to model data (red circle) in
Hist_Popp (a, c, ) and Hist_Laws (b, d, f) for the Atlantic, Pacific and Indian Ocean, respectively. Inserted maps show cruise tracks of the
measuring campaigns. (g): Comparison of simulated CO2(aq) (red star) to observations (blue diamond) in the South Indian Ocean (Francois
et al., 1993, measurement locations indicated by black triangles in the inset map for the Indian Ocean). (h): as panel g, but for particulate
organic matter, represented by total POC in Francois et al. (1993) and by phytoplankton biomass in the model. The measurement precision

is +0.17%o for 613 Cpoc and 2% for CO4(aq) and particulate organic matter, according to Francois et al. (1993)

found in eastern tropical Pacific and south of 60°S, in good agreement with Young et al. (2013). Hist_Laws, on the other hand

310 shows a too small the global-mean ¢, change rate of —0.005%0 yr—! (Fig. C7b) as - is less sensitive to the increase of
CO,(aq) than €27,
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3.2 Isotopic signature of dissolved inorganic carbon §3Cp;c

3.2.1 Comparison between Hist Popp and Hist_Laws and to observations

Figures 5a, 5b and 6a - 6f compare the climatological annual mean of §'3Cpyc (averaged over 1990 - 2005, when most §'3Cp;c
measurements were collected) between Hist_Popp and Hist_Laws. The two simulations exhibit very similar 6'3Cpyc patterns
for both surface and interior ocean. The surface seawater DIC is enriched in '>C due to the preferential uptake of the light
isotope 12C by phytoplankton during primary production. As particulate organic matter sinks and is remineralised at depth,
the negative 6'3Cpoc signal is released. Consequently, in both Hist_Popp and Hist_Laws, 6'3Cpjc at the surface is generally
higher than in the ocean interior. At the surface of the equatorial central Pacific, the eastern boundary upwelling systems and the
Southern Ocean south of 60°S, lower §3Cpyc (< 1.6%o) is seen due to the upward transport of the 13C depleted water (Figs. 5a
and 5b). In the interior ocean, we find higher §'3Cp;c (> 1%o) in well ventilated water masses, in particular the North Atlantic
Deep Water (NADW) (Figs. 6a and 6d). The lowest §'3Cpyc values (< —0.5%o) occur at depth in tropical and subtropical
regions (Figs. 6a - 6f), where large amount of organic matter is remineralised.

The global-mean surface §'3Cpjc of the two experiments only differs marginally (1.64%o for Hist_Popp and 1.7%o for
Hist_Laws), which is expected as they are run using the same prescribed atmospheric §'3CO, (Schmittner et al., 2013).
Given very similar mean surface DI*3C, the larger vertical DI'3C gradients in Hist_Laws, established by more negative
d'3Cpoc (Figs 3a and 3b), yields lower DI'3C concentration at depth. This adjustment of DI'3C content in the ocean inte-
rior takes place during the pre-industrial spin-up phase of the simulations via air-sea 3CO5 exchange (Appendix 22A). At the
end of the 2500-year spin-up, the water-column DI*3C inventory in PI_Laws is 1.1 x 102 kmol lower than PI_Popp, yielding
a global mean §*3Cpyc difference of 0.25%o (Figs. 6g - 6i). Such interior-ocean §'3Cpyc difference caused by using different
parameterisation for biological fractionation is also seen in Jahn et al. (2015) and Dentith et al. (2020). The seasonal upward
transport of the lower deep-ocean §*2Cpyc in Hist_Laws leads to lower annual-mean surface §'3Cp;c and larger §3Cp;c annual
range in regions of upwelling (Figs. Sc and 5d).

When compared to the observed §'3Cpyc, Hist_Popp (r = 0.81, NRMSE = 0.7) has a slightly better performance than
Hist_Laws (r = 0.80, NRMSE = 1.1). Hist_Laws generally shows too strong vertical gradients of §'3Cpjc and therefore too

low 613Cpyc values in the ocean interior, as is seen in the depth profiles of horizontally-averaged §'3Cpyc (Fig. 7). This points

Laws
p

slightly better performance of Hist_Popp than Hist_Laws regarding §'Cpyc, we focus in the following on the comparison

to too strong preference for the isotopically light carbon simulated by € as is already discussed in Section 3.1. Given the

between Hist_Popp and observed 6'3Cpyc.

3.2.2 Source of surface §12Cpyc biases in Hist Po

Figure 8 contains model-observation comparison for the surface and-interior-ocean-0'3Cpcrrespeetively. Overall, the magni-
tude and spatial distribution of the observed § BCpc is well-captured by Hist_Popp. In the surface ocean, the mean § BChie

is slightly overestimated by Hist_Popp (1.7%o0 compared to 1.5%o in observation). Positive biases are widely seen in the In-
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Figure 5. Climatological (averaged over 1990-2005) annual-mean surface §'3Cpjc for Hist_Popp (a) and Hist_Laws (b), respectively. ¢ and
d: the difference of climatological annual-mean §*3Cpyc between Hist_Laws and Hist_Popp, and the difference of climatological annual

range of §'3Cpjc between the two simulations, respectively.

dian and Pacific Ocean and the negative biases are mostly found in the Atlantic Ocean (Fig. 98c). To better understand the
source of differences between model and observations, we follow the method of Broecker and Maier-Reimer (1992) to decom-
bio resi

pose §3Cpyc into a biological component §**Cp- and a residual component §'3CJ5;¢., driven by air-sea exchange and ocean

circulation:

Aphoto

513cbi0 :513(:
DIC pic|/mo. + 7DICM_O_

Rcp (PO4 —POy|mo0.)- (14)

Here the subscript M.O. refers to mean ocean values, Appoo is the carbon isotope fractionation during marine photosynthe-

sis, and Rc.p is the C:P ratio of marine organic matter. We use Appoo = —19%o (Eide et al., 2017b) and Rc.p = 122 (Taka-

hashi et al., 1985) —for both model and observational data. In reality Apnoo shows spatial variability due to the variations of
COx(aq) (Fig. 3¢) and temperature (Eq. 7) at the sea surface. However, using a constant Aoy 0nly has limited guantitative
impact on the model-observation comparison of the two components. To calculate §'Clis. from observations, we employ
d3Cpic|m.o. = 0.5%o, B{GWQ_%%%ﬁmeH%g;lDIC ~=2255 mmol m_® (Eide et al., 2017b), and PO, from the World
Ocean Atlas (WOA13; Garcia et al., 2013a). Considering the strong seasonality in POy in the surface ocean, we select the
phosphate concentration from the climatological monthly WOA data (available only for the upper 500 m of the water column)

and the climatological monthly-mean model data for the same month as the §'3Cpyc observations. The observed mean ocean
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Figure 6. Zonal-mean §'3Cpyc of the Atlantic Ocean (left column), the Pacific Ocean (middle column) and the Indian Ocean (right column)

for Hist_Popp (a-c), Hist_Laws (d-f) and for the difference between Hist_Laws and Hist_Laws (g-i).
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Figure 7. Depth profiles of horizontally-averaged §'3Cp;c of Hist_Popp (solid blue line), Hist_Laws (dashed red line) and the observational
data from Schmittner et al. (2013) (solid black line) for the global ocean (a), the Atlantic Ocean (b), the Pacific Ocean (c) and for the
Indian Ocean (d). The grey shading indicates observation uncertainty of £0.15%o, which relates to the estimated accuracy due to unresolved

intercalibration issues between laboratories (0.1 — 0.2%0; Schmittner et al., 2013).
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phosphate concentration PO lyro—— 17 pmol ke PO _=1.7mmol m * is obtained by first merging the time-mean of
the PO4 monthly WOA data in the upper 500 m and the PO, annual-mean WOA data below 500 m, and then mapping the

combined data to the vertical grid of our model. For simulated §'CEis., the model data of #3CpichyrosPICyrosPOrhvro-
s13C =0. = 2197 mmol m 2, PO _=1.5 mmol m > and PO, are used. The model-observation
bio

§13CIS difference is calculated by subtracting the model-observation §'3CPi¢. difference from the model-observation §'3Cpyc

difference.
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Figure 8. Observed surface §*3Cpyc (Schmittner et al., 2013) (a) and simulated 6*3Cpyc in Hist_Popp sampled at the location, month and year
of the observation (b). (c-€--e): The difference of 6'3Cpyc + i

