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Abstract. Among the climatological events of the last might have set the field for the outbreak of the “Thirty Years’
millennium, the Northern Hemisphere Medieval Climate War”, one of the most destructive episodes in pre-industrial
Anomaly succeeded by the Little Ice Age are of exceptionalEurope Zhang et al. 20113. Even though the term Little
importance. The origin of these regional climate anoma-Ice Age is widely used in the literature, a coherent definition
lies remains a subject of debate and besides external infludid not emerge due to a substantial variance in the climate
ences like solar and volcanic activity, internal dynamics of signal between different geographical regions and records.
the climate system might have also played a dominant roleJones and Manii2004 define it as a period from 1300-
Here, we present transient last millennium simulations of the1450 AD to 1850-1900 including several warmer and colder
fully coupled model of intermediate complexity Climber 3  episodes. Since the LIA coincides with a series of minima
forced with stochastically reconstructed wind-stress fields.in sunspot activity, it has been interpreted as an example of
Our results indicate that short-lived volcanic eruptions mightthe importance of multi-decadal variations in the total so-
have triggered a cascade of sea ice—ocean feedbacks in ther irradiance (TSI) to the earth’'s climat&ddy, 1976, a
North Atlantic, ultimately leading to a persistent regime shift hypothesis investigated in a range of model simulations of
in the ocean circulation. We find that an increase in thethe last millennium (e.gCrowley, 200Q Zorita et al, 2004
Nordic Sea sea-ice extent on decadal timescales as a coswingedouw et al2012. Recent TSI reconstructions, how-
sequence of major volcanic eruptions in our model leads to a&ver, estimate the changes in the radiative forcing over the
spin-up of the subpolar gyre and a weakened Atlantic merid4ast millennium to be of the order of 0.2—0.7 Was com-
ional overturning circulation, eventually causing a persistent,pared to the 2008/2009 solar minimum with a tendency to-
basin-wide cooling. These results highlight the importance ofwards the lower endJénsen et gl2007 Gray et al, 2010.
regional climate feedbacks such as a regime shift in the subin a modeling study, these low estimates have been shown
polar gyre circulation for understanding the dynamics of pastto yield results that are consistent with Northern Hemisphere
and future climate. temperature reconstructionsgulner 2017). In these simu-
lations, LIA cooling is dominated by the effect of volcanic
eruptions, an alternative hypothesis that was suggested ear-
lier (Robock 1979 Crowley, 2000. Other models, however,
1 Introduction cannot reproduce the magnitude of the MCA-LIA transition
(Eby et al, 2013 Ferrandez-Donado et al2013, indicat-
The so-called Little Ice Age (LIA), a period of cool tem- jng a possible contribution of internal climate variability to
peratures over the Northern Hemisphere, is among the moshe observed cooling. Internal variability of the climate sys-
debated climatological events of the Holocene. Tree-ring retem can lead to pronounced climate anomalies, though model
constructions from central Europe reveal a reduction in sumjmulations suggest that long-term anomalies like the LIA

