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1. Models
a. Bern8D

For the calculation of the coefficients of the reconstruction scheme, the Bern3D Earth System Model of
intermediate complexity (B3D) is used. It consists of a frictional geostrophic ocean component with a
resolution of 10° in longitude, a resolution between 3.2° and 19.2° in latitude (the sine of the latitude is
equally spaced), and 32 depth layers™2. The atmosphere consists of a two-dimensional energy and moisture
balance model of the same spatial resolution as the ocean component>4,

In 80 simulations, a broad range of climate states is created by adding up to a Sv (1 Sv = 105 m3s71!)
freshwater to the North Atlantic from 50°N to 70°N to shut down the AMOC, then the same amount of
freshwater is removed from the same location to induce a strong AMOC (Fig. . Afterwards, atmospheric
COg is increased from 278 ppm (parts per million) to 8- 278 ppm and then decreased down to 1/5 - 278
ppm to increase and decrease air temperatures, respectively. The perturbations are applied for T, years.
A simulation is performed for every permutation of Ter, = {1.5,2.0,2.5,3.0} kyr, a = {0.15,0.20, 0.25,0.30}
Sv, and 8 = {1.6,1.8,2.0,2.2,2.4} (Fig. . The reconstruction scheme coefficients are calculated for every
simulation and SST location (Table [S3 and Fig. [S3).

b. LOVECLIM

A deglaciation simulation performed using the LOVECLIM Earth System Model of intermediate complexity
(LVC)=528 s ysed to determine coefficients for the reconstruction scheme, but the simulation is also used
to test the AMOC reconstruction scheme.

The ocean component of LVC consists of a free-surface primitive equation model with a horizontal resolution
of 2.5° in longitude, 1.5° in latitude, and 20 depth layers. The atmospheric component is a spectral T21,
three-level model based on quasi-geostrophic equations. The model is forced by the orbital coefficients,
surface albedo, topography, CO5 and freshwater®. The simulation covers the period from 18 to 11 ka B.P.,
comprises a full shutdown of the AMOC during Heinrich stadial 1 (H1) from 17.5 to 15 ka B.P., a resumption



of the AMOC during the Bglling/Allergd period from 15 to 13 ka B.P., and a second shutdown during the
Younger Dryas (YD) from 13 to 12 ka B.P. Global mean air temperatures at 2 m above ground increase
from 10°C at 18 ka B.P. to 13°C at 11 ka B.P. (Fig.[S4). Global mean air temperature and SST time series
of LVC are lowpass filtered with a cutoff period of 100 years to remove the inter-annual variability of the
model.

c. NCAR CSM1.}

A freshwater forcing simulation performed using the NCAR CSM1.4 coupled atmosphere-ocean general cir-
culation model 2 (CSM) is used to test the AMOC reconstruction scheme. This model is a comprehensive
coupled climate model. The atmospheric component has a spectral truncation resolution of approximately
3.75° (T31 Grid) and 18 vertical levels. The ocean component has 25 vertical levels with a longitudinal
resolution of 3.6° and a latitudinal resolution between 0.8° and 1.8°. The simulation has a duration of 605
years. At year 305, 1 Sv of freshwater is discharged into the North Atlantic for 100 years to shut down the
AMOCY (Fig. . The CSM SST and global mean air temperature time series are lowpass filtered with a
cutoff period of 30 years to remove inter-annual variability.

d. Model SSTs at Sediment Core Locations

When model values of SST are evaluated at sediment core locations, the SSTs of several model cells are
averaged for reasons of robustness. In vertical direction, the mean value is taken over the top 80 m depth (2
cells for B3D, 5 cells for LVC, 4 cells for CSM). In horizontal direction, the 4 cells closest to the sediment core
location are averaged. In the case of the CSM model, the SST of the model cell that encloses the sediment

core location is averaged with all adjacent model cells in horizontal direction (9 cells if they are all ocean
cells).

2. Uncertainty Calculation

The lo-uncertainty band of the AMOC reconstruction is calculated by Gaussian error propagation of Eq.
(2). Time lags 77 and 712 are introduced to account for the age-scale uncertainty:

gescale agescale
n ws
fAMOC (t) = Z I3 - [Télc(t + T&igescale) - a’ZI‘atmTzitm (t + T;;I;etsrélale)]' (Sl)
=1 YAMOC
Tatm