Hist_Popp and observations. £

13cresl_between

The model captures the major features of the observed d13CY°. at the surface, that is, higher values are seen in the
h latitudes (Figs C8a and C8b). Nevertheless,
exist (Fig. 9a), which resemble the distribution of (PO, — POy4 |y o ) bias (Fig. 9b). Between 30°N and 30 °S in the surface

subtropical regions and lower values in the hi noticeable quantitative differences

ocean, ith-we find a mean negative bias of
about —0.1%cFig—9d)—, This is caused by the underestimation of primary production in the subtropical gyres (due to the
underestimation of phytoplankton growth rates, see Appendix 22C1) and the consequently reduced enrichment of '3C in sur-

face DIC. A strong positive §'>Chi. bias of 0.6 to 1%o is seen in the North Pacific, where in the model iron is not a limiting

nutrient (Fig. C3), in contrast to observations (Moore et al., 2013). In the equatorial central Pacific, a weak positive §'3Chi
bias < 0.2%o is caused by a too high primary production. Specifically, the simulated phytoplankton growth rates in this region

compare well to observations, whereas the simulated phytoplankton biomass is too high (Appendix 22?C1). The latter is mainly
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Figure 9. Zonal-mean-distribution—in-Model-observation difference of the Atlantie-Oceanbiological component §'*CRf- (feft-cotumna),
%M%M(m&%ﬁ%ﬁb)ﬁﬁé the Indian-Oeeanresidual component §'*Clsy. (right-eotumnc) for-at the 6 2€mc
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feﬁ%he—éPOz;—PQﬂmn—%dlfference between model and WOA—observation-based data W@M%—Gafeiaf%al—z%%a}—ég-i—}—aﬂd—fef
i-Hproduct from

induced by a too strong upwelling. The observed mean upward vertical velocity at 0°, 140°W, 60 m depth during May 1990 -

June 1991 is 2.3 x 10~°m s~ (Weisberg and Qiao, 2000), whereas the model simulates 3.2 x 10~°m s~! for the same location
and period.

In the Southern Ocean, a strong positive § ISC}’)‘f’C bias of 0.6 to 1%o (Fig. 9da) results from a too large-nutrient-supply-from

; - high primary production under
too high surface iron concentrations (0.2 — 0.4 nmol L ™! compared to generally < 0.25nmol L~! from data of GEOTRACES
rogram (Www.geotraces.org), not shown). Primary production is limited by iron only south of 50°S in the model compared to

south of 40°S from observation (Moore et al., 2013). One cause for the high surface iron concentration is that organic matter is
remineralised at too shallow depths in HAMOECEC -as-is-shown-by-HAMOCCS6. This can been seen from the positive apparent

oxygen utilisation (AOU) biases above 500 m south of 45°S (Figs. 10j - 101). Second;-Another reason for the high surface iron
concentration is that MPIOM simulates a too large upward transport due to too strong upwelling. In particular, below 1000 m,
the simulated upward velocity shows noticeably larger magnitude (> 5 x 10~ m s~!, Fig. B4) than that of a dynamically
consistent and data-constrained ocean state estimate (see Figure 1 in Liang et al., 2017). The too strong upwelling in the
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model is consistent with the too large volume transport across the Drake Passage of 192 Sv compared to 134-173 Sv from
2003; Meredith et al., 2011; Donohue et al., 2016). Our model

also features larger downward velocities than the estimate from Liang et al. (2017), which correspond to too deep mixed layer

observations (Nowlin Jr. and Klinck, 1986; Cunningham et al.,

depths in the Southern Ocean (up to 3000 m, Fig. B5) than observations (<700 m; de Boyer Montégut et al., 2004; Holte et al.,
2017).

We find strong §'3CJSi negative biases of —0.5 to —1%o (Fig. 9ec) in the North Pacific and the Southern Ocean, which
partially compensate the positive biases of § 13C']°3if’c (Fig. 9da) in these regions. One major cause for the negative & 13Cf§fic bias
in these two regions is our model overestimating the uptake of anthropogenic carbon, as is illustrated by the net air-sea CO2
difference between the model and the observation (Fig. 9fd). Consequently, the decreased atmospheric 13C/12C ratio over the
industrial period further lowers §'3Cpyc in the two ocean regions in the model. In the Southern Ocean, a too large upward

resi

transport of *C-depleted water at depth to the surface also contributes to a negative §'3Cp5y- bias.

3.2.3 Source of §'3Cpyc biases in the interior ocean of Hist Po

Figure 10 contains the model-observation comparison for zonal-mean 5 3Cp;c in the Atlantic, Pacific and Indian Ocean. In the
interior ocean, 6'3Cpyc is controlled by remineralisation of *C-depleted organic matter and by ocean circulation (Broecker

and Peng, 1993; Lynch-Stieglitz et al., 1995; Schmittner et al., 2013). Low 513Cpyc is often found in waters of high nutrient
concentration and vice versa. Thus, we find positive (negative) §'3Cpjc biases coincide with negative (positive) phosphate
biases (Figs. 10d - 10i). In the Atlantic Ocean between 1000 and 3000m, the North Pacific above 1500 m and the Indian Ocean
below 1000 m, positive §'3Cpyc biases and negative phosphate biases are mainly caused by a too low remineralisation, as is
shown by the negative AOU biases (Figs 10j - 101). North of 30°S in the Atlantic Ocean, the negative §'3Cp;c biases below
3000 m, together with the ﬁegaﬂv&gg\s,ivtiv\@\&gcmc biases between 1000 and 3000 m, suggest too strong 513Cpyc vertical
gradients in the model (Fig. 10d). This results from a too shallow lower boundary of the NADW cell, constantly located above
2800 m (Fig. B3), compared to an estimated NADW lower boundary of about 4300 m deep at 26°N (Msadek et al., 2013; Smeed
et al., 2017). A possible reason for the shallow NADW in the model is that the Lower North Atlantic Deep Water (LNADW)),
forming from the Denmark Strait Overflow Water and the Iceland-Scotland Overflow Water, is not dense enough to flow further
southward. This is can be seen from the CFC-12 distribution along the zonal Section AS at 24°N (Fig. B7). The observed
deeper CFC-12 maximum (3000-4500 m west of 60°W) indicates the presence of LNADW (Dutay et al., 2002), which is not
represented in our model.

We find the strongest negative 6'>Cpc bias in the deep eastern equatorial Pacific (Fig. 10e). The cause is the ‘nutrient trap-
ping’ problem in the model, characterised by too high nutrient concentrations in the deep eastern equatorial Pacific (Fig. 10h),
which is a persistent problem in many ESMs (Aumont et al., 1999; Dietze and Loeptien, 2013). Based on sensitivity exper-
iments with the Geophysical Fluid Dynamics Laboratory model and UVic model, Dietze and Loeptien (2013) concluded the
primary cause of the ‘nutrient trapping’ problem is likely model biases in physical ocean state, in particular, the poor repre-
sentation of the Equatorial Intermediate Current System and Equatorial Deep Jets. The latter two current systems are indeed

poorly represented in our model as well. Specifically, the zonal current at 1000 m depth (typical depth for the the Equatorial
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Figure 10. Zonal-mean distribution in the Atlantic Ocean (left column), the Pacific Ocean (middle column) and the Indian Ocean (right

column) for the §*3Cpjc observations from Schmittner et al. (2013)) (a-c), for the difference between Hist Po sampled at the same

location, year and month of the observations) and § 13(Cpic measurement (d-f), for the (PO4 — POy4|m.0,) difference between model and WOA

data (WOA13; Garcia et al., 2013a) (

Garcia et al., 2013b) (j-1). Here the climatological annual mean values of PO4 and AOU are used for both model and WOA data because

seasonal variation is negligible in the interior ocean and WOA only provides monthly data above 500 m.

Intermediate Current System) shows too little spatial variability and too low speeds of ~ 0.2 cm s~ (Fig. B6), compared to the
observed alternating jets with a meridional scale of 1.5° and speeds of ~ 5 cm s~! (see Figure 2 from Cravatte et al., 2012).

The performances of both Hist_Popp and Hist_Laws regarding §'3Cp;c are comparable with the Norwegian Earth System

425 Model-tversion 2 (NorESM2, Tjiputra et al., 2020; comparing their Fig. 21), the BVie Earth-SystemMeodeHSechmittneret-al; 2643 )-and
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Commonwealth Scientific and Industrial Research Organisation Mark 3L climate system model with the Carbon of the Ocean
Atmosphere and Land (CSIRO Mk3L-COAL), Pelagic Interactions Scheme for Carbon and Ecosystem Studies (PISCES

and L.Och-Vecode-Ecbilt-CLio-aglsm Model (LOVECLIM) (see Table 2 and Figure 3, S2, S3 of Buchanan et al., 2019 and
references therein), the Community Earth System Model (CESM, Jahn et al., 2015; comparing their Figs. 5 and 6 to our

EVSAV SV VA A2

Figs. 7 and 6, respectively) and the UVic Earth System Model (Schmittner et al., 2013). The latter two studies used the same

§'3Cpyc dataset for model evaluation. Schmittner et al. (2013) reported a better performance (r = 0.88 and NRMSE = 0.5)
than ours (r = 0.81 and NRMSE = 0.7 in Hist_Popp). One main reason is that the ‘nutrient trapping’ problem in HAMOCE

HAMOCC6 does not occur in the simulations of Schmittner et al. (2013). Our-model-showsnoticeable-better-performanee

4 Oceanie13C-Suess-effeet
3.1 Evaluation-of the simulated-oceanie 13C Suess-effeet
4 Eyaluation of the simulated oceanic >C Suess effect

The oceanic §'3C measurements taken during the late 20th century already include a signal that originates from burning of
isotopically light fossil fuel over the industrial period. The associated decrease in atmospheric 6'3C (Fig. 2) affects oceanic
§13C via air-sea gas exchange, leading to a seneratly-general decrease of 6'3Cpyc. The distribution of this 6'3Cpyc change,
i.e. the oceanic '3C Suess effect, could serve as benchmark for ocean models to evaluate the uptake and re-distribution of the
anthropogenic CO5 emissions in the ocean.