mer temperature of 1K and morBijntgen et al.201) and  cannot be sustained without external forcimu@t, 2006).
the successive agro-ecological and socioeconomic downturn
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Goosse et al20123 found a coupled atmosphere-ocean cir- significantly to winter cooling in northern and central Europe
culation regime shift between MCA and LIA in the LOVE- (Gouirand et al.2006. Besides other reconstruction that lag
CLIM model. a prominent MCA-LIA transition in the NAO indexCook
Reconstructions suggest a slowing down of the Atlanticet al, 2002, multi-ensemble studies with complex coupled
meridional overturning circulation (AMOC) during the LIA climate models also fail to reproduce a persistent NAO strong
(e.g.,Broecker 2000 Lund et al, 2006 and model results state during the MCAlehner et al.2012.
indicate a multi-decadal to centennial internal variability of ~ An increase in sea-ice extent was found in the western
the AMOC (Menary et al.2011). North Atlantic sea surface Nordic seas, interrupted by short periods of greatly reduced
temperatures exhibit a periodic signal, the Atlantic multi- ice cover Macias Fauria et 812009. Reconstructions for
decadal oscillation (AMO), on timescales of 50-70yr in the whole Arctic ocean even suggest an overall decrease in
observational recordsS¢hlesinger and Ramankutt¥994 sea-ice extent over the LIAK{nnard et al, 2011), again il-
Parker et al.2007) as well as in paleo-reconstructions over lustrating the irregular spatial pattern of climate anomalies
the last 8000 yr Knudsen et a).2011). This oscillation is  during this episode and highlighting the importance of re-
found to be closely coupled to AMOC dynamics in coupled gional climate feedbacks.
general circulation modelKgight et al, 2005 Pohlmann Here, we present a systematic approach to separate the im-
et al, 2009. Park and Latif(2011) report several modes pacts of changes in TSI, volcanism, greenhouse gas emis-
of AMOC variability in the KCM coupled general circula- sions and reconstructed wind-stress variability on the North
tion model with a multi-decadal mode that dominates in theAtlantic Ocean during the last millennium. We compare our
North Atlantic and a quasi-centennial mode that is foundoutcome to multi-proxy reconstructions and suggest a mech-
to originate in the Southern ocean. Wind-driven mixing in anism for the MCA—LIA transition.
the Southern ocean is a key driver of the overturning sys-
tem Kuhlbrodt et al, 2007), and variable wind forcing might
contribute significantly to AMOC variabilityqunt, 2017).
Concerning possible external drivers of AMOC changes,2 Model and experiments
Otted et al.(2010 presented model results indicating that
volcanic eruptions, despite the short lifetime of their at- 2.1 Model description
mospheric imprint, may be an important driver of multi-
decadal AMOC variability. The climatic impact of volcanic The simulations presented in this study where performed
eruptions comprises dynamic responses of a variety of inwith the intermediate-complexity climate model CLIMBER-
ternal modes of the global climate system (eRgbock 3 (Montoya et al.20085. Its oceanic component is based on
200Q Timmreck 2012 that can persist on multi-decadal the GFDL MOM-3 code Pacanowski and Griffiesl999),
timescalesZanchettin et a].2011). with 24 variably spaced vertical levels, a coarse horizon-
Decadally-paced volcanic forcing has been reported to retal resolution of 3.75 a background vertical diffusivity of
sult in persistent changes in North Atlantic climate on cen-«xp=0.3x 10~ m?s~1 and an eddy-induced tracer advection
tennial timescaleszhong et al. 2010. In contrast, other with a thickness diffusion coefficient @tgm:250m°-s*1. It
studies find little imprint of volcanic eruptions on the AMOC contains a coarse resolution statistical dynamical atmosphere
(Ortega et a].2011 Hofer et al, 2011) or report a diverse set  (Petoukhov et al2000 and a thermodynamic/dynamic sea-
of responses over the last millenniuMi@not et al, 2017). ice componentRichefet and Maquedd997).
In a model intercomparison, even more contradictory find- CLIMBER-3«a was found to reproduce large-scale charac-
ings between different models and reconstructions are reteristics of the global climate system. On the regional scale,
ported making the question of the origins of the LIA puzzling the coarse model resolution and the simplified atmosphere
(Ferrandez-Donado et aR013. Ensemble simulations with  limit its capabilities. For a comprehensive discussion of the
models of intermediate complexity indicate the importancemodel performance and comparison with observational data
of internal and regional climate variability when identifying seeMontoya et al(2009.
the systems response to external forciBg@sse et al2005 Due to the coarse resolution, the SPG circulation does not
2012h. extend into the Labrador Sea and therefore subpolar convec-
Considering changes in the atmospheric dynamics, theion is limited to the central Irminger basin. The overflows
North Atlantic Oscillation (NAO) is the leading atmospheric over the Denmark strait are too strong resulting in an over-
mode of North Atlantic climate variability Hurrell and  estimated ice export by the East Greenland Current. Win-
Deser 2009. Reconstructions suggest that the MCA was ter sea-ice extent over the Labrador Sea is found to exceed
characterized by a persistent positive NADrduet et al. observations.
2009 Olsen et al. 2012, followed by a transition into a The area of deep convection in the Greenland Basin
more variable state including strongly negative episodes dureompares well with observations of mixed layer depth
ing the LIA. Model results and observations indicate that(de Boyer Monggut et al. 2004. CLIMBER-3« was used
those strong negative NAO episodes might have contributedn a variety of model intercomparison studies on the last
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millennium @ansen et gl.2007 Eby et al, 2013 and on
AMOC stability (Gregory et al.2005 Stouffer et al.2006. 1360

