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Abstract A prominent characteristic of the reconstructed Northern Hemi-
sphere temperature signal over the last millennium is the transition from the
Medieval Climate Anomaly (MCA) to the Little Ice Age (LIA). Here we report
indications for a non-linear regime shift in the North Atlantic ocean circulation
during the onset of the Little Ice Age. Specifically, we apply a novel statistical
test based on horizontal visibility graphs to two ocean sediment August sea-
surface temperature records from the Norwegian Sea and the central subpolar
basin and find robust indications of time-irreversibility in both records during
the LIA onset. Despite a basin-wide cooling trend, we report an anomalous
warming in the central subpolar basin during the LIA that is reproduced in
ensemble simulations with the model of intermediate complexity CLIMBER-
3a as a result of a non-linear regime shift in the subpolar North Atlantic
ocean circulation. The identified volcanically triggered non-linear transition
in the model simulations provides a plausible explanation for the signatures
of time-irreversibility found in the ocean sediment records. Our findings indi-
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cate a potential multi-stability of the North Atlantic ocean circulation and its
importance for regional climate change on centennial time scales.

Keywords Little Ice Age - Volcanic Forcing - Last Millennium - Horizontal
Visibility Graphs - Time Series Irreversibility - Marine Sediments

1 Introduction

The transition from the Medieval Climate Anomaly (MCA) to the Little Ice
Age (LIA) primarily in the Northern Hemisphere is one of the most impor-
tant climatic shifts during the pre-industrial last millennium. Although recent
paleoclimate reconstructions reveal no coherent global-scale cooling at the on-
set of the LIA, they agree on a generally colder period from the 16th to the
19th century (e.g. PAGES 2k (2013)). The IPCC’s recent Fifth Assessment
report defines the LIA as a period between 1450 and 1850 (Masson-Delmotte
et al, 2013). In Europe, the regional expression of the LIA is associated with
a spatially and temporally heterogeneous cooling, most pronounced in central
and northern Europe (Biintgen et al, 2011; PAGES 2k, 2013). Modelling of
these diverse changes remains challenging and recent intercomparisons of com-
plex coupled model results over the last millennium exhibit considerable inter-
model spread and deviations from reconstructions (Eby et al., 2013; Ferndndez-
Donado et al, 2013).

Besides uncertainties in timing and extent, also the origin of this climate
shift is still a subject of debate. Since the LIA coincides with several minima in
the total solar irradiance (TSI), solar activity has been proposed as a possible
driver already by Eddy (1976). The impact of TSI changes on the coupled
ocean-atmosphere system in the North Atlantic has been investigated in a va-
riety of different model studies since (e.g., Crowley, 2000; Zorita et al, 2004;
Swingedouw et al, 2012). As an alternative hypothesis, volcanic eruptions have
been suggested as the origin of the regional cooling (Robock, 1979; Crowley,
2000). Despite the short life-time of volcanic aerosol loadings, they have been
found to influence North Atlantic climate variability on multi-decadal time
scales (Ottera et al, 2010; Fischer et al, 2007; Zanchettin et al, 2011; Goosse
et al, 2012). Decadally-paced volcanic eruptions have been reported to trig-
ger coupled sea-ice oceanic feedbacks leading to a sustained slow-down of the
Atlantic Meridional Overturning Circulation (AMOC) and persistent hemi-
spheric cooling in modelling studies of the last millennium (Zhong et al, 2011;
Miller et al, 2012; Schleussner and Feulner, 2013).

Here we test the hypothesis of a non-linear regime shift in the North
Atlantic during the MCA-LIA transition based on an analysis of two fossil
diatom-based high-resolution August sea surface temperature reconstructions
from two ocean sediment cores from the central subpolar basin (Rapid 21-
COM) and the Norwegian Sea (CR 948/2011) using a novel statistical test
for time-irreversibility. We further compare our findings with ensemble simu-
lations of the model of intermediate complexity CLIMBER-3a.
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Fig. 1 Locations of the Rapid 21-COM and CR 948/2011 sediment cores and a schematic
representation of major oceanic currents in the North Atlantic.