The model is able to reproduce the size of the global oceanic anthropogenic CO5 sink-, though some local biases in the net
air-sea CO» flux exist (Fig. 9d). The simulated sink by year 1994 is 99 Pg C, which compares well to the observation-based
estimate of 118 £ 19 Pg C from Sabine et al. (2004) and to other model estimates (e.g. 94 Pg C in Tagliabue and Bopp, 2008).
For a direct comparison to published studies, we calculate the oceanic § 13C Suess effect, §13Cgg, as the difference between
the 1990s-averaged §'3Cpic from Hist_Popp and the pre-industrial climatological (50-year mean) §'3Cpyc from PI_Popp.
d'3Cgg calculated using the results of Hist_Laws and PI_Laws only shows marginal difference (global-mean < 0.04%o), and
is therefore not presented.

The surface mean §'2Cgg in this study is —0.66%o, similar to the model study of Schmittner et al. (2013) (—0.67%0) and to
the estimate by Sonnerup et al. (2007) (—0.76 £ 0.12%0) who used an observation-based approach. The spatial-distributions

S13
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- strongest oceanic '3C Suess effect is found in the subtropical gyres

in the model (Fig. 11a), where water masses have long residence times at the ocean surface and therefore receive a strong
anthropogenic imprint (Quay et al., 2003). At-the-surface-of-the-In the subtropical gyres, eur-simulated-the simulated surface

d'3Cgg generally varies between —0.8 and —1.1%o, which compares well to the the surface ocean §'3C decrease of —0.940.1%o
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recorded by coral and sclerosponges (Worheide, 1998; Bohm et al., 1996, 2000; Swart et al., 2002, 2010) and to the estimates
of —1.0 & 0.09%o extracted from GLODAPv2 (Olsen et al., 2016; Eide et al., 2017a). In-the-
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Figure 11. The simulated oceanic Suess effect § 13 Cge from pre-industrial to 1990s at sea surface (a) and at 200 m (b).

Along the vertical sections A16, P19 and I8S9N, §2Cgg is mainly confined to upper 1000 m depth in the subtropical gyres

of the South Atlantic, the Pacific Ocean and the Indian Ocean;6'3Cgp—is-mai - (Figs. 12a -
12¢). In the North Atlantic, 6'3Csg penetrates deeper than the other ocean regions, due to the intensive ventilation related to

the formation of NADW. One-noticeable diserepaney-between-the The simulated §'3Cs, distributions show similar features to
those of CFC-12 (Fig. B8). This is because both the decrease of §13Cp;c and increase of CFC-12 in the ocean is predominantl

caused by the uptake of atmospheric anthropogenic signals and the subsequent transport by ocean circulation. Since changes
of §13Cpyc are also induced by changes in marine biological activity, we separate § ->Cp;c into a component depicting changes

due to the transport of the surface *3C signal, i.e., the ‘preformed’ 6'3Cpyc, and to a regenerated component §->C™¢ | followin

Sonnerup et al. (1999):

-0

)

. 513CD1C-DIC—A0U.(L)Org.(sl?’co,g
gL —

(15)
0

N

DIC — AOU - (L)
org

The (-£ ratio is 122:172 in HAMOCCS6, and we use the simulated §'3Cpoc for §12C,.. Clearly, the change of the

org

£ f £ .
reformed component §13CE = §13CPe — §13CP dominates 61°C

major _difference between §3C2<" and the-estimates—of Eide-et-al-(2017a)is—someJoeal-positive-013Cgp values-oecurin
in the Pacific Ocean (Fig. 12¢). These positive §'*CE5’ values relate to changes of the regenerated component 3*5C™ (see
Appendix D).
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Figure 12. The simulated oceanic Suess effect §'>Cgg since pre-industrial times for vertical sections A16 in the Atlantic Ocean (a),
P16 in the Pacific Ocean (b) and I8SON in the Indian Ocean (c). (d-f), (g-i): as (a-c), but for the change of the preformed component
m&mwservaﬁon—based estimate of oceanic Suess effect from Eide et al. (2017a), respectively. Inserted
maps show the location of the vertical sections. The horizontal dashed black lines in panels a-c indicate 200 m depth, below which Eide et al.

(2017a)’s estimate is available. Note the bathymetry is different between the model and Eide et al. (2017a).

4.1

5 Potential sources of uncertainties in an observation-based global oceanic 13C Suess effect estimate

To-derive the-global-oceanic 13C Suess-effeet
- e
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t&dwgmalmﬂirst(ﬂ)serwwwvggg%mm the global ocean —Fersimplicity,-hereafterthe-above procedure-is-collectively
referred-to-as—1>C Suess effect since pre-industrial times. E17’s approach —uses the concept of the similarity between the
oceanic uptake of the anthropogenically produced CFC-12 and isotopically light CO, (see details in Appendix E1). Due to
method and data specific limitations E17 have-noted-their-otteome-istikelyto-stated that they potentially underestimate the
oceanic "*C Suess ceffectby .15 1011245 200-m. elobatly. However, theycan not provide w quantitative explanation +or the

#sourmodet reasonably reproduces the Qur model simulations, particularly PI_ Popp and Hist_Popp, provide an opportunity
to learn more about the source of this uncertainty because the oceanic §1°C in the late 20th century (Section 3), the oceanic
anthropogenic CO, uptake-and-sink (Section 4) and the invasion of CFC-12 into the ocean (Fig. BS) are well represented.
Moreover, our simulated 613CSE distribution-in-the-ocean-and-it-includes-all necessary—variables(sueh-as- DI3CCEC-12)
required-inqualitatively resembles the oceanic *’C Suess effect estimate of E17°s-approachs-we-are-able-to-investigate-such
peteﬂﬁal—uﬂdefes&fﬂaﬂeﬂ—byﬂma}ymg impgwmmgﬁﬂﬁppmammée}m&eaﬁeﬂ}y

for E17 s-approachis-giveninAppendix—22-Fig. 7, and comparison between Figs. 12a - 12c and 12¢g - 12i).
Based on the similarity between the oceanic uptake of the atmospheric CFC-12 and §'3CO, signal, E17 assumed-the-oceanie

link the '3C Suess effect at-any-time-t-aftersince 1940is-propertional- (when CFC-12 becomes detectable in the ocean) to CFC-
12 partial pressure (pCFC-12) +

613CSE(t71940) ~a:- pCFC—12f

with a proportionality factor.
Under the assumption of a temporally constant regenerated fraction ¢ 13Cregdue$eﬂfgame—ma&er—femtﬂefalﬂﬂﬁeﬂ—aﬂd—ea}emm
earbonate-disselution-the following-equation-is-derived:-

£ . . . .
§13CY = 6" Cyp(y—1040) — (6°CYE = 61°CT8,0) + 5H3Ch40-
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§13CY" = 53 Cyps—1940) + 62 Chg 0.

nd- Ea— tocethe ith resardine_the sreformed-componen OFve 13 cpref ;
510 s FHega ; ¢ 2 carding preformed-compo or-year1940, --Cigyas-a-term-independent
of pCECH2~yields-alinear-this proportionality factor is considered equivalent to the slope of a linear regression relationship
between the preformed component §:3C2  and pCRC12,+

613CP™ ~ ¢ - pCFC-12, +b.

fllhe—regfessiefreeefﬂeieﬂfyél?’cpref and pCFC-12 at any time after 1940. Thus, this slope a and-b-are—determined—with

515 3P and m-measurement deepe han200-m-depth-(below-which-the-approach-appliesy-With-can be obtained

by performing linear regression for field measurements of §'3CP™ and pCFC-12. Multiplying a and ebservedpCEC-12;;

atton oh ootamecausmg g—10 a 0

data vields 12C Suess effect since 1940, which is then scaled to the full industrial period —the-assumption—is-used-that-the
oceanic ¢ Cpie change scales with the atmospheric ¢ *COx change.i.e.by a constant factor Eq. E7) related to changes
520 of the atmospheric §'3C signature:

6" Cspt—pr) = fam - 0 °CsE(t—1940) = fam - @ - pCFC-12,,

with

513C027t - 513C02,PI
513C02,t - 513C02,1940

13
0 Csrit—py = fam=

@-pCFC12, a0

R

530 regions{Here a is the Nerth-Atlantie-South-Atlantie;regression slope for the linear relationship between § 1BCP™ and pCFC-12, (Eq. ES).
The value of a is determined for each ventilation region define in E17 (i.e. the Indian Ocean, North Pacific, South Pacificand
Indian-Oeean);respeetively—, North Atlantic and South Atlantic). Details of the E17 approach are given in Appendix E1.

s13pprefl g

3 B

Ofid d
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calculation of SE, ¢ is given in Appendix E2.

