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Introduction The supplementary information includes a more extensive description of

both the ocean circulation and the carbon cycle box model, the way they are coupled and
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how the model equations are solved. Supplementary tables are given with information
about the considered cases, and the parameter values. Supplementary figures include the
CMIP6 fits, additional cases, and the model sensitivity to E;.

The ocean circulation box model

The box model representing the dynamics of the AMOC simulates the depth of the
pycnocline and the distribution of salt in the Atlantic Ocean and the Southern Ocean. It
consists of 5 boxes, and therefore 6 prognostic variables. The northern box n represents
the regions of deep water formation in the North Atlantic and box s represents the entire
Southern Ocean (i.e. all longitudes). There are two thermocline boxes t and ts where box
ts represents the region between 30°S and 40°S which is characterized by strong sloping
isopycnals where the pycnocline becomes shallower moving poleward. Underneath the
four surface boxes, there is one box (d) representing the deep ocean.

The distribution of salinity in the model is dependent on the ocean circulation and
freshwater fluxes. There are multiple volume fluxes in the model. In the Southern Ocean,
there is wind-induced Ekman transport into the Atlantic (qgi), and there is an eddy
induced transport from the Atlantic into the Southern Ocean (q.) which is dependent
on the pycnocline depth D. The difference between the two, defined as qg, represents
upwelling in the Southern Ocean and net volume transport into the Atlantic thermocline.
The thermocline also is sourced with water from box d through diffusive upwelling (qp).
The strength of the downward branch of the AMOC is represented in the North Atlantic
by qn. This downwelling is dependent on the meridional density gradient between box ts

and box n, where the density is determined using a linear equation of state. Wind driven
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gyre transport is modelled by ry in the Northern Hemisphere, and rg in the Southern
Hemisphere. Salinity is also affected by two surface freshwater fluxes, modelled as virtual
salt fluxes. First, there is a symmetrical forcing E;, i.e. the freshwater flux is the same
for both hemispheres; and secondly, there is an asymmetrical forcing E, which results in
interhemispheric differences. This last parameter can be viewed as a hosing parameter
for the AMOC strength since it regulates the salinity of box n. The pycnocline depth is
an important state variable in this model since several volume fluxes are dependent on
it. This depth is dependent on four different volume fluxes going in and out of the two

thermocline boxes t and ts (qe, qgk, qu, AN )-

The model provides a simple framework to study AMOC dynamics and has already been
used to show both slow (Cimatoribus et al., 2014) and fast, noise-induced (Castellana et
al., 2019) tipping of the AMOC by freshwater forcing. However, several assumptions
are made. The most important assumptions are that we neglect diapycnal mixing, and
that temperature anomalies do not affect the AMOC strength (i.e. temperature is not
a prognostic variable), since temperature anomalies have a faster decay timescales com-
pared to salinity anomalies. Compared to earlier versions of the model we will use a
different default value for E,. In previous studies values of 0.25Sv (Cimatoribus et al.,
2014) and 0.17Sv (Castellana et al., 2019) have been used. Here we choose a default value

of 0.56Sv based on the CMIP6 multi model mean value at a CO5 concentration of 300 ppm.
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Satellite based observations of the HOAPS4.0 data (Andersson et al., 2017) show a net
freshwater flux of 1 Sv averaged over the period 1987-2015 into the region representing the
thermocline box. This results in an E; value of 0.5Sv and therefore close to the chosen
default value based on the CMIP6 ensemble. Basing the default value on the CMIP6
ensemble, instead of on observations, is done to enable use to easier compare the reference
cases with cases where the CMIP6 fitted E; (Eq. 1 and Eq. 2 in the main text) coupling
is used. Since observational values are close to the CMIP6 multi model mean value, we

consider the model to give an adequate representation of the Atlantic Ocean.