2 Materials and Methods
2.1 Marine sediment core data

Proxy-based reconstructions of August sea surface temperature (aSST) from
two marine sediment cores from the northern North Atlantic are used in this
study: Rapid 21-COM (Miettinen et al, 2012) recovered from the Reykjanes
Ridge in the Iceland Basin (57°27.09'N, 27°54.53'W at 2630 m water depth
(data available under NCDC/NOAA, 12905) and CR 948/2011 (Berner et al,
2011) from the Vgring Plateau in the Norwegian Sea (66°58.18'N, 07°38.36'E
from 1020m water depth (data available under NCDC/NOAA, 17475, see
Fig. 1 for core locations).

Changes in the relative composition of diatomic assemblages in marine
sediments during the considered period reflect the corresponding changes in
oceanographic settings at the core sites. At the Vgring Plateau (CR 948/2011
site) the North Atlantic Current (NAC) and the Norwegian-Atlantic current
assemblages (factors 2 and 4 as defined in Andersen et al, 2004)), typical for
warmer and saline North Atlantic waters originating from the North Atlantic
Drift, show a rapid decline being partly substituted by colder and fresher
water dwelling diatoms of the east and west Greenland Current (factor 7) and
sub-Arctic (factor 3) assemblages (Berner et al, 2011). At the Rapid 21-COM
site the major surface changes are associated with a gradual decrease in the
relative contribution of the dominant sub-Arctic (factor 3) assemblage with a
parallel increase of the factor 2 assemblage linked with warm water masses of
the North Atlantic Drift.

For both cores, a weighted averaging partial least-squares regression trans-
fer function technique (WA-PLS, ter Braak and Juggins, 1993) was used to



89

90

91

92

93

o4

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

4 C.F. Schleussner et al.

1.0
° ®
0.5 ot L
— '.'.e. <o ° o
é 001{® e -'}"0: o (Sl
o «® e 2o g %/ 0
%} *% ° b 4 ¢le o °
—~ 054 ° ...‘ L
Y (1] )
o
-1.0 : : : — ‘ ‘
1000 1100 1200 1300 1400 1500 1600 1700 1800
Year [AD]

Fig. 2 Visualization of the horizontal visibility graph constructed for CR 948/2011. Each
node represents a data point of the time series and edges between nodes are constructed
following Eq. 1.

convert down-core diatom assemblages into past aSST estimates with an av-
erage resolution of about 8-10 years over the last millennium. Miettinen et al
(2012) and Berner et al (2011) provide additional information on the individ-
ual records and the procedures used in the analysis of the Rapid 21-COM and
the CR 948/2011 core data.

The data from the Rapid 21-COM (subpolar gyre) and the CR 948/2011
cores (Nordic seas) have been cropped to the time interval of interest between
1000 and 1800 AD. This leads to time series of 95 (Rapid 21-COM) and 91
(CR 948/2011) samples, respectively. The mean sampling interval of the Rapid
21-COM time series is 8.4 y with a standard deviation of 3.1 y. The mean
sampling interval of the CR 948/2011 time series is 8.9 y with a standard
deviation of 4.1 y. For both time series, the sampling interval is always smaller
than approximately 20 years.

2.2 Testing for time series irreversibility

Beyond climatic trends and substantial variations on multi-centennial time
scales present in both cores, higher-order properties of the time series that
could potentially reveal signatures of nonlinear dynamical behaviour in the
data are of great interest. Complex network based approaches (Newman, 2010)
of time series analysis are a powerful tool for detecting nonlinear dynamical
transitions and regime shifts (Donner et al, 2011), in particularly when study-
ing palaeoclimate data (Donges et al, 2011a,b). Specifically, visibility graph
analysis (Lacasa et al, 2008, 2009) has been applied in various geophysical
fields (Donner and Donges, 2012), including the study of hurricane frequen-
cies (Elsner et al, 2009), turbulence (Liu et al, 2010), wind speed measure-
ments (Pierini et al, 2012), oceanic tidal records (Telesca et al, 2012), seismic-
ity (Telesca and Lovallo, 2012; Aguilar-San Juan and Guzmaéan-Vargas, 2013;
Telesca et al, 2013) and solar activity (Yu et al, 2012; Zou et al, 2014a,b).
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Indications for a North Atlantic ocean circulation regime shift 5