To quantify if SEp.s under- or overestimate the oceanic 13C Suess effect, we compare SEpr to the simulated oceanic

13C Suess effect ir1994—«SEnoa)—FiguresSEyg = §1°C 94 — 013C . Figure 13a and-Eta—Ete presentpresents
(SEpret — SEmoa) for 200 m depthand-for-theselected-ocean—vertical-sections—, Positive values of (SEper — SEmoq) indicate

545 underestimation of the oceanic *C Suess effect.

66 . -By applying E17’s approach
to_our model data that is sampled at the same geographical locations as observations used in E17—ApplyingFq—to-the
three-dimension-model-data-of pEFE-1 215 for +=19945, we obtain the regression slopes, hereafter referred to as aprerand
+mm=15+ for each ventilation region. Taking year ¢ = 1994 we obtain the estimate-of the-global-estimated oceanic 3C Suess

540  effectin-year+994;which-wereferto-as-, SEper, for the period from the pre-industrial to 1994 following Eq (16). The detailed

SE_pref - SE_Mod
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Figure 13. Distribution at 200 m depth for SEpret —SEmod (@), SEtotat —SEmod (b) and SEpret—SEotar (¢). The isoline increment is Q%Q%o In

panels b and c, the South Pacific Ocean is not presented because the relationship between the total oceanic 13C Suess effect § 13CSE(1994,194O)

and pCFC-12,,,, is too weak (1"2 = 0.07) and therefore SE . can not be estimated (see Appendix E2).
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At 200 m SEs mostly underestimates SEnoq (Fig. 13a). The ventilation—region-mean underestimation is 0.24%o for the
Indian Ocean, 0.21%o for the North Pacific, 0.26%o for the South Pacific, 0.1%o for the North Atlantic and 0.14%o for the South

Atlantic (Table 1). These-findings-eonfirm-Our model findings are very similar to the underestimation range discussed by E17.
Neote-that E17-deduced-the-They determined an uncertainty range of 0.15 to 0.24%0 by comparing their global-mean estimate

(—0.4%0 at 200 m depth) to an estimate (—0.55 to —0.64%o at 200 m) which they deduced from previous model studies.
Specifically, based on Broecker and Peng (1993) and Bacastow et al. (1996) E17 assumed an ocean-to-atmosphere ratio of the
13C Suess effect of 0.65 and the 200 m-to-surface ratio of the 3C Suess effect of 0.6-0.7. Multiplying the above two ratios
with the atmospheric §'3CO; decrease of —1.4%o by year 1994 yields the global-mean '3C Suess effect estimate of -0.55 to
—0.64%o at 200 m. In our model, the global-mean ecean-to-atmosphere-surface ocean-atmosphere ratio of the 13C Suess effect
is only 0.46, significantly lower than the five-box model of Broecker and Peng (1993). On the other hand, our model shows
a slightly higher 200 m-to-surface ratio of the 3C Suess effect (0.75) than Bacastow et al. (1996) who employed an ocean

general circulation model with coarse vertical resolution (4 layers for the upper 200 m).

Table 1. Region-mean (SEe; — SEmod ), {SEwmr—SEwoa)-are-(SEprer — SEww) and (SEw — SEmog) for five ventilation regions defined b
El7, i.e., the Indian Ocean, North Pacific, South Pacific, North Atlantic and South AtlanticOeean. The unit is permil. (SEjwer — SEjora1) is

ESNISe S
- byl according to Eq. (20).

further decomposed into the two contributions fam -

pre o otal o %SEWf%Em%falm - (@pref — Ayoral) - PCE(
(SEpref - SEMod) (SEpref - SEto[al)
—Juw - bl
0.24- 0.01- 0:23-0.12
Indian Ocean 0.24 0.23 e
011
021 013 0:69-0.06
North Pacific 0.21 0.09 AR
003
0.26- - \
South Pacific 0.26 \ \
i 0.1 0.09- 0:02--0.1
North Atlantic 0.1 0.02 el
0.12
ic 014 e 045-0.04
South Atlantic 0.14 0.15 0 I/IVW

5.1 Source of underestimation attributed to data coverage

E17 have speculated that the major cause of the underestimation of oceanic 13C Suess effect is that the available observations
are mostly from the intermediate and deep waters. The ocean-atmosphere equilibration timescale for §'3C (10 years, Broecker
and Peng, 1974) is significantly longer than that of pCFC-12 (1 month, Gammon et al., 1982). Thus, waters that have a shorter

surface residence time, such as the deep waters ventilated in the South Hemisphere, would show less negative regression slope

aprer (for the linear relationship between § 13cPref and pCFC-12, Eq. E5) than waters that have a longer surface residence time,
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e.g. subtropical gyres. In other words, aper for water-masses-—such-as-the-Subtropical-Gyre-Water-the subtropical gyre water

should be more negative than that-for-the-ay,s for the entire corresponding ventilation region-—Here-we-test-this-hypothesis- (the
North Pacific, South Pacific, North Atlantic, South Atlantic or the Indian Ocean).

We test this potential explanation for the Indian Ocean and North PacificOeean—We-—ean-. Wspan regressmnal

relationships for the subtropical gyres ©

ntsonly because we have a larger data base. Specificall

we consider only model data at the geographical location of observations, but we use all model levels between 200 m and
CFC-12 penentration depth (see Appendix El). For the Indian Ocean, we combine the-model data from Subtropical

Gyre Water and Sub-Antarctic Mode Water as both water masses have a strong 3C Suess effect (E+7)(Eide et al., 2017a).
We find in i

af—tipre he-St teal-Gyre-Water-and-Sub-Anta viode-Water(for this combined water

mass (STGW) ayeer (—0.65 x 1073, r2 = 0.49) is more negative than that for the whole ventilation region (—0.47 x 10735
Fig. E3a). So indeed, with additional observations in the subtropical gyre we would receive a stronger *>C Suess effect

estimate for the Indian Ocean. However, this difference in aper only corresponds to an underestimation of about 0.12%o at

200 m for this-subtrepical-region,—which-eould-the Indian subtropical region (see calculation in Appendix El), which does
not explain the total underestimation of Aé—GSEHgM—W)—Q%éL%rO 24%o in the Indian Ocean—Here0-12%c-is—ealculated

pEFC-12-in-the-Indian-subtropical-region-at-200-m (Table 1). In the North Pacific Ocean-apr for the Subtroplcal Gyre Wa-

ter (—0.44 x 1073, 72 = 0.26) is even less negative than that for the whole ventilation region (—0.71 x 10~?) in the model,

which is in contrast to the conjecture of E17.

P cFE 121994' Positive-vataes-of (SEpref SEIota ) show
5.2 Source of underestimation attributed to assumptions of E17’s approach

A potential under-representation of data from subtropical gyres does not fully explain the underestimation of eeeanie-1>C

"3 Csp(1994-1940) ~ Grotal - PCFC-12 994 + biogal-
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~—found in our model.

Instead, we argue that the source of uncertainty mainly relates to different assumptions that have been made in the E17
approach, Specifically, in the expression of the preformed component §'3CP<, (following Eq. +E3)

SEotal = fatm : (alotal . PCFC-121994 + btotal)~

f f
§'2Chgo, = 03 Csp1994-1940) + 02 Clg 0 — (62 Clgo, — 61°CS0), (17)

ot 5 it E17 assume that the regenerated component is constant in time, i.e.