The mean value of Tégescale and 7,651 18 zero and for the standard deviation we estimate 500 years for
the period of the last deglaciation: The age scales of the SST records are based on radiocarbon dating,
and the Antarctic air temperature age scale is determined by synchronizing the methane record to the
Greenland ice core record which is dated by annual layer counting for the period of the last deglaciation2.
The uncertainties of 7% are given in Table For the SST reconstructions that do not provide uncertainty
estimates (Table[S1), the maximum of the available AT/% uncertainties is used (£2.37°C). The Antarctic air
temperature uncertainty is estimated to be AT, . = £1.5°C. This value follows from the relative uncertainty
range of the glacial-interglacial temperature amplitude of —10% to +30%1# and of the uncertainty range
of the polar amplification of 1.7 to 2.5 which is determined from comprehensive coupled atmosphere-ocean
general circulation models from the Paleoclimate Modelling Intercomparison Projects PMIP-1 and PMIP-
215 The uncertainties of the coefficients of the reconstruction scheme are given by the standard deviation
of the coefficients of the 80 simulations performed by the B3D model. In the case of the LVC model, only
one simulation is used to calculate the coefficients of the reconstruction scheme. Thus, no uncertainty can

be given here.

Another factor of uncertainty is the systematic bias that may occur when SST reconstructions reflect a
seasonal signal rather than an annual mean signall®?, Leduc et al.'% have compared a global compilation
of SST time series records from the Holocene and detected contrasting, sometimes divergent, SST trends



throughout the Holocene proxy records of marine sediment cores from the same region, which is hypothe-
sized to be due to the different trends of the Holocene summer and winter solar insolation. This factor of
uncertainty can be minimized by only using SST reconstructions that truly represent annual-mean tempera-
tures. This can potentially be achieved by preferring Mg/Ca-derived SST time series over UL -derived SSTs.
However, due to the already small number of suitable Atlantic SST records of sufficient time resolution, we
continue to use all proxies for the time being.

3. Additional Tables and Figures

Here supplementary tables and figures referenced in the main text are given. Tables [S1] and [S2] and Fig.
give information on the SST sediment core reconstructions used for the AMOC reconstruction. Tables
and [S4] list the reconstruction scheme coefficients based on the B3D simulations and the LVC deglaciation
simulation, respectively. Table [S5] lists the weights that are assigned to the SST time series for the AMOC
reconstructions.

Figure [S@] illustrates that the AMOC peak between 15 and 14 ka B.P. is better captured when an additional
SST time series from the central North Atlantic is incorporated into the hindcast.

Figure illustrates the difference in the linear combination of Eq. (1) when global, Antarctic, or Greenland
air temperatures are used for the linear combination.

Figure [S8|illustrates that inaccurate coefficients af,,  may lead to a trend in ¥/y,;o¢ in the case where Tp%
and T, change simultaneously such as during a deglaciation. An extreme situation of a hindcast of the

LVC deglaciation simulation is shown where all af,,,  are set to 0 KK~1.

TABLE S1. SST reconstructions from various Atlantic sites that are used for the last deglaciation AMOC
reconstruction. The data sets span at least 19 kyr and have an average resolution better than 500 yr. The
location of the sites is indicated on the map in Fig. For data sets that span longer periods than the last 25
kyr, the average resolution of the last 25 kyr is listed. AT, is the temperature reproducibility uncertainty.
Waelbroeck et al.18 give individual uncertainties for every data point. Here, the mean value is used. Proxies
used for the temperature reconstruction are the revised analogue method (RAM), the Mg/Ca ratio from
shells of planktonic foraminifera, and the alkenone unsaturation index U, .

# Core Lat (°) Lon (°) timespan avgres AT/  Proxy  Reference
(ka B.P.) (yr)  (°C) -
1 CH 69-K09 41.7 —47.5 19-1 156 +£2.37 RAM Waelbroeck et al.1®
2 NA 87-22 55.5  —14.7 23 -1 204 +0.90 RAM  Waelbroeck et al.t®
3 SU81-18 37.8 —10.2 20-0 480 +0.82 RAM Waelbroeck et al. 18
4 PLO7-39PC 10.7  —64.9 25 -0 133 4+0.7 Mg/Ca Lea et al.*?
5 GeoB 3129-1 —4.6 —36.6 21-0 125 +1.0 Mg/Ca Weldeab et al.0
GeoB 3911-3
6 MDO03-2707 2.5 9.4 155 -0 67 +1.2 Mg/Ca Weldeab et al.*d
7  GeoB 49054 2.5 9.4 22-0 199  +£1.0 Mg/Ca Weldeab et al.*?
8 ODP 1084B  —255 13.0 21 -0 96  +0.6 Mg/Ca Farmer et al.23
9  MDO01-2444 378  —102 4200 128 +05 UK Martrat et al. 4
10 SUS1-18 378  —-102  110-0 306 +04 UK Bard?, Bard et al
MD95-2042
11 MD03-2699 39.0 —10.7 23 -1 152 +05 UK Rodrigues et al.’“”
12 M39-008 364 —7.1 21 - 1 184  +05 UK Cacho et al. 28
13 ODP 658C 208  —18.6 84 -0 201 - UK Zhao et al. 2
14 GeoB 1023-5  —17.2 11.0 21 -0 112 +0.1 UY Kim et al.=0




TABLE S2. Links to the SST and air temperature data.