Here, we apply a recently developed method by Donges et al (2013a) to
test for time series irreversibility that is based on horizontal visibility graphs
(HVGs, Luque et al, 2009; Lacasa et al, 2012; Telesca et al, 2014). HVGs are
constructed from a time series (x(tz))fil such that each data point x; = x(¢;)
of the time series is assigned to a node i of the graph. Two nodes 7 and j are
connected by a link, if all scalar values x, i < k < j are smaller than x; and

x;. This results in the following expression for the graph’s adjacency matrix
A:

Ay = [[ O — ) O, — 1), W

k=i+1

where O(-) denotes the Heaviside function. Figure 2 illustrates a visibility
graph for CR 948/2011.

Our aim is to test the null hypothesis (NH) that the dynamics underlying
the time series at hand is reversible. The rationale behind this is that con-
sistent rejection of this NH points towards time-irreversibility, a hallmark of
nonlinear dynamics (Theiler et al, 1992). In this paper, we adopt a statistical
notion of time series reversibility: A stationary stochastic process or time series
{z;} is called reversible if for arbitrary m, the tuples (2, Zni1,- .., Tntm) and

(Tntms Tntm—1,-- -, Ty ) possess the same joint probability distribution (Lawrance,

1991). Tt is important to note that this definition of time series reversibility
is distinct from more commonly known thermodynamic notions of the time
reversibility of physical processes that derive from the second law of thermo-
dynamics. Avoiding the curse of dimensionality in estimating high-dimensional
joint probability distributions, statistical characteristics of the time-directed
HVGs constructed from the time series can be tested (Lacasa et al, 2012;
Donges et al, 2013a).
To this end, the time-directed network quantifiers degree

ki =225 Aijs (2)
k=200 Ai (3)
and local clustering coefficient
T 71
Cr=(5)  Xicines A AinAni, (4)
a 71
Ch = (%) Xisinsi AiAjeAri. ()

are derived for each node i forward (advanced) and backward (retarded) in
time. Subsequently, a Kolmogorov-Smirnov test is applied with the null hy-
pothesis that the distribution of retarded and advanced degree (local cluster-
ing coefficient) are drawn from the same probability distribution, a necessary
condition for reversible dynamics. In this sense, low p-values of this test in-
dicate irreversible dynamics, while large p-values suggest reversible dynamics.
All p-values given in the manuscript refer to the results of this Kolmogorov-
Smirnov test for degree and local clustering coefficient, respectively. The NH
of reversibility is rejected, if the p-value of the corresponding test statistics
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associated with a certain time series is smaller than a prescribed significance
level (typically p = 0.1 or p = 0.05).

The test based on the local clustering coefficient (associated p-value p¢) is
more sensitive than the degree-based test (associated p-value py) at the costs
of a slightly larger false positive rate (Donges et al, 2013a). In the following,
we apply both tests in parallel to ensure the robustness of our results. The
approach can be employed with confidence to study short and irregularly sam-
pled time series (Donner and Donges, 2012) such as the paleoclimate records
that are of interest here (by construction, HVGs do not require a regular sam-
pling on the time axis). We take advantage of the former property by applying
the test in a sliding window mode to detect changes in the time reversibility
structure and, thus, to identify potential nonlinear regime shifts in the data.