Eg. (17) is reduced to_

f f
SICH — 513 C g to0s 1ou0y 4 09CTST (18)

Furthermore, they assume that the regression slope apg for §'3CPe and o i .

g des-g CFC-12
is equivalent to the regression slope for the total '3C Suess effect (pesitive-vataes-of-SEpmr—SEyoq)-and-the-water-masses

D

i i i 53¢ 1940y and pCFC-12, ., (see Egs. E1, E4 and ES). This
implies that the preformed component §*3CP™ of 1940 has to be spatially uniform.
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the-of §'3CP™" is already present in pre-industrial times;in-our-medel. High surface §'3Cpyc caused by biological fractionation
is transported into the ocean interior. Therefore, the preformed component 61—5€p—generally decreases with increasing water

depth;-whi

M%to 1940, the decrease of the atmospherlc 13C /12C ratio is relatlvely s%ew{grAnM%Flg 2). Thus. by the year

nt-a), and therefore also the impact on the
W&QMWM&E%MIWWW%MM of the pre-industrial §'2€2"-Consequently:
the-seemingly-positive-correlation-between-ocean.

Both the total §13C 1040 (mostly negative, similar to the distribution of §'3C ig. 12a- 12¢) and pCFC-12 (Figs. B8a
645  dprer than-tom— This-therefore-generates-the underestimation-of is_more positive in the upper ocean than the deep ocean,

results in a less negative slope than a slope obtained with a spatially-uniform §'3CP " which implicates a contribution to an
underestimation of oceanic 13C Suess effectin-the-Seuth-Atlantic, North-Pacific-and-Indian-Ocean-in-the-medel.

640

650

Most prominently, in the North Atlantic —(513C"% , — §13C~2,,) is mostly negative above 500 m and it is mostly positive
below 500 m. This vertical structure of —(5'3C 5, — 613C e, ) in the North Atlantic leads to stronger vertical gradient in

s13cpref g s13creg

and therefore a more negative regression slope than that obtained with —(§*3C

655
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Figure 14. (a - ¢): The zonal mean of the simulated 513C'1"93f0 for the locations where both observed CFC-12 and §*3Cpyc are available.
The thick grey line is pCFC-12, 44, = 20 patm isoline, above which model data is used to perform linear regression. The thick black lines
outline the Subtropical Gyre Water in the Atlantic and North Pacific Ocean, the Subtropical Gyre Water and Sub-Antarctic Mode Water in
the Indian Ocean and South Pacific ocean (definition of water masses in Table E1). (d - f), (g - i) and (j - 1): as (a - ¢), but for pCFC-12, 4,
for —(0"3CT 594 — 0'2C5,0) and for AOU changes between year 1940 and 1994, respectively. Note that for the Atlantic Ocean the upper

3 km is shown, whereas for the Pacific and Indian Ocean the upper 1.5 km is presented.

g m-To evaluate the impact of assuming a spatially-uniform
S13CP and —(§13C™8  — §513C™8, ) — 0, we calculate an estimated '3C Suess effect from pre-industrial to 1994, SE,

based on a linear regression for the simulated total oceanic 13C Suess effect 6'2Csg(1994.1940y and pCFC-12:
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Here aym and by are regression coefficients for §12C 1940y and pCFC-12 (more details in Appendix E2). With Egs. (16)
and (19) we get.

Comparison between the regressional slope . (obtained for §'3CP " and pCFC-12) and a otal facilitates the quantifiation of
the under- or overestimation of '3C Suess effect linked to the above two assumptions.
In the Indian Ocean apef = —0.47 X 10~ (Flg H o i

994(20). Similarly,
mm MWMMQ
=—0.6 x 1073 (Fi —0.7 x 1073 (Fig. 22):E3e),
which yields an underestimation of 0.04%. Such underestimation is mainly due to the dectine of the biological-fractionation
factor—ey-underinereasing surface-COx(aq)—tn-decreasing §'*Cli, with increasing depth in these regions. Different from
these three ventilation regions, in the North Atlantic Oeean—{613€ 5 —613€TE - 1is-mostly negative-above-500-m-where
WWMF% %W%%WWWW—W

an underestimation of 0.06%o. For the South Atlantic a . E2e) and aqa =

by#@%){)%n{—f—[——{a—l—arrﬁ—p%QW}EZd) is eempe&safeekby&a:mderesﬁma&e&e#@&%%ﬁ—ﬁf—[——brm—}more
negative than g, = —0.62 x 103 (Fig. E3d). This is due to the ﬂega%ﬂfe—lﬂaeaﬁregfe%ﬁeiﬂﬂ{efeept—bt—m—e%%w@vefaﬂ

vertical structure of —(§13Cs , — §13CTE, ) as previously discussed.
o 1 eo ., .

remineralisationAnother major difference between SE,..; and SE is the non-negligible negative intercept b Eq. 20). This
reveals the underestimation of SE,¢ related to E17’s assumption that '3C Suess effect is directly proportional to pPCFC-12. The
intercept by emerges possibly due to the different atmospheric time history of '3C Suess effect compared to CFC-12, as is

shewn-by-the e a-thisregion(Fig—27h)~—Heneedessnegative-discussed by E17 for the deep ocean with very low
or zero CFC-12. The decreasing of 6"3Cpoc signalisreleasedinthisregion-andunder increasing surface CO5(aq) (Appendix D
also contributes to an non-negligible by as lower §2Cpoc leads to lower §'3Cpjc stightty-inereases—in the ocean interior.
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In the South Atlantic and Indian Ocean, by = —0.07%0 corresponds to an underestimation of 0.12 and 0.11%o (Table 1)
respectively.

Table 1 summaries of the contributions from (SE, .. — SE) for different ventilation regions. The comparison to the total

shows that this underestimation, which is attributed to the assumption of E17’s

~largest contributor

approach, is the
for the Indian Ocean and the South Atlantic.

shows how well a method based on linear regression relationships between §'*Cgp and pCFC-12 can estimate the global

ocean Suess effect. (SE o — SE at 200 m

1940 41 1994
WMWMWW%WWWW
40° S and 40° N) and it is rather negative poleward of 40° (Fig. 14b13c). This contributes-to-the-underestimation-of pattern
results from pooling data from different water masses to generate one regression relationship for a large ventilation region.
WMM@MM&I% Suess effect %ﬂeeefdiﬂg%%q—%}—ﬁmhﬁffﬂ%

mostly-decrease-with-inereasing-depth-than those ventilated in high latitudes. This is clearly reflected in the linear regression
relationships between 3 Csp(1994-1040) and PCFC-12,49 for the North Atlantic (Fig. +4h)-—similar-to-the Atlantie-Ocean:
which-eontributes-to-an-overestimation—E3d), which shows that the regression slope i for the Subtropical Gyre Water
is_noticeably steeper than that of the deep waters. Accordingly in the interior ocean, the water masses ventilated in the
low latitudes generally show an underestimation of the **C Suess effect (positive values of SEu — SEpmoq) and the water

masses ventilated in the high latitudes show an overestimation (Figs. E1 i). In the North Atlantic Ocean, the region-mean

Ocean (SE . — SE = 0.13%0 accounts for more than half of the total underestimation 0.21%o. In the Indian and South

Atlantic Ocean, however, (SE;y — SE has hardly any influence to the region-mean underestimation.

ssIn summary, our anal-
ysis pfewdes—&pessﬂal&spa&akdﬁfﬂb&&eﬁe% oints out two major causes for the underestimation of 3C in E17’s produet:
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approach. The first is the assumption of an spatially-uniform preformed §'°C component in 1940. The second cause is the
neglect of 12€-Suess-effect-in-processes not directly linked to the oceanic uptake and transport of CFC-12free-water, e.g. the
uptake of anthropogenically light CO; in the times prior to the emission of CFC-12 and the decrease of 91*Cpyc due to the
decrease of 07°Cpoc over the industrial period.

6 Summary and conclusions

We present results of the new '3C module in the ocean biogeochemical model HAMOCCS for the historical period forced
by reanalyses data (ERA20C). We test two parameterisations of different complexity for the biological fractionation factor:
e depends on dissolved CO, (Popp et al., 1989); ;™ is a function of dissolved CO; and phytoplankton growth rate (Laws
et al., 1995). Futhermore-we-tsed-Furthermore, we use our consistent model framework to assess the approach by Eide et al.

AN AAAANAAANRAN
(2017a), whe-used-which yields the first global oceanic '>C Suess effect estimate based on a correlation between preformed
d'3Cpjc and CFC-12 partial pressure atn-an-estimate-of ¢ anteL3 ss-eff

The comparison between simulated and observed isotopic ratio of organic matter §'3Cpgc reveals that e§°P P (r =0.84 and
NRMSE = 0.57) has a better performance than eILf‘WS (r =0.71 and NRMSE = 2.5). Using eIL)aWS results in noticeably lower
513Cpoc values and smaller §13Cpgc gradients between low and high latitudes compared to observations. The parameterisation
of Laws et al. (1995), obtained based on cultures of marine diatom Phaeodactylum tricornutum, results in a too strong pref-
erence of the-isotopically light carbon —TFherefore-itis-not-a-goodrepresentativefor-2C-biologicalfractionation-in our global
ocean biogeochemical model.