The carbon cycle box model

The carbon cycle model is based on the equations of the SCP-M (O’Neill et al., 2019).
The original SCP-M has two terrestrial carbon stocks, an atmosphere box, and 7 ocean
boxes representing the global ocean. In the ocean multiple tracers are simulated that
are important for the marine carbon cycle. In this study, we do not use the terrestrial
biosphere and we have adapted the box structure to represent the box structure of the
ocean circulation model, which only represents the Atlantic Ocean and the Southern
Ocean. Some assumptions had to be made here. First of all, the depth of boxes n and
s is not given in Cimatoribus et al. (2014) but is necessary for the carbon cycle model.
We assume these to be 300 m. The total depth of the ocean is assumed to be 4000
m. Secondly, the riverine fluxes in the SCP-M represent the entire global riverine input,
while the circulation model only simulates a part of the global domain. We use a volume

fraction (volume circulation model / volume SCP-M = 0.2) to scale the river fluxes.
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Another adaption we have made is that we only use three tracers: dissolved inorganic
carbon (DIC), alkalinity (Alk), and phosphate (PO,). All tracers are affected by the
dynamical circulation simulated in the ocean circulation model in a similar fashion as
salinity. DIC is affected by biological production and remineralization (soft tissue pump),
the formation and dissolution of calcium carbonate (CaCOjs; carbonate pump), and gas
exchange with the atmosphere. Alk is only affected by the carbonate pump, and PO, only
by the soft tissue pump. All three tracers have a riverine source flowing into box t and a
sink to the sediments. PO, is explicitly conserved in the system, i.e. the source of PO4
is equal to the sink of PO4 at all times. DIC and Alk, however, can vary since the time
dependent riverine influx is not necessarily equal to the sediment outflux. The change
in total carbon (DIC 4+ atmospheric COy) and Alk in the atmosphere-ocean system can
be captured in two ODEs as the sum of riverine influx and the sediment outflux. The
riverine influx is a function of atmospheric pCO5 and represents the weathering of silicate

and carbonate rocks i.e.,

CT"L"UGT‘ = carb,c + (Wcarb,v + Wsz) X COgtm (1)

The sediment outflux of DIC is determined by the sum of the soft tissue and the car-
bonate pumps over the entire ocean. In this model, generally all produced organic matter
is also remineralized, causing the contribution of the soft tissue pump to be negligible

resulting in

5
Osed = Oriver X ‘/t + Z(Ccarb,i X V;) (2)

=1
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Without the influence of the soft tissue pump, the change in total carbon and total
Alk are proportional, where the change in total Alk is twice as big as the change in total
carbon. For the dissolution of CaCO3 and the gas exchange of carbon, the pH needs to be
determined. In the original SCP-M a simple function is used where the pH of timestep i-1
is used as an initial guess for timestep i (Follows et al., 2006). As long as the changes per
time step remain relatively small, this scheme is sufficiently accurate. However, due to our
solution method, in which steady states are calculated versus parameters, this function
is not suitable for this study. Therefore, we have chosen a simple ‘text-book’ carbonate
chemistry (Williams & Follows, 2011; Munhoven, 2013) where Alk is assumed to be equal
to carbonate alkalinity (Alkeqs, = [HCO3;]+[CO37]). This method is less accurate and
leads to higher pH values (Munhoven, 2013) and lower atmospheric pCOz values (Boot et
al., 2022). Since we use a different carbonate chemistry, the atmospheric pCOy values are
relatively low. Furthermore, the model used in Boot et al. (2022) is tuned globally whereas
here we only take the Atlantic and Southern Ocean into account. We therefore retune
the model in order to approach CO, concentrations of around 300 ppm for cases REF
and BIO. To accomplish this, we have retuned the export production (general decrease)
and rain ratio (increase from 0.07 to 0.15). We have also chosen different values for
the biological efficiencies in Eq. 4 below compared to Boot et al. (2022) to get similar
atmospheric pCOy values for cases REF and BIO at E, = 0 Sv.
Couplings and feedbacks in the model

The first coupling between the physical and the carbon cycle model is through the

ocean circulation. The AMOC determined in the circulation model is used for the advec-
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tive transport of the three tracers in the carbon cycle model providing a first coupling
between the two models. We have implemented additional couplings between the model
and specific feedbacks within the carbon cycle model. Several of these feedbacks have
previously been introduced into the SCP-M (Boot et al., 2022).