3 Results
3.1 Analysis of the ocean sediment records

Despite a basin-wide cooling in the whole North Atlantic, the Rapid 21-COM
time series exhibits a warming during the LIA. On the contrary, CR 948/2011
shows an abrupt cooling after 1400, preceding the Rapid 21-COM warming
by about 50 years (compare Fig. 3 left (right) panel for CR 948/2011 (Rapid
21-COM)). A cross-correlation function derived over the full time period of the
two irregularly sampled time series using a Gaussian kernel method introduced
by Rehfeld et al (2011) reveals a significant negative cross-correlation at a
time lag of about 40 years (CR 948/2011 leads) that also prevails in a wavelet
analysis (Miettinen et al, 2012). Our findings are in line with other high-
resolution ocean sediment records, e.g. by Sicre et al (2014) who report a
warming signal in the subpolar North Atlantic in contrast to a cooling in
the Nordic Seas in sub-decadal ocean sediment records from North Iceland
and North East Newfoundland. Signatures of a major environmental shift at
the MCA-LIA transition are also reported from two calcite and quartz based
sediment records from the Denmark Strait (Andrews and Jennings, 2014).

We performed a sliding window test for time series irreversibility as de-
scribed above for both records over the pre-industrial last millennium from
1000 to 1800 AD (Fig. 3). Results for the degree and local clustering coefficient-
based tests are depicted in the middle and bottom panel for different window
sizes. The values of p; and po are plotted at the time of the last sample con-
tained in the corresponding window, thus taking only information from the
past of this time step into account.

Since the concept of irreversibility refers to a time series, not to a specific
point in time, a concrete timing of the irreversible dynamics is not trivial. The
window size is varied between 30 and 60 data points, which comprises between
240 and 480 years given an average sampling time of approximately 8 years
for both cores.
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Fig. 3 Upper panels: Reconstructed aSST time series from the Nordic Seas (CR 948/2011,
left) and the subpolar basin (Rapid 21-COM, right). The MCA (until 1250) and the LIA
period (1400-1850) are shaded in red and blue, respectively, and the means over the MCA
and LIA periods are depicted by the solid lines coloured accordingly. Central panels: Results
of the degree-based HVG time series irreversibility tests (py) for different window sizes. p-
values close to unity (blue) suggest reversibility, whereas such close to zero (red) point
towards time-irreversibility. Bottom panels: Results of the local clustering coefficient-based

tests (pc)-

We find a clear signature of time-irreversibility using the local clustering
coefficient-based test with p-values po < 0.05 for Rapid 21-COM and window
sizes below 45 data points between 1450 and 1600 and pe < 0.1 for CR
948/2011 and all window sizes between 1300 and 1500 (see Fig. 3, bottom
panels). This signal is robust over a wide range of consecutive windows during
these periods but absent before and after in both cores, which indicates that
the detected irreversibility originates from time series properties during the
MCA-LIA transition.

The p-values for the degree-based test are somewhat higher (about 0.2, see
Fig. 3, middle panel), which means that the NH cannot be rejected at a high
significance level based on this test alone. Still, the timing of the signatures
of NH rejection for the degree-based test matches very well with the local
clustering coefficient-based test giving additional confidence in the results.
It should be noted here that the results of visibility graph analysis have been
shown to be robust with respect to irregular sampling and dating uncertainties
of time series (Donner and Donges, 2012), further supporting the reliability of
the our findings.

The PAGES 2k Consortium has identified several major volcanic-solar
downturns over the last millennium (PAGES 2k, 2013) among which the first
two down-turns between 1250 and 1300 and between 1400 and 1500 match well
with the time-irreversibility signatures apparent in the two paleo time series.
We relate the signal of time-irreversibility to the hypothesis of a coupled sea-ice
ocean regime shift in the North Atlantic reported in several model simulations
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Fig. 4 Illustration of exemplary linear surrogates for the two ocean-sediment-core time
series CR 948/2011 (upper panel) and Rapid 21-COM (lower panel). To account for multi-
centennial variability, a sinusoidal (dashed grey) is fitted and stochastic variability is in-
troduced by an AR1-process (light grey) matching the time series properties (see text for
further details on the methodology).

of the last millennium (Zhong et al, 2011; Miller et al, 2012; Schleussner and
Feulner, 2013) that are further discussed below. Remarkably, only the first two
major volcanic-solar down-turns identified by the PAGES 2k Consortium leave
a trace in our analysis, whereas later down-turns, e.g. after 1600 or around
1800, are not detected, which further supports the regime-shift hypothesis.