Regarding §'3Cpyc, eg(’pp _also yields slightly better agreement with observations than eLaWS (r =0.81 and NRMSE = 0.7 ver-
sus 7 = 0.80 and NRMSE = 1.1), because €, produces largervertieal-gradients-of 02 Cpo—and-a-tower DH2Cinventory
lower §'*Cpoc and therefore lower §*Cpyc_than those found in observations. Neverthelessboth-¢, ™" and—2% perform
performs well considering the uncertainties in observed ¢ BCpic (0.1—0.2%o0; Schmittner et al., 2013)and-the-medel. Qur model

slightly overestimates surface 6'3Cpc. By decomposing §'3Cpc into a biological component and a residual component, we

find the overestimation in the high latitude ocean is dominated by biases in the physieal-state(biological component caused b

e.g. too high surface iron concentration. In the interior ocean §'3Cpyc biases are mainly due to biases in the physical state (for

instance, a too shallow boundary between NADW cell and the Antarctic Bottom Water cell in MPIOM).

Our model welrepresentsrepresents well the temporal evolution of the oceanic §'3Cpyc since pre-industrial times, i.e. the
oceanic 13C Suess effect due to the intrusion of isotopically light carbon into the ocean. With the complete information on the
spatial and temporal '3C evolution in the ocean, together with the simulated evolution of CFC-12, we eonstrain-the-identify
the sources for the potential uncertainties in the framework of Eide et al. (2017a) for deriving an observation-based oceanic
13C Suess effect. Based on our model, we find underestimations of 13C Suess effect at 200 m by 0.24%o in the Indian Ocean,
0.21%o in the North Pacific Ocean, 0.26%o in the South Pacific Ocean, 0.1%o in the North Atlantic Ocean, and 0.14%o in the
South Atlantic Ocean. These numbers eenfirar-are in line with the underestimation range 0.15 to 0.24%o conjectured by Eide

et al. (2017a). They speculated this underestimation is due to the under-representation of the water masses with stronger 2C
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Suess effect, such as the Subtropical Gyre Water and Sub-Antarctic Medel-Mode Water, in the observational data. Our analysis
shows that their hypothesis only explain half of the underestimation in the Indian Ocean. For the North Atlantic Ocean this

hypothesis is not supported by the model data . We identify two major causes for the underestimation of 3C Suess effect by

the apphed method. The first relates to the assumptlon that-the—of a spatially-uniform preformed component of 63Cpyc in

ate-1940. In our model this preformed component is
enerally more positive in the upper ocean than in the interior ocean, which contributes to the underestimation of §'3C Suess

effect. The second cause relates to the neglect of the-processes that are not directly linked to the oceanic uptake and transport
of CFC-12, for instance, '*C Suess effect in

d13Cpoc over the industrial period.
We conclude that the new '*C module with biological fractionation factor eg"pp from Popp et al. (1989) has a satisfactory
performance. We are aware that the parametrisation € °PP omits any potential chan es, e.g. in ecosystem structure, which might

have occurred in the paleo ocean. However, for the last glacial cycle (about 130,000 years before present), a significant change
of marine ecosystem structure is not likely. Thus, our new 13C module will serve as a useful tool to evaluate the performance

of MPI-ESM in paleo-climate and to investigate the past changes in the ocean, for instance within the ongoing research project

PalMod (Latif et al., 2016).

Appendix A: Governing factors for the water-column DI*3C inventory changes

The water-column DI*3C inventory difference is primarily a result of the difference of the net air-sea >*CO, flux between
PI_Popp and PI_Laws. This is demonstrated by the comparison of the contributions of the governing factors for the water-
column DI*3C inventory changes (Table Al), including air-sea gas exchange, loss of POC and CaCOj to marine sediment,
diffusion of the remineralised DIC from sediment into the water column, input of DOC and CO§7, and the exchange with
other marine carbon pools (phytoplankton, CaCO3, etc.). Table A1 also reveals that the current method to determine the 3C

input (see Section 2.3.2) only has a small contribution to the change of the water-column DI'3C inventory.

Appendix B:
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Table Al. Contributions to the rate of the water-column DI'*3C inventory change (in Gmol yr™ ), averaged in the last 50 years in the
corresponding pre-industrial spin-up simulations. Positive values denote contributions to the increase of the water-column DI*3C inventory.

Last column gives relative contribution to the total rate difference with relative contribution = (PI_Laws-PI_Popp) / total rate difference.

13C fluxes into relative
PI_Popp PI_Laws PI_Laws - PI_Popp
the water column (Gmol yr D) contribution
air-sea gas exchange 1824.4 1552.3 -272.1 1.1
POC loss to sediment -34902.9 -34626.4 276.5
CaCOs loss to sediment -16672.1 -16674.3 2.2
sum: sum: sum:
DOC input 13612.7 13506.8 -105.9 -0.1
0. 596.1 626.6 30.5
CO35™ input 16505.2 16506.9 1.7
sediment DIC reflux 22053.2 21913.6 -139.6
from other water-column carbon pools 63.8 64.2 -0.4 0.001
total rate 2484.7 2242.7 -242.0 1
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790 Appendix B: Model-observation comparison of ocean physics

Sea surface temperature (SST) and salinity (SSS) generally show good performance (Fig. B1 and Table B1). The most strikin,

bias is seen for SSS (2-3 psu) in the Arctic Ocean. In the ocean interior, the performance of temperature and salinity is similar

to other ocean general circulation model, e.g. Tjiputra et al. (2020) (comparing our Table B1 to their Figure 2). The pattern of

the model biases, i.e. the upper layers are too cold whereas between 500 m and 2500 m the water is too warm and salty. Such

795 errors are typically seen in MPIOM, see Jungclaus et al. (2013) for detailed discussion.

SSS (Mod-Obs)

30E 90E 150E 150W 90w 30W 30E 90E 150E 150W 90W 30W

Figure B1. Biases in sea surface temperature (SST, panel a) and salinity (SSS, pane b). Both model and observational data (EN4 version

4.2.0; Good et al., 2013) are averaged for 1960-1999.
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Figure B2. Zonal-mean biases of seawater temperature (a-c) and salinity (d-f) with respect to observations (EN4 version 4.2.0;

Good et al., 2013) for the Atlantic (left column), Pacific (middle column) and Indian Ocean (right column).
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Table B1. Summary of the spatial correlations coefficient r and normalised root mean square error (NRMSE) between model data and
observations from EN4 (version 4.2.0; Good et al., 2013).

N A A A A A A A A AN A A A A AN AAAAN AN AANAANANANANAIRANNA

‘ depth ‘ temperature ‘ salinity ‘
k1 r | NewsE | x| NRMSE
0 0997 | 0099 |095 | 041
05 | 09 | 058 |088 | 043
1 087 | 08 |08 | 070
3 o9 | 1w o | 16
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Figure B3. Atlantic meridional overturning circulation (AMOC) stream function (Sv).

60N F R 53 2

22

L 30N

308

30E 90E 150E 150W 90w 30W 30E 90E 150E 150W 90w 30W

Figure B4. 1990-2009 mean vertical velocity (m s ') in the model at 1020 m (a) and 2920 m depth (b).
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Figure BS. The mean of the annual maximum of the monthly mixed layer depth (m) for the period 1970-1999 in the model. The mixed layer

depth is defined as the depth at which a 0.03 kg m—2 change of potential density with respect to the surface has occurred. Contour intervals

1 1
] cm/s
o L el
1N
i 0.8
o 4 0.4
0
1. -0.4
10S - o -0.8

120E 150E 180 150W 120W 90W

Figure B6. The simulated zonal current (cm s~ 1) at 960 m depth in the equatorial Pacific (averaged over January 2003 - August 2009)

Positive values indicate eastward flow.