As explained earlier, we have introduced a coupling between E, and atmospheric pCO,
(Eq. 1 and 2 in the main text; Fig. Slb). These are simple linear and logarithmic
functions based on a fit to a CMIP6 multi-model mean forced under the 1% CO; increase
scenario (Eyring et al., 2016). We have used 28 different models to determine the multi-
model mean (Fig. Sla). A list of the used models and the references for the data can be
found in a separate data sheet. We have used all models available, except for a few for
which we had difficulty downloading the model data. Each model was first regridded to
a rectilinear grid, then we integrated the freshwater flux over the region that represents
the thermocline box of the box model and E; was determined dividing this number by
2. After this, all models and the multi-model mean were smoothed with a 5-year moving
mean. The regions used in the CMIP6 model are for box t the Atlantic Ocean between
50°N and 30°S. The fits represent a feedback that the subtropical ocean becomes drier
while the subpolar regions in both the northern and the southern hemisphere become
wetter under COy forcing. This coupling is the only way how the carbon cycle model
can influence the circulation model. Both fits are used in Section 3.1 of the main text
since the fits have different behavior for pCOy values below 300 ppm. Also a different

logarithmic coupling is used (Eq. 3 in the main text; Fig. Slc) to test the sensitivity to
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different E,-pCOs coupling strengths. This fit, is used in Section 3.1 and together with
Eq. 2 also in Section 3.2.

The other two couplings are a one way coupling from the circulation model to the
carbon cycle model. First, we introduce dilution fluxes to both DIC and Alk coupled to
the freshwater fluxes E; and E, (Eq. 3). Increasing the concentrations of DIC and Alk
due to evaporation and decreasing the concentrations due to a net influx of freshwater
at the surface. Lastly, we create a dependency of the biological export production in the
surface boxes to the amount of PO, advected into the specific surface box and therefore

introducing a dependency on the ocean circulation (see below).

Q

Cairi = Ap X (Es + E,) X : (3)

=~

Where C; is the tracer concentration in box i and V; the volume, and A\p is a parameter

that determines whether the coupling is used (Ap = 1) or not (Ap = 0).

Zi == (1 - )\BI) X Zi,base + )\BI X (QJ—)Z X [POi_]] + Privent) X €; (4)

Here Z represents the export production, Ag; a parameter to switch between the default
value of Z (Z; pase; Apr = 0) and the variable export production (Ag; = 1). In addition, g
represents the volume transport, P,;,e. the riverine influx of PO, in box t, and ¢; represents
a biological efficiency term.

Besides coupling the models, we also introduce (non-linear) feedbacks in the carbon

cycle model. First of all, we allow the sea surface temperatures (SSTs) to vary with
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atmospheric pCO; following a logarithmic function and a climate sensitivity parameter

(Eq. 5 and 6):

ﬂ = ﬂ,base + AE (5)

CO,
COro) (6)

AT; = Ap x 0.54 times5.35 In(

By varying the parameter Ay we are able to change the climate sensitivity of the model.
Changing the SST's will also change the density in the ocean circulation model. However,
since we use a linear equation of state and the change of SST is homogeneous over all
boxes, it does not influence the dynamical ocean circulation and is therefore not a coupling
but a feedback within the carbon cycle.

A second feedback we introduce is a linear temperature dependency in the biological
efficiency which was introduced in the biological coupling (Eq. 7). Under an SST increase,

the efficiency will decrease following

€ = (>\e X —OlAT) + €i.base (7)

For this feedback it is necessary to also use the temperature feedback and the strength
can be regulated with Acpsiion-

The third feedback allows the piston velocity (k,) to vary with the SSTs (Eq. 8).
When the SST feedback is used, this also affects the piston velocity. The temperature

dependency is introduced by making the piston velocity a function of the Schmidt number
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(Eq. 9) following

Sc;
W, 1-— w,ibase w,ibase ——
kwi= (1= Ap) X ku.ibase + Apkuw,ib ><(660) (8)
Where
Se; = 2116.8 — 136.25T; + 4.7353T7 — 0.09230777 + 0.0007555T;* (9)

In this case the feedback can either be switched on (Ap = 1) or off (Ap = 0). Without
this feedback the piston velocity is similar for all boxes, but with this feedback the piston
velocity will differ per box. Lastly, we have introduced a feedback on the rain ratio (Eq.

10) making it dependent on the saturation state of CaCOj3 following

[Ca?ﬂ [CO?%_] )0.81

FCaai = (1 - /\F) X FCa,base + /\F X 0022( K
Sp,i

(10)

Similar as for the piston velocity Ag is either 0 or 1, and including this feedback will
introduce different rain ratios per box. In the main text only cases using the biological
coupling (BIO), the Es-coupling (E;) and the rain ratio (FCA) have been shown. In
the supplementary material more simulations, also using the couplings and feedbacks
described above, are shown.