# Reference Link

- Jouzel et al. 1% ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/
epica_domec/edc3deuttemp2007.txt

1-3  Waelbroeck et al.'8 personal communication

4 Lea et al.1? ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment _
files/complete/pl07-39p-tab.txt

5 Weldeab et al.’V ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_
author/weldeab2006/weldeab2006.txt

6 Weldeab et al.2} ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_
files/complete/md3-2707-tab.txt

7 Weldeab et al.22 personal communication

8 Farmer et al.23 ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_
files/complete/odp1084b-tab.txt

9 Martrat et al.%* http://doi.pangaea.de/10.1594/PANGAEA. 771891

10  Bard?’ Bard et al.?¢ ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_
files/complete/ibermarg-tab.txt

11 Rodrigues et al.%? http://doi.pangaea.de/10.1594/PANGAEA.761812

12 Cacho et al.%® ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_
author/cacho2001/cacho2001. txt

13 Zhao et al.?? ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_
files/complete/odp658cz-tab.txt

14  Kim et al.BY ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_

files/complete/gb1023-5-tab.txt

TABLE S3. Reconstruction scheme coefficients at the SST sediment core locations of Table calculated
from 80 Bern3D model simulations (Fig. . Also listed are the correlations between ocean temperature at
the particular location and air temperature (Rratm), and between ocean temperature and the least squares
fit (Rg¢) averaged over the 80 simulations.

# GTatm GAMOC RTatm Rﬁt
(KK™1) (KSv™1)

1 0.72£0.02 0.099 + 0.007 0.73 097
2 1.01 £0.07 0.33 £0.04 0.34 0.93
3/9/10/  0.88+0.04 0.194£0.02 052 0.92
11/12

4 0.784 + 0.008 0.018 + 0.006 0.97 0.98
5 0.70 £0.01 —0.035=+0.007 0.96 0.99
6/7 0.713 £0.008 —0.004 £+ 0.004 0.97 0.97
8 0.60£0.02 —0.051£0.010 0.88 0.97
13 0.86 + 0.03 0.10 + 0.03 0.71  0.90
14 0.64 +£0.03 —0.11£0.02 0.75 0.96



ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc3deuttemp2007.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/icecore/antarctica/epica_domec/edc3deuttemp2007.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/pl07-39p-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/pl07-39p-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/weldeab2006/weldeab2006.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/weldeab2006/weldeab2006.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/md3-2707-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/md3-2707-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/odp1084b-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/odp1084b-tab.txt
http://doi.pangaea.de/10.1594/PANGAEA.771891
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/ibermarg-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/ibermarg-tab.txt
http://doi.pangaea.de/10.1594/PANGAEA.761812
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/cacho2001/cacho2001.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/cacho2001/cacho2001.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/odp658cz-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/odp658cz-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/gb1023-5-tab.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/gb1023-5-tab.txt

TABLE S4. Reconstruction scheme coefficients at the SST sediment core locations of Table calculated
based on the LOVECLIM deglaciation simulation. Also listed are the correlations between ocean temperature
at the particular location and air temperature (Rratm ), and between ocean temperature and the least squares
fit (Rgy).

# GTatm AGAMOC RTatm Rﬁt
(KK (KSv™)

1 0.94 —0.022 0.84 0.85

2 1.23 0.27 0.84 0.99

3/9/10 0.83 0.16 0.86 0.98

4 0.20 —0.031 0.29 0.75

5 0.24  —0.0051 0.77 077

6/7 0.45 —0.034 0.72 0.84

8 0.37 —0.086 0.03 0.96

11 0.89 0.19 0.85 0.99

12 0.90 0.15 0.88 0.99

13 0.41 0.064 0.88 0.99

14 0.28 —0.057 0.12 0.93

TABLE S5. The weights w; that are assigned to the SST time series for the two AMOC reconstructions.
The weights follow from the least squares solution (Eq. 2). The sum of the weights is equal to 1.

# LOVECLIM Bern3D

1 0.002 0.031
2 0.325 0.337
3 0.111 0.110
4 0.004 0.001
) 0.000 0.004
6 0.005 0.000
7 0.005 0.000
8 0.034 0.008
9 0.111 0.110
10 0.111 0.110
11 0.161 0.110
12 0.097 0.110
13 0.019 0.034
14 0.015 0.036




F1a. S1. Locations of sea-surface temperature time series reconstructions used for the reconstruction of the
AMOC anomalies of the last deglaciation. The index numbers correspond to the numbers in Table [S1| where
the SST reconstructions are listed.