Mode]
[pmol/kg]

Depth (m)
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Figure B7. CFC-12 concentration (pmol kg ~ ) in Feburary 1998 along the A5 section in the Atlantic Ocean (see right panel) of the model (a
and of observations from GLODAPv1 database (panel b; Key et al., 2004). Contour intervals are 0.01, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6, 0.8,

1.2 and 2 pmol kg .
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Figure B8. (a-c): CFC-12 concentration (pmol k;

CF

A16

IBSON
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¢), but for the observed

C-12 (GLODAPv1; Key et al., 2004) and for the difference between model and observation, respectively. The isolines in panels (a - f) are

0.01,0.1,0.4, 0.7, 1.0, 1.3, 1.6, 1.9, 2.2 pmol ke ~'. The isoline increment in anels (g - i) is 0.2 pmol k 1
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Appendix C: Model-observation comparison of ocean biogeochemistr

C1 Net primary production, growth rate, biomass and limiting nutrients

The simulated net primary production, 48.7 Gt yr—! for bulk phytoplankton and 3 Gt yr~* for cyanobacteria, compares well
with the satellite-based estimate of ~ 52 Gt yr—' (Westberry et al., 2008; Silsbe et al., 2016). The simulated growth rate
w (Figs. Cla and Cl1b, only shown for bulk phytoplankton because cyanobacteria has a much lower primary production) is
broadly consistent with the large-scale patterns of the satellite-based p estimates from Westberry et al. (2008) (Figs. Clc and
C1d) and with field observations. In the central equatorial Pacific the simulated p well reproduces the observed range (0.55-
0.7 day~!, Chavez et al., 1996; note the satellite-based estimates overestimate z due to excluding iron limitation). In the
subtropical gyres, the simulated z (annual-mean 0.1-0.25 day~!) is at the lower side of both the observations (annual mean
0.3-0.53 day ! in the North Pacific subtropical gyre, Letelier et al., 1996; annual mean 0.13-0.62 day~! in the North Atlantic
subtropical gyre, Marafién, 2005) and the satellite-based p estimates. In the Pacific sector of the Southern Ocean, the simulated
i (0.3-0.4 day~1') in the austral summer is higher than the observations (about 0.1-0.2 day~'; Boyd et al., 2000) and the
satellite-based estimates. The simulated phytoplankton biomass is too high in the equatorial Pacific (> 100 mg C m~—®) and
the Southern Ocean (> 50 mg C m™~2); Fig. C2) compared to the satellite-based estimates (< 30 mg C m~* for both regions;
Westberry et al., 2008).

Jun - Aug Dec - Feb
Model Model

30E 90E 150E 150W 90W 30W 30E 90E 150E 150W 90w 30W

Westberry08 Westberry08

30E 90E 150E 150W 90w 30W 30E 90E 150E 150W 9OW 30w

Figure C1. The 1999-2004 climatological-mean surface phytoplankton growth rates (day ~") of the model (a, b, for bulk phytoplankton) and
of the satellite-based estimates from Westberry et al. (2008) (c, d) for the boreal summer (left column) and winter (right column). The growth

rate is identical between Hist_Popp and Hist_Laws.
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Figure C3. Limiting nutrients for primary production in the model.

C2 Additional model-observation comparison for oceanic biogeochemical variables

The model captures the major features of the observed phosphate, DIC, oxygen and nitrate distribution. The biases of the
above four variables are shown in Figs. 9b, 10g - 10i, C4, C5 and C6. We slight underestimate the global mean phosphate b
0.2 mmol m 3, DIC by 41.3 mmol m >, oxygen by 15 mmol m > and nitrate by 4.7 mmol m>.
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Figure C4. (a): DIC biases with respect to observation (GLODAPv1; Key et al., 2004) at the sea surface. (b-d): zonal-mean DIC biases for

the Atlantic, Pacific and Indian Ocean, respectively. Model data is averaged for 1990-1999.
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Figure C5. As Fig. C4, but for simulated oxygen and observation from WOA13 (Garcia et al., 2013b).
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Figure C6. As Fig. C4, but for simulated nitrate and observation from WOA13 (Garcia et al., 2013a).
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Figure C7. The change rate of biological fractionation €, from pre-industrial to 1990s.
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Figure C8. The biological component § 13¢hie . at ocean surface for the model Hist_Popp (a) and observation (b). (c-d): as (a-b), but for the

residual component §'13CisL.
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Appendix D: The regenerated component of §'2C

The regenerated component of §12Cpyc, 13C™2, relates to organic matter remineralisation and calcium carbonate dissolution.
We neglect the dissolution of CaCQOg3 following Sonnerup et al. (1999), who argued that this simplification only results in a
small offset (< 2%). 613C™¢ is calculated as

613Creg _ 613CDIC _ 613Cpref7

(D1)

with 813CP™" oiven in Eq. (15). Note that the calculation of §'3CP*" in Eq. (15) only applies below the 200 m, which is roughl
the euphotic zone depth (Eide et al., 2017a).

The temporal change of the regenerated component § '3Ces =

smaller magnitude than 6 3CP! (Fi

513Creg

— §13CHE (Figs. Dla - Dlc) generally shows a muc

h

. 12d - 12f). Above 1500 m, the § 13Creg is mainly caused by the change of remineralisation

as is illustrated by the change of AOU (Figs. D1d - D1f). Below 1500 m, the §'3Cw¢ is generally negative because §°C

decreases by 2.2%o from the pre-industrial period to 1990s, mainly due to the decline of the biological fractionation factor e

under increasing surface COs(aq) (Fig. C7a).
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Figure D1.

The simulated change of the regenerated component §2Cse = §13C'E

As (a-c), but for the change of AOU from pre-industrial to 1990s.
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Ocean (a), P16 in the Pacific Ocean (b) and I8S9N in the Indian Ocean (c). The location of the vertical sections are shown in Fi

— 5'13C52 for vertical sections A6 in the Atlantic

.12, (d-f):




Appendix E: Applying Eide et al. (2017a)’s approach to the model data

Description of Eide et al. (2017a)’s approach

To derive the global oceanic *°C Suess effect, Eide et al. (2017a) (hereafter E17s-procedurefirst-assumes-) first applied the
830 two-stage back-calculation method developed by Olsen and Ninnemann (2010) to calculate the **C Suess effect using data
from the World Ocean Circulation Experiment sections. The steps and assumptions of this stage are explained below. Next
E17 mapped these '°C Suess effect estimates onto a 1x1 degree grid with 24 vertical layers and obtained the three-dimension
distribution of **C Suess effect in the global ocean. For simplicity, hereafter the above procedure is collectively referred to as.

E17’s approach.
835 E17 first assume that any oceanic CFC-12 signal before 1940 is negligible and the oceanic *>C Suess effect at any time t

after 1940, 6" Csp.1040), is proportional to CFC-12 partial pressure at time t:

613CSE(1-1940) ~ a-pCFC-12,. E)

Here the proportionality factor a is time-invariant. §'3Cpyc at any time t after year 1940 is decomposed as:

513Ct = (513(:@5\1::&/1\9/@2 + 613C1940?{)\rf + (513CSE(t,194Q) + Aéliicl\g\%greg_,'_AélSCpref' (E2)

840

E17 include two additional terms on the right-hand side of the above equation A§*3C™¢ and A§L3CP™ (see their Eq. 4), which
represent any changes not related to the 'C Suess effect, e.g. changes in ocean carbon cycle. We don’t explicitly write these

845 two terms as they are set to zero by E17.
Decomposing the left-hand side of Eq. (E2) into a preformed component and a regenerated component gives

513C£)ref _ 513CSE(t-1940) + 613Cl;r96£0 _ (513C§eg _ 513Cr189g40)_|_A613Creg + A(;l{%cpref. (E3)

in-Eq—in-Seetion—22-InE17-the-terms-Following Gruber et al. (1996), E17 assume a steady state ocean over the period of
850 interest and set (§13C* — §13CTY,) FAGEE L and-ASECX are-assumed-zero-to zero, and this gives

PO = 0 Copanio 197 Cli. "
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Combining Eq. (E1) and Eq. yields-(E4) yields linear relationship between §"3CP™" and pCFC-12,:

613CP™ ~ ¢ - pCFC-12, + b, (E5)

where b contains terms-term §3CP;,. Thus, the proportionality factor a can be determined with 8'3CP™" and -pCRC-12;

613Cpref _ g
pIC - AOU- (5 )
org

§13Cpyc - DIC — AOU - (%) 513 C g

To scale ¢ 13CSE(t_1940) to 13CsE(t_pI) for the full industrial period, the assumption is used that the oceanic §'3Cp;c change

scales with the atmospheric §'2CO, change, i.e.:

6" Cspt—pr) = fam - 0" °Csg(1—1940) = fam - @ - pCFC-12,, (E6)
with

§13C0,., — 6'3COu py
d13CO4,1 — 013CO2, 1940

For-mapping-

falm =

(E7)

E2 Calculation of SE the oceanic '3C Suess effect estimate using E17’s approach and model data

To achieve a result comparable to E17pe s =
here-as-we-take-, we select the model data at the geographic locations for which both CFC-12 and §!*Cpic measurements are.
available. The observational data set of E17 has data from one cruise in the South Atlantic (A13.5) in 2010. We don’t include
this cruise data because the applied ERA20C forcing and, thus, our simulations ends in 2009, Here we use the observations
compiled by Schmittner et al. (2013) because 6'*Cpyc in this data set has been quality controlled and is publicly available.
Following E17. we use data at the model layers between 200 m and the simulated CFC-12 penetration depth (defined as
pCEC-12=20 patm, see the thick grey lines in Fig, 14). We take model data of year ¢ = 1994rather-than-various-years-from
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linear regression (Eq. ES) for five ventilation regions (the North Atlantic, South Atlantic, North Pacific, South Pacific and
Indian Ocean) we obtain the regression parameters, hereafter referred to as aner and byr. Applying Eq. (E6) to the simulated

three-dimension model data of pCFC-12 for ¢ = 1994, regression slope a = 1.5 (determined with Eq. E7 for year

The regressional relationships between 3'*C155, and pCFC-12,494, and the regression coefficients dper and by are shown
in Fig, E2 (the water masses in this figure are defined in Table E1). The coefficient of determination r°, the percentage of
The regression relationships between §'3C”™* and pCFC-12 in our model (Fig. E2) show some quantitative differences to

those of E17 (see their Fig. 3). Thereason-is-our-medel-deesnotperfectlyreproduce-These differences originate from model
biases in the distribution and properties of the-observed-water-massesand-this-ean-be-seen-in-the-following-aspeets—water
masses. These mismatches do not affect the analysis and conclusions in Section 5. Nevertheless, we briefly discuss their causes

for better understanding of the model behaviour.
First, the definitions of several water masses in the model are slightly different from those of E17 (comparing our Table E1

with their Table 2).