Model equations There are in total 21 state variables: salinity, DIC, alkalinity, and
POy in the 5 boxes, and the pycnocline depth D. The state variables in the deep box are
determined using conservation laws. The salinity equations are given by Eq. 12-15, the

pycnocline depth is determined using Eq. 16.

d(Vi.St)

i = q5(0(qs)Sts + 0(—qs)S: + quSa — 0(qn)anS + 75(Ses — St) + v (Sn — Si) + 2E,S

(11)
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d(v;‘,ssts)
dt

as,

Vni = 9<QN)QN(St - Sn) + TN(St - Sn) - (Es + Ea>SO

dt

dSs

Vs
dt

LoaLy, dD

(A+ 5

dt

SO% = VnSn + V:iSd + V;St + Wssts + VSSS

Where:

TLwS
dEk = ——5
Po|fs\

LmA D

Ge = AG’M

KA

w="T

gy = npn - ptng

Po
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= quSs - QeSts - qS(Q(QS)Sts + 9<_q5)5t) + 745’(‘575 - Sts)

= QS(Q(QS)Sd + 9(—615)55) + C_Iests - QEkSs - (Es - Ea)SO

)— = qu + qgr — ge — 0(qn)an

(12)

(14)

(16)

(17)

(18)



4s = 4ek — 4e (21)
pi = po(1 — a(T; — Ty) + B(Si — So)) (22)
d[DdffC]i = Cphys;i T Chioi + Cearbii + Cairi + Crivert (23)
AR — A+ A + Aviers (24)
d[PdOE]i = Pphys;i t+ Prioi + Privert (25)

dChy ° °
= Crivers % Vi + ;(Cmb,z’vi) + ;(Cbio,i%> (26)

In these equations the different terms represent advective fluxes (X,pys), biological fluxes
(Xpio), carbonate fluxes (Xoqrp), air-sea gas exchange (Cg;,) and the river influx (X, jper),

which are determined following:

1

Xphys,i = Vi(;(%‘—n x X;) — ;(qi—m‘ x Xi)) (27)

This equation represents that the concentration X changes through an advective flux

flowing out of box i to box j (¢;—,; times the concentration in box i (X;), and a flux flowing
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into box i from box j (gj—;) times the concentration in box j (Xj;). There can be fluxes

from multiple boxes into one box.

Koi X kyi x po x (COZ™ — pCOy ;)

Cair.i =
Vi

(28)

For iis n, t, ts or s. K, is the solubility constant, k, the piston velocity, CO5"™ the
atmospheric COy concentration, pCO, the partial pressure of CO5 in the ocean and V the

volume of the ocean box.

Zit X Aicai
V;

([CO5 Li[Ca®*];)

Ccarb.i = - K
sp,t

+ ([CO37L:[Ca* i) pokca(1 — )" x PerC + DC

(29)

For iis n, t, ts, or s. Z represent biological production, A the surface area of the box,
F, the rain ratio and V' the volume. Other variables are the carbonate ion concentration

([CO37)), calcium concentration ([Ca?*]), and equilibrium constant for CaCOj3 dissolution

(Ksp)-

ZiXAi
Vi

dfi —b
do)

Cbio,i = X ( (30)

For iis n, t, ts or s. Z represent biological production, A the surface area of the box,

V' the volume, and dy; the floor depth of the box.

Acarb.i =2x Ccarb‘i (31)
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An explanation and the value of all parameters are given in the tables in this document.
The solution method
Our coupled system is a system of 22 ODEs (four tracers per box, the pycnocline depth

and atmospheric pCOs) of the form

M~ (). p) (3)

Here u is the state vector (containing all the dependent quantities in all boxes), f
contains the right-hand-side of the equations and p is the parameter vector. To solve this
system of equations we use the continuation software AUTO-07p (Doedel et al., 2007).
Both the circulation model (Cimatoribus et al., 2014), and the SCP-M (Boot et al., 2022)
have already been implemented in the software before. AUTO enables us to efficiently
compute branches of stable and unstable steady state solutions under a varying control
parameter. Furthermore, it allows for detection of special points such as saddle-node
bifurcations, which is important for determining the multiple equilibria window of the
AMOC. However, one of the requirements of AUTO is that the Jacobian of the system is
non-singular. To achieve this, we use explicit conservation equations (Eq. 16 and 26) to
eliminate the ODEs of the deep box. Both the conservation equation of salt (Eq. 16) and
POy are already explicitly included into the model. However, as described previously, this