Bern3D simulation
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F1a. S2. Forcings (gray) and responses (black) of the Bern3D model to determine the coefficients of Eq. (1).
In 80 simulations, a broad range of climate states is created by a) adding and removing up to a Sv (1 Sv =
105 m3s71) freshwater (Fw) from the North Atlantic from 50°N to 70°N, and b) by increasing atmospheric
CO; from 278 ppm to - 278 ppm and then decreasing CO2 down to 1/ - 278 ppm. The perturbations are
applied for T,ery years. A simulation is performed for every permutation of ey = {1.5,2.0,2.5,3.0} kyr,
a = {0.15,0.20,0.25,0.30} Sv, and § = {1.6,1.8,2.0,2.2,2.4}. The result is ¢) a shutdown of the AMOC
followed by an AMOC state substantially stronger than in the standard case, and d-e) changes of global mean
and Antarctic air temperatures of several degrees. The figure shows results from one of the 80 simulations.
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Fi1a. S3. Examples of the determination of the coefficients of Eq. (4) at the sediment core locations 1, 3,
4, and 8 (see Table and Fig. by using one of the model simulations described in Fig. Panel a:
core location 1 (Northwest Atlantic); panel b: core location 3 (Iberian Margin); panel c: core location 8
(Southeast Atlantic); panel d: core location 4 (Cariaco Basin). Gray line: global mean air temperature
anomaly. Black line: ocean temperature anomaly at the sediment core location. Red line: least squares
fit of the ocean temperature anomaly according to Eq. (4). The reconstruction scheme coefficients and the
correlations between ocean temperature and air temperature (Rratm), and between ocean temperature and
the least squares fit (Rg¢) are given in the figure. The locations of examples a-c are sensitive to the AMOC,
as indicated by the difference of Rr.tm and Rgi. The location of example d is not sensitive to AMOC
changes.



LOVECLIM deglaciation simulation
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F1G. S4. LOVECLIM simulation of the last deglaciation®. a) Global mean surface air temperature. b)
Antarctic mean surface air temperature. ¢) AMOC strength. d) Southern Ocean meridional overturning
circulation (SOMOC) strength. Red lines are splines with a cutoff period of 100 yr to remove inter-annual
variability.



NCAR CSM1.4 freshwater forcing simulation
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strength. Red lines are splines with a cutoff period of 30 yr to remove inter-annual variability.
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LOVECLIM AMOC hindcast
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F1a. S6. Hindcasts of the LOVECLIM deglaciation simulation based on coefficients determined from the
LOVECLIM simulation. The hindcast is given as anomaly from the time series mean value. Red line:
Hindcast when the 14 SST time series of Table [S1| are used (as in Fig. 2a). In this hindcast, the AMOC
peak between 15 and 14 ka B.P. is not captured. The peak is somewhat better captured when an additional
SST time series from the central North Atlantic (NA, at 50°N, 35°W) is incorporated into the hindcast
(orange line). Pink line: Hindcast when only the central North Atlantic SST time series is used. This
hindcast reproduces the AMOC peak between 15 and 14 ka B.P. Unfortunately, to date there is no SST
reconstruction at this site.
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Fig. S7. The ocean temperature time series at any Atlantic SST location can be described as a linear
combination of global mean atmospheric temperature time series (which is mostly independent of AMOC
changes), the AMOC time series, and time series of other quantities that affect ocean temperature (blue
arrows). Here it is assumed that these other quantities have little influence on Atlantic SST on centennial to
glacial-interglacial timescales. The quantities of the linear combination do not necessarily need to be orthog-
onal. The ocean temperature could also be a linear combination of Greenland air temperature and AMOC
time series (red arrows). However, in this case the AMOC coefficient (aamoc) of a northern hemisphere
SST location will be small. And the smaller the AMOC coefficient, the more uncertain the reconstruction
may become. Because to this date there is no direct paleoclimate proxy of global mean air temperature,
Antarctic air temperatures could be used (orange arrows). Because of the bipolar seesaw™L, the Antarctic
air temperature signal tends to be anticorrelated to the AMOC signal. Hence, asnoc will tend to be more
positive in the northern hemisphere (and less negative in the southern hemisphere) than when global mean
air temperatures are used.
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LOVECLIM AMOC hindcast when all a'rm = 0 K K™
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Fia. S8. Hindcasts of the LOVECLIM deglaciation simulation when all a%, are set to 0 KK~'. This
figure illustrates the trend in ¥/ \; that may arise in the case of inaccurate a,,,. Black line: LOVECLIM
AMOC anomaly. Red line: AMOC hindcast calculated from coefficients determined by the LOVECLIM
simulation (with af,, = 0 KK~™!). Blue line: Hindcast from coefficients determined by Bern3D (with
A =0 KK™1).
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