3.2 Statistical robustness

The complex network based time series irreversibility test introduced above
is applied to the Rapid 21-COM and the CR 948/2011 core data by using
sliding windows of different lengths. While shorter windows allow for higher
temporal resolution, this also deteriorates the discriminatory power of the test,
i.e., resulting in an increased rate of false positives (Donges et al, 2013a). Even
though the test returns small p-values of 0.05 or 0.1 indicating a rejection of
the null hypothesis of reversibility for the local clustering coefficient-based test
for both cores (see Fig. 3), we cannot rule out that this is due to the detection
of false positives.

To account for this possibility and further evaluate the robustness of our
results, we apply a Monte Carlo test using linear surrogate time series of the
individual records. Time series generated by linear processes are known to be
reversible (Donges et al, 2013a) and, hence, rejections of the NH for such data
represent false positives. An alternative hypothesis to a non-linear transition
in the North Atlantic ocean circulation would be linear multi-centennial vari-
ability of the AMOC (Menary et al, 2011). We tested this hypothesis by fitting
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Fig. 5 Probability of the occurrence of p-values less or equal to the minimum for the CR
948/2011 (dashed, over the period 1300-1500) and Rapid 21-COM (dotted, over the period
1400-1600) in an N=10,000 ensemble of fully-linear surrogates of the two time series. The
straight line gives the joint probability as the product of both. The grey dashed line denotes
the p = 0.05 level.

a sinusoidal to both time series with periods of about 800 years for the CR
948/2011 and about 900 years for the Rapid 21-COM. The parameters of a
first-order autoregressive process (AR1) are estimated using a Gaussian kernel
function (Rehfeld et al, 2011) for the residual time series (record minus sinu-
soidal fit), which returns values for the autoregressive coefficient ¢ of 0.4 (0.01)
for the CR 948/2011 (Rapid 21-COM) and a noise term with variance 0.1 K>
for both time series. The realizations of the AR1 process are then added to the
fitted sinusoidal. Finally, to account for the irregular sampling of the original
records, the surrogates are subsampled. For this subsampling, the sampling
time distribution of the original cores is preserved but shuffled in time. Figure
4 illustrates surrogate time series based on a linear sinusoidal plus an AR1
process in comparison with the original time series.

The analysis of the two ocean sediment core records reveals not only sig-
natures of irreversibility in both time series, but also that the timing of these
signatures between 1300 and 1500 for CR 948/2011 and between 1400 and
1600 for Rapid 21-COM matches well with the hypothesis of an underlying
non-linearity at the MCA-LIA transition. We use an ensemble of N=10,000
surrogate time series that are constructed as described above to test the null
hypothesis that false positives occur in both cores specifically during the 1300
— 1500 period (CR 948/2011) and the 1400 — 1600 period (Rapid 21-COM).

We derive the window-size dependent minimal p-value from both original
time series over the relevant time intervals and estimate the probability of
lower or equal p-values as a result of false positives from linear surrogates. The
results of this test are depicted in Fig. 5. Even though false positives in the
individual cores might occur with a probability of 0.05 and above (depending
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Fig. 6 Differences in sea-surface temperature (a) and zonally integrated meridional over-
turning stream-function (b) between the MCA (1050-1250 AD) and the LIA (1400-1800 AD)
in the CLIMBER-3« ensemble mean. The locations of the Rapid 21-COM and CR 948/2011
sediment cores as well as the model SST boxes are highlighted in (a), whereas (b) depicts
the MCA stream-function (grey background shading and black contour lines) and the LIA
stream-function (red contour lines).