is not the case for DIC and Alk. Therefore, we have to introduce an extra ODE describing

the change in total carbon in the system (Eq. 26). Since the change in alkalinity in the
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system is proportional to the change in total carbon, only one extra ODE is necessary. By
eliminating the ODEs for the deep box and introducing the ODE for total carbon in the
ocean-atmosphere system, AUTO can solve the system with 19 ODEs. AUTO has three
accuracy parameters. The absolute and relative accuracy differ per specific case, but are
set to maximal 5 x 1072, The accuracy for the detection of special points (e.g. saddle

nodes and Hopf bifurcations) is set to 107.
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Table S1. Overview of the used cased in the main text. The left column represents the used

simulations, where the uncoupled case is added to show the coupling of the carbon cycle in REF.

The other columns represent whether a coupling or feedback denoted in the top row is used in

the case mentioned in the first column.

Case name Carbon cycle BIO E; FCA
Uncoupled
REF X
BIO X X
Es + BIO X X X
Es + BIO + FCA X X X X
Table S2. Additional cases not included in the main text using additional feedbacks as

described in this document. When the Es-coupling is used, the logarithmic CMIPG6 fit (Eq. 2 in

the main text

is used. Results of these cases can be seen in Figure S2.

Notation |S-1 S-2 S-3 S-4 S5 S6 S-7 S8 S9 S-10
ABI 11 1 1 1 1 1 1 1 1
Ar 1 0 0 1 1 1 0 0 1 1
Ap o 0 1 1 1 0 0 1 1 1
AD 0o 1 0 0 0 0 1 0 0 0
Ae 0O 0 0 0 1 0 0 0 0 1
B 0O 0 0 0 0 Eq 2 Eq.2 Eq.2 Eq.2 Eq.2
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Table S3.

Symbol (column 1), description (column 2), value (column 3), and units (column

4) of the general parameters used in the ocean circulation model based on Cimatoribus et al.

(2014).
Symbol Description Value Units
Vo Total volume of the basin 3 x 10" m?
V., Volume of box n 3 x 10 md
Vi Volume of box s 9 x 10" m3
Ay Surface area box t 1 x 10" m?
L4 Zonal extent of the Atlantic Ocean at its southern end 1 x 107 m
L, Meridional extent of the frontal region of the Southern Ocean 1 x 108 m
L,s Zonal extent of the Southern Ocean 3x 107 m
T Average zonal wind stress amplitude 0.1 N m—2
Agy Eddy diffusivity 1700 m? s}
fs Coriolis parameter -1 x 1074 57!
o Reference density 1027.5 kg m~3
K Vertical diffusivity 1 x107° m?s!
So Reference salinity 35 g/kg
T Reference temperature 5 °C
Thpase DBase temperature box n 5 °C
Tispase DBase temperature box ts 10 °C
n Hydraulic constant 3 x10*  ms!
« Thermal expansion coefficient 2 x107* Kt
6} Haline contraction coefficient 8 x 107*  (g/kg)™!
rg Transport by the southern subtropical gyre 10 x 10 m? st
N Transport by the northern subtropical gyre 5 x 108 m?3 s}
E; Symmetric freshwater flux 0.56 x 10® m3 s71
Table S4. Symbol (column 1), description (column 2), value (column 3), and units (column

4) of the general parameters used in the ocean circulation model added or changed with respect

to Cimatoribus et al. (2014)

Symbol Description Value Units
E Symmetric freshwater flux 0.56 x 10° m? s7!
den Floor depth Box n 300 m
dp Floor depth Box t variable (D) m
dyis Floor depth Box ts variable (D) m
dys Floor depth Box s 300 m
dyq Floor depth Box d 4000 m
Tipase DBase temperature Box t  23.44 °C
Tspase DBase temperature Boxs  0.93 °C
T, Temperature Box d 1.8 °C
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Table S5. Symbol (column 1), description (column 2), value (column 3), and units (column

4) of the general parameters used in the carbon cycle model based on Boot et al. (2022).

Symbol Description Value Units

Vo Volume of the atmosphere 1.76 x 102 m?

Feapase Base rain ratio 0.07 -

n Order of CaCO3 dissolution kinetics 1 -

Pe Mass percentage of C in CaCOsg 0.12 -

Decy Constant dissolution rate of CaCOjs 2.75 x 107 mol m™3 s~!

Wge Constant silicate weathering 24 x 1072 molm™3 s7!