. £
Second, our simulated §'3CP"™

in the deep and bottom waters (Antarctic Bottom Water, Circumpolar Deep Water, Pacific
Deep Water and Indian Deep Water) in the Southern Hemisphere (Figs. E2c, E2e and E3c) is higher than that in E17 (see
their Figs. 3a. 3¢ and 3e). The possible eauses-reasons for this difference are two-fold—First-related to mixing and primary
production in the Southern Ocean. Here, the simulated deep convection, which primarily occurs in the open ocean rather than
the along continental shelf, is too strong in the model. This can be seen by the large mixed layer depth (Fig. B5), and by the
zonal-mean-CFC-12 bias distributionalong selected vertical sections (Fig. 2?B8), which features—feature persistent positive
biases off the Antarctic continental shelf in the Atlantic, Pacific and Indian sectors of the Southern Ocean. Fhe-second-catse-is
Furthermore, the Southern Ocean has a too high primary production in the model (about a factor of 1.5 of the satellite-based
net primary production estimates from Westberry et al., 2008). The high primary production causes higher surface 6'3Cpyc
than observations (see the South Pacific Ocean in Fig. 98c). Consequently, the simulated preformed component §*3CP™" in the
bottom and deep water masses of the Southern Ocean is higher than observed values in E17.

Third, the lowest values of 6"3C™™ (< 1.4%) are often found in the upwelling regions in the model. This is due to the

upward transport of water from the ocean interior that has lower §'3Cp;c than observations (Figs. 10e and 10f).

Appendix F: Additionalfigures-and-tables
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Figure E1. 1996-2009-mean-The difference (SE,.t — SEmoa) for the vertical veloeitysections A16 in the Atlantic Ocean (mﬂ;lwa),ﬂf/lvq

in the medel-at+020Pacific Ocean m(b) and I8SIN in the Indian Ocean (c). (d - f) and (g - i): as (a - ¢), but for (SEi — SEmo) and
2920(SEpref — SEioa ), respectively. The isoline increment is 0.05%o0. The thick grey line is pCFC-12

SEpet is generally very small s-depth-(b< 0.05%o).

= 20 patm isoline, below which

E1 Linear regression for subregions in the Indian Ocean

We can span regressional relationships for the subtropical gyres of the Indian Ocean and North Pacific Ocean because we use
910 all model levels between 200 m and pCFC-12 = 20 patm isoline at a given geographical location, and therefore we have more

data points than field measurements. In the Indian Ocean, performing linear regression for § 13Cpref and pCFC-12 in the
STGW __

Subtropical Gyre Water and Sub-Antarctic Mode Water yields regression parameters a —0.65 x 103, pSTGW — 1 08
STGW

and 72 = 0.49. The more negative a compared to regression slope ayer = —0.47 X 10~2 obtained for the whole Indian
Ocean suggests an underestimation of 3C Suess effect. The mean pCFC-12 in the Indian subtropical region at 200 m pCFC-123TSW — 440

_ aSTGW . CFC-lZSTGW —

915 Following Eq. (E6), we can calculate the mean underestimation for the subtropical Indian Ocean as
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920 E2 Calculation of SE

values—indicate—eastward—flew— To calculate SE,,, we perform a linear regression for the total oceanic 3C Suess effect
s3C _ and pCFC-12, 004"

6" Csp(1994—1940) ~ rotal - PCFC-12 99,4 + biogal- (E1)

925 Here the model data is subsampled in the same manner as in Section E2. Next, applying a correction for the period prior to
1940 (in analogy to Eq. E6) we obtain the expression of SEi in Eq. (19).

The regression relationships in Eq. (E1) and regression coefficients are given in Fig. E3. For the Indian, North Pacific, North
Atlantic and South Atlantic Ocean, r” lies between 0.34 and 0.67, which suggests acceptable strength of the relationships. In
the South Pacific Ocean we find low % = 0.07. This low 12 is a result of the high variability in the change of the regenerated

930 component (Fig, 14h) which corrupts the regression. Therefore we omit the South Pacific in the calculation of S
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Table E1. Water masses and their definitions in the model

water mass

definition in the model

Indian Ocean ventilated waters

upwelling regions

north of 10°N in the Arabian Sea; north of 8°N in the Bay of Bengal

STGW (Subtropical Gyre Water),
SAMW (Sub-Antarctic Mode Water) *

o9 <27.0

AAIW (Antarctic Intermediate Water)

27.0 < 09 < 27.45™*

IDW (Indian Deep Water),
CDW (Circumpolar Deep Water)

o9 > 27.45**

orth Pacific ventilated waters

upwelling regions

east of 160°W, south of 25°N, gg > 26.4

STGW

o9 <26.7

NPIW (North Pacific Intermediate Water)

o9 > 26.7

South Pacific ventilated waters

upwelling regions

s

east of 160°W, north of 15°S, o9 > 26.5
east of 90°W, north of 40°N, oy > 26.5

STGW, SAMW * o9 <27.15
AATW 26.7 < 09 < 27.7, salnity< 35.0 psu
PDW (Pacific Deep Water), CDW o9 > 27.7

North Atlantic ventilated waters

STGW

o9 < 27.2, south of 45°N

SPMW (Subpolar Mode Water)

26.95 < o9 < 27.5""

NSOW (Nordic Seas Overflow Water),
NADW (North Atlantic Deep Water),
LSW (Labrador Sea Water)

o9 > 27.5™*

South Atlantic ventilated waters

STGW 09 <26.9
SAMW, AAIW * 26.9 < 0p <274
AABW (Antarctic Bottom Water), CDW ogg > 27.4

* Water masses are combined together rather than separately defined as in Eide et al. (2017a).

** A different o¢ threshold is used here compared to Eide et al. (2017a).
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Figure E2. Regressional relationships between pCRC2gqand12C0 §13CP ~ g - pPCEC-12,00, + Dyt for the Indian Ocean (a), the
North Pacific (b), the South Pacific (c), the North Atlantic (d) and the South Atlantic (e). Different colours and symbols indicates different
water masses. The full names, as well as the definitions, of the water masses are listed in Table E1. The regression slopes apr are used

to calculated SE,¢ in Eq. (16). In the Indian Ocean the regression relationship for the Subtropical Gyre Water and Sub-Antarctic Mode
Water (red upward triangle in panel a) is

=—0.65 x 1073z +1.98, 7> = 0.49. In the North Pacific the regression relationshi
Subtropical Gyre Water (red upward triangle in panel b) is y = —0.44 x 10 32 4+ 1.66, 72 = 0.26.

for the

53



North Pacific 08 North Atlantic

) =-0.83x103x-0.02 y =-062x10"3x-0.08
S 04172034 04 1°=0.67
s .
g 0l
2 »
- -0.4
g .
o - -0.8
(2]
& 1.2 9
"0 100 200 300 400 500 "0 100 200 300 400 500
Indian South Pacific South Atlantic
__ 08 0.8 3 0.8 =
g y =-0.00074x -0.07 y =-0.35x10"x-0.13 y =-0.7x10"x-0.07
& 04| R°=042 04/ P=007 v | 04|r?=063
2 e
- ook, A s
S o0 Ronnle 22 0
3
$-0.4 2 -0.4
O 08 2tef -0.8
) N
T a) e)
1.2 1.2 1.2
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
pCFC-12 (patm) pCFC-12 (patm) pCFC-12 (patm)

Figure E3. As Fig. E2, but for the regression relationships betweenpCFE—255;-0 13 CB1994.1940) ~ Giotat - PCFC-12,00, + biogar. The regression
coefficients oy and S Csetroomromybio are used to calculate SE oy following Eq. (19)
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