2.2 Experiment design 1340 |

TSI[ W/m?|

In our modeling study of the last-millennium, the TSI recon-
struction bySteinhilber et al(2009 is applied, supplemented 1320
by the record bywWang et al.(2008 from 1850 onwards as , , , ‘
recommended by the Paleoclimate Modeling Intercompari- | — _NAO Reconstruction by Trouet et al.09 _|;
son Project (PMIP3). This reconstructed time series has been | ! ! ! :
shown to yield hemispheric temperatures in CLIMBE®R-3
close to ensemble reconstructions over the last millennium
(Feulner 2011).

For the volcanic forcing, the time series Gyowley (2000
is used and anthropogenic aerosols and greenhouse gas forc-
ings follow the PMIP3 recommendationSdhmidt et al.
2011). The time series for the TSI only and the combined Fig. 1. Externally prescribed forcing time series as applied in our
short-wave forcing is shown in Fida. Aerosol forcing is  simulations. Upper panel: the TSI forcing time seriesStginhilber
only considered in its direct impact on the TSI, since our et al.(2009 (purple) and the full top-of-the-atmosphere short-wave

atmospheric component lacks a sufficient representation of Sl forcing including aerosols from volcanic eruptions and anthro-

other climate impacts of aerosol release. pogenic emission (red). Lower panel: based on NAO reconstruc-
Since our statistical-dynamical atmosphere does not protions by Trouet et al.(2009 and NCEP/NCAR reanalysis data,

. T . . ind-stress patterns were stochastically constructed as described
duce internal variability, we externally prescribed wind- " . cribe
Y y P n Sect. 2. Out of ten ensemble members, one NAO time series is

stress by a stochastic construction method utilizing the 1049 - '

. L Shown in light grey for comparison.
to 1995 winter NAO reconstruction index Byrouet et al. gntarey P
(2009 and the annual surface wind-stress anomalies from

the National Centers for Atmospheric Prediction (NCEP) andan ensemble constructed using this stochastic procedure can
National Center for Atmospheric Research (NCAR) reanal-however yield interesting insights into how the atmospheric
ysis data from 1948 to 200Kalnay et al, 1999. A simi-  component influences North Atlantic Oceanic variability. An
lar, though non-stochastic approach is present&eitbCek  ensemble of 10 stochastic wind-stress time series is created
and Mysak(2009 with the UVic model and based on the anq all experiments are performed for all ensemble members.
NAQ reconstruction by uterbacher et ak2002 for the pe-  These wind-stress time series are added to a prescribed cli-
riod from 1500 AD onwards. In a first step, we derived the matology {Trenberth et a).1989. From 1948 onwards, the

standard deviation of the winter NAO index as provided by anomalies according to the NCEP reconstruction are applied
Hurrel (2012 giving a standard deviation of 1 for the pe- for all ensemble members.

statistically independent probability for the index of a mean gy model is enhanced to reproduce observed variability
state, it allows us to construct wind-stress time series for thyhen a constant freshwater forcing offset is applied over the
entire 1049 to 1995 period. For each year inTheuet etal.  convective region in the Nordic seas (63.75-78N5and
(2009 time series, the index is set as the mean of a normah 1 o W_10 E) as shown irMengel et al(2012. The off-
distribution with the derived standard deviation. This distri- ggt applied in their model study is 15 mSv and thereby within
bution is taken as the probability o_Iistribgtior_1 to sample yearsihe range of natural variability as estimated ®yrry and
outof the NCEP 1948 to 2009 period using inverse transformyiauritzen(2009 for the second half of the 20th century. In
sampling. One resulting time series is exemplarily shown inthe model results presented here, no freshwater offset is ap-
the lower panel of Figl in comparison with the reconstruc- pjied. But to test the sensitivity hypothesis, we additionally
tions byTrouet etal(2009. performed ensemble simulations with a small freshwater off-
It is unlikely that North Atlantic wind-fields over the last get of 5 MSv in the Nordic seas.
millennium with greatly varying regional climate conditions Al runs were started from an equilibrium simulation with
will be sufficiently represented by a construction procedureg constant C@ concentration of 277 ppm and a solar con-
based on a 60yr time series. In particular, for the recon-siant of 1361 W m2 according toKopp and Lean(2013),
structed persistent positive NAO-phase during the MCA, thisyhich was spun-up over 200yr starting in the year 850.