Way Variable silicate weathering parameter 1.6 x 1078 mol m™—3 atm™! s7!
Wey  Variable carbonate weathering parameter 6.3 x 1078 mol m™2 atm™! s~}
kca Constant CaCOj dissolution rate 44 x 1078 g7t

b Exponent in Martin’s law 0.75 -

do Reference depth for biological productivity 100 m

kwpase DBase piston velocity 3 m/day

Ro.p Redfield C:P ratio 130 mol C/mol P

Rp.c Redfield P:C ratio 1/130 mol P/mol C

[Ca),  Calcium concentration Box n 0.01028 x S, mol m™3

[Cal;  Calcium concentration Box t 0.01028 x S; mol m™3

[Ca];s  Calcium concentration Box ts 0.01028 x S;; mol m™3

[Cals  Calcium concentration Box s 0.01028 x S, mol m™®

[Cals  Calcium concentration Box d 0.01028 x S; mol m™3

Table S6. Symbol (column 1), description (column 2), value (column 3), and units (column
4) of the parameters used in the carbon cycle model that have been changed compared to Boot

et al. (2022).

Symbol Description Value Units

Znpase Base biological production Box n 1.9 mol C m~2 yr!
Zipase  Base biological production Box t 2.1 mol C m~2 yr—!
Zispase Base biological production Box ts 2.1 mol C m~2 yr—!
Zspase DBase biological production Box s 1.1 mol C m~2 yr—!

€nbase  DBase biological efficiency Box n 0.1 -
€t base Base biological efficiency Box t 0.5 -
€tspase  Dase biological efficiency Box ts 0.3 -
€spase  DBase biological efficiency Box s 0.1 -
Rpos  River influx of PO}~ 0.3 x 104
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Table S7. The symbols and description of the equilibrium constants are presented in the first

two columns. The third column presents the source of the used expression.

Symbol Description Expression
K, Solubility constant Weiss (1974)
K First dissociation constant of carbonic acid ~ Lueker, Dickson, and Keeling (2000)
Ky Second dissociation constant of carbonic acid Lueker et al. (2000)
Kppase Equilibrium constant for CaCOg dissolution  Mucci (1983)
Ky press Pressure correction for K pase Millero (1983)
a b c
CMIP6 ensemble Multimodel mean

0851 uutimodel mean 0-681 . Linear fi; R2 = 0.99 L2 e

0.80 2 g 0.66 { === Logarithmic fit; R = 0.99 1.0 == Ea.2

0.75 ” A . 0.64 + MM | —Eq. 3
or0| AN ot = 0
i 0.65 Mf pe ooy LI z 0.62 5 0.6
uT060 (¥ ¥, L AL uf 0.60 oo,

055{ # 0.58 0.2

0.50 0.56

0.0
0.45 0.54
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Figure S1. Symmetrical surface freshwater flux in Sv fitted to atmospheric pCO; in a CMIP6
ensemble of 28 models. In panel a the colored lines represent CMIP6 models and the black line
represents the multi-model mean. In panel b the multi-model mean (blue) and linear (orange)
and logarithmic (green) fits are shown including the R? values in the legend. In panel ¢ the used
fits used in the main text are displayed. The orange and green lines are similar to the ones in

panel b. Orange represents Eq. 1, green Eq. 2, purple Eq. 3 (equations from main text).
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Figure S2. Bifurcation diagrams showing the sensitivity of the model to E, for additional cases
as defined in Table S2. Solid lines represent stable steady state solutions, dotted lines represent
unstable states, dash-dotted lines represent the location of the saddle node on the on-branch,
and dashed lines the location of the saddle node on the off-branch. The black lines represent a
case with only the biological coupling (BIO), the orange lines with the logarithmic CMIP6 based
E, and biological coupling (Es; + BIO), and the blue and green lines represent the cases defined
in Table S2. Results are for the AMOC strength in Sv (a, ¢, e, g, i) and atmospheric pCO; in

ppm (b, d, f, h, j).
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Figure S3. Sensitivity of the location in E, of the saddle nodes in the circulation model to
different values of E,. The blue dashed dotted line represents the saddle node on the on-branch,
and the blue dashed line the saddle node on the off branch. The green line, corresponding to
the right y-axis, represents CO,y concentrations in ppm corresponding to the strong E,-pCO,-

coupling from the main text (Eq. 3) for the E4 values on the x-axis.
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