on the window size) for the individual cores (dashed and dotted lines), the
joint probability of two false positives occurring in both time series as the
product of both is below 0.05 for all window sizes and below 0.01 for small
window sizes between 32 and 40 for the degree-based test. This estimate is
based on the assumption that the occurrence of false positives is statistically
independent in both ocean sediment records. Given the different core locations,
sampling times as well as fundamentally different dynamics over the time
period investigated, this assumption is justified. In summary, this test for
robustness of the results reported in Section 3.1 indicates that millennial-scale
trends with superposed autocorrelated noise are unlikely to give rise to false
signatures of time-irreversibility during intervals that are consistent with the
MCA-LIA transition at both core locations.

3.3 Comparison with ensemble simulations of the last millennium with
CLIMBER-3«

In Schleussner and Feulner (2013), a volcanically triggered regime shift in the
North Atlantic as the result of coupled sea-ice - ocean feedbacks is reported
during the MCA-LIA transition in ensemble simulations of the model of in-
termediate complexity CLIMBER-3«a forced by stochastically reconstructed
wind-stress fields (more details on the model as well as on the simulations of
the last millennium can be found in the Appendix). The modelled SST differ-
ences in the North Atlantic between the MCA and LIA shown in Fig. 6 match
well with the observed opposed cooling and warming in the Nordic Seas and
the subpolar basin apparent in the ocean sediment cores (see Fig. 3 upper
panel).

The non-linear regime shift identified in Schleussner and Feulner (2013)
is triggered by decadally-paced volcanic eruptions that lead to an increase of
Nordic Sea sea-ice extent hindering deep-convection in the Nordic seas. This in
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turn prompts a reduction of the overflows over the Greenland-Scotland ridge
(compare Fig. 6 (b)) and leads to increased re-circulation of subtropical waters
in the subpolar basin strengthening convection in the central subpolar basin
due to a positive surface salinity feedback. The strengthening of convection
results in a densification of the gyre center and eventually leads to a baroclinic
spin-up of the circulation that entrains more North Atlantic current waters
closing the feedback loop (Levermann and Born, 2007; Mengel et al, 2012). At
the same time, this circulation regime shift results in an AMOC slow-down
(compare Fig. 7 (c)) leading to a basin-wide cooling that is consistent with
multi-proxy reconstructions by Mann et al (2009) (Fig. 7(f)).

SST time series from the ensemble of CLIMBER-3« simulations for the
central subpolar gyre (SPG) and the Nordic Seas are shown in Fig. 7(d) and
(e). As in the sediment records we find an abrupt cooling in the Nordic Seas
that precedes a more gradual subpolar warming in the model simulations and
report signatures of time-irreversibility in the SST time series of the individual
ensemble members pointing towards an underlying non-linear transition (see
Appendix). However, great caution has to be taken when interpreting the
actual timing of the transition in the individual ensemble runs due to the
stochastic nature of the wind-stress forcing applied and apparent limitations
of coarse resolution models like CLIMBER-3« in reproducing North Atlantic
ocean dynamics on decadal time scales.

4 Discussion and Conclusion

By combining reconstructions, modern time series analysis methods and model
simulations we find multiple indications for the existence of a marked non-
linearity in the North Atlantic regional climate system that might have con-
tributed to the onset of the LIA during the last millennium. Our statistical
tests indicate time-irreversibility in two aSST time series reconstructed from
ocean sediment cores from the Nordic Seas and the central subpolar basin at
the MCA-LIA transition. Besides the time-irreversibility, both records exhibit
opposing changes in SST during the MCA-LIA transition - while we observe
an abrupt cooling in the Nordic Seas, the subpolar basin time series shows a
delayed and more gradual warming trend in contrast to a basin-wide cooling
during the LIA. We find these characteristics to be reproduced in ensemble
simulations with the model of intermediate complexity CLIMBER-3a as a
result of a volcanically triggered regime shift in the subpolar gyre circula-
tion (Schleussner and Feulner, 2013). Regional non-linear transitions in the
North Atlantic have also been reported in different complex coupled models
(Semenov et al, 2009; Schulz et al, 2007; Jungclaus et al, 2014) as well as
paleo-records (Moffa-Sanchez et al, 2014; Gennaretti et al, 2014). Model simu-
lations by Zhong et al (2011) as well as Miller et al (2012) suggest a circulation
regime shift due to volcanically triggered coupled sea-ice ocean feedbacks as
the origin of the MCA-LIA transition. Such a non-linearity in the behaviour of
the climate system may also have implications for regional proxy-based recon-
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Fig. 7 The last millennium experiment is forced with prescribed TSI based on reconstruc-
tions from Steinhilber et al (2009) and volcanic forcing from Crowley (2000) (panel (a), blue
line). As described in Schleussner and Feulner (2013) we perform ensemble simulations using
10 stochastically generated wind-stress forcings based on a NAO reconstruction by Trouet
et al (2009). NAO reconstruction (dark grey line) as well as an illustrative stochastically
generated time series (light grey line) are shown in panel (a) (right axis). Transient SPG (b)
and AMOC (c) dynamics are depicted for the individual ensemble runs (light) as well as the
ensemble mean (bold). SST anomalies for the SPG (65°-80° N and 10° W-10° E) and Nordic
Sea region (50°-65° N and 37° —~10° W, see boxes in Fig. 6) are shown in (d) and (e). Panel
(f) depicts the AMO index anomalies in comparison with the multi-proxy reconstructions
by Mann et al (2009).
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structions of past climate and underlines the importance of short-lived, but
strong perturbations (as e.g induced by volcanic eruptions) for the dynamics
of the North Atlantic ocean (Ottera et al, 2010; Goosse et al, 2012). While
more research on the North Atlantic climatic system is needed to further val-
idate our findings, our results may have implications for the assessment of
present-day ocean circulation stability in the North Atlantic in particular in
the light of the dramatic reduction in Northern Hemisphere sea-ice over the
last decades (Kinnard et al, 2011; Stroeve et al, 2011).
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Appendix

A Ensemble simulations of the last millennium with CLIMBER-3«

In this appendix, we present further details on the ensemble simulations of the last mil-
lennium with CLIMBER-3a as well as results of the time-irreversibility test applied to the
model output.

A.1 Model description

CLIMBER-3a is a model of intermediate complexity (Montoya et al, 2005). It’s oceanic com-
ponent is based on the GFDL MOM-3 code (Pacanowski and Griffies, 1999), with 24 variably
spaced vertical levels, a coarse horizontal resolution of 3.75°, a background vertical diffusivity
of kp, =0.3 x 1074 m? s~ ! and an eddy-induced tracer advection with a thickness diffusion
coefficient of Kgm = 250 m? s~ 1. It contains a coarse resolution statistical-dynamical atmo-
sphere (Petoukhov et al, 2000) and a thermodynamic/dynamic sea-ice component (Fichefet
and Maqueda, 1997).

Although this model’s coarse resolution and the simplified atmosphere clearly limit its
prognostic capabilities at regional scales, CLIMBER-3«a has been found to reproduce large-
scale characteristics of the global climate system and has been used in a variety of model
intercomparison studies for the last millennium and future projections of the stability of the
AMOC (Jansen et al, 2007; Eby et al., 2013; Gregory et al, 2005; Stouffer et al, 2006).

A .2 Ensemble simulations of the last millennium

In the simulations over the last millennium presented here, we applied TSI reconstructions
by Steinhilber et al (2009) and volcanic forcing by Crowley (2000) as well as anthropogenic
aerosols and greenhouse gas forcing following the PMIP3 recommendations (Schmidt et al,
2011). The combined TSI is shown in Fig. 7(a).

Based on a reconstruction of the North Atlantic Oscillation (NAO) by Trouet et al
(2009) as the leading mode of atmospheric variability in the North Atlantic, we stochastically
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generated an ensemble of 10 independent representations of wind-stress fields for the last
millennium (similar to an approach by Sedldcek and Mysak (2009), see Schleussner and
Feulner (2013) for further details on the method). For illustration purposes, the NAO record
by Trouet et al (2009) as well as one example reconstruction are depicted in Fig. 7(a).

It is important to highlight that the response of the North-Atlantic ocean in the en-
semble simulations on multi-decadal to centennial time scales is dominated by the coupled
sea-ice - ocean mechanism identified (Schleussner and Feulner, 2013), although the NAO
reconstruction by Trouet et al (2011) indicates a shift from a persistent positive NAO to a
more oscillatory regime during the MCA-LIA transition. While this persistent positive NAO
phase during the MCA is not reproduced by complex coupled climate models (Lehner et al,
2012), a less prominent shift in the atmospheric conditions between MCA and LIA would
not affect the main findings presented here.

A.3 Bistability in the subpolar gyre circulation in CLIMBER-3«

CLIMBER-3« exhibits a regime shift in the subpolar gyre circulation with respect to the
convection strength in its centre (Levermann and Born, 2007) that can be triggered by a
variety of forcings, e.g. applying a very weak freshwater offset of the order of 15 mSv over
the Nordic Sea convection side. Mengel et al (2012) found that the oceanic response to
atmospheric variability in CLIMBER-3a performs best in reproducing observed levels close
to the threshold of the circulation regime. While this multi-stability can also be a result
of the coarse resolution and other shortcomings of the specific model, signatures of multi-
stability have also been found in a variety of complex coupled models (Born et al, 2013,;
Schulz et al, 2007).

While the regime shift itself is a robust finding also without additional freshwater bud-
get adjustment (Schleussner and Feulner, 2013), the best match with reconstructed data is
achieved for a constant freshwater offset of 5 mSv over the convective region in the Nordic
Seas (63.75°-78.75° N and 11.25° W-10° E). This adjustment is within the range of observed
natural variability since the 1950s (Curry and Mauritzen, 2005). The actual timing of this
transition shows a considerable ensemble spread, thus indicating the importance of atmo-
spheric conditions, and is also very sensitive to minor changes in the freshwater budget. It
is important to highlight the conceptual nature of the results presented here, since models
of intermediate complexity like CLIMBER-3a are not suitable to provide realistic transient
dynamics on short time scales, but rather indicate possible mechanisms for transition.

B Time series irreversibility analysis for the CLIMBER-3«
simulations

Simulations with CLIMBER-3a reveal a non-linear regime shift in the subpolar North At-
lantic at the MCA-LIA transition that should be detectable using the time series irre-
versibility analysis technique applied here. Fig. Al summarizes the results of the time series
irreversibility analysis for the annual Nordic Seas and subpolar basin area-averaged SST
signals. It depicts for each time step the median (the p-values for 5 out of 10 ensemble
members are equal or below this value at this time step) and the 30 % quantile (the p-values
for 3 out of 10 ensemble members are equal or below this value at this time step). Due to
the prescribed atmospheric forcing applied, potential signatures of time-irreversibility in the
SST signal in the CLIMBER-3a ensemble simulations may not evolve as they would with-
out it and we can only speculate about the actual effect of this prescription on the highly
sensitive analysis methods. This represents a serious limitation and neither the results for
individual ensemble members nor the quantile estimates should be directly compared to the
results for the individual paleo-record time series presented in Fig. 3. We show the quantile
values to give an indication, where the time series reversibility test leads to rejection of the
NH in the CLIMBER-3a ensemble simulations bearing the limitations discussed above in
mind.
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Fig. A1 Time series reversibility test for the CLIMBER-3a ensemble simulations with an
annual sampling time. Left (right) panel: SST record averaged over the Nordic Seas (subpolar
basin). See Fig. 1 for the region and Fig. 7 for the corresponding time series. The upper
panels denote median p-values (pg: degree-based test, p.: local clustering coefficient-based
test) over the model ensemble and the lower panels give the 30 % quantile.
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