method leads to weaker NAO reconstructions due to thergr the 5 mSv experiment, the constant freshwater offset is
lack of particular high NAO years in the time series. Our gppjied.

purely statistical method is not capable to capture the phys-
ical processes behind NAO variations. The comparison of

1360
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During spin-up, the applied wind-stress anomalies are ; ; ; T T
based on the NCEP/NCAR 1948-2009 wind-stress time se-e- | e N M
ries. To avoid discontinuities the 1948-2009 period is com- ' 3 3 ; W 3
bined with reversed 2009-1948 time serit&(gel et al.
2012. The resulting 122 yr time series is cyclic and con- 1
tinuously applied during spin-up. The volcanic forcing mir- 06 N A = NoOFF |
rored from the years 1000-1150 was applied for the 850— : : : — 5mSv OFF:
1000 period. ‘ ‘ :’

o7l b 2N o MPE vy bRy

NASIE [102m

3 Results

SPG [SV]

As depicted in Fig2b, the ensemble mean without a fresh-
water offset exhibits a persistent switch in the circulation
regime of the subpolar gyre (SPG) during the late 17th cen-
tury with a large spread for the different stochastic wind-
stress forcing reconstructions. The regime shift in the SPG
circulation is the result of a cascade of self-amplifying feed-
backs as discussed lirevermann and Bor(2007) andMen-
gel et al.(2012. A stronger SPG entrains more saline North
Atlantic Current (NAC) waters in the subpolar region thus
strengthening subpolar convection. Increased subpolar con
vection leads to a cooling and densification of the SPG cen-X
ter and thereby to a baroclinic intensification of the SPG. g
Due to increased NAC entrainment, the overflows over the <
Greenland-Scotland Ridge (GSR) are reduced and the im- -0.4
pact of this regional regime shift on the AMOC is negative.
In equilibrium, the AMOC at 30N is found to be about 6.5 %
weaker in the strong compared to the SPG weak regime itFig. 2. Transient model results of the last millennium with pre-
our model Mengel et al.2012). scribed TSI, CQ and wind-stress forcing applie¢a) The North

In the simulations presented here, the SPG regime shift ig\tlantic Sea-Ice Extent (NASIE) for an ensemble with an additional
accompanied by a transient AMOC reduction of about 5 %5 mSv freshwater offset in the Nordic seas (blue) and without fresh-
between MCA and LIA and an increase in sea ice over thevater offset (red, individual ensemble members in light red, thick
Nordic seas (North Atlantic Sea-Ice Extent (NASIE)°4g-  lines: ensemble mean(p) Depicts the SPG dynamics afe) the
20° E, 64 N-80° N; see Fig2a) that is consistent with sea- AMOC at 30N._(d) AMO anomalies in comparison with the recon-
ice reconstructions biylacias Fauria et a{2009. structed AMO index bMann et al,(2009.

A multi-stable SPG circulation regime has been reported
for a variety of climate modelsBprn et al, 2013 Schulz
et al, 2007 and SPG variability has been found to dominate North Atlantic freshwater budget and also exhibits a consid-
the multi-decadal AMOC variability signal in various model erable ensemble spread (compare BjgYet, our results in-
studies (e.gMsadek and Frankignou2009 Park and Latif  dicate that a transition in the SPG circulation regime might
2011). The SPG spin-up exhibits a threshold behavior in ourhave been triggered during the onset of the LIA.
model Mengel et al. 2012 and is very sensitive to small To identify the driving processes behind this basin-wide
changes in the western Nordic seas freshwater budget and atirculation shift, we decomposed the external forcings for all
mospheric variability. We conducted the same model ensemreconstructed wind-stress time series (Fpgwithout addi-
ble simulations with an additional freshwater offset in the tional freshwater offset. Again, great variations between the
Nordic seas of 5mSv (blue, as described above) and founénsemble members are found, indicating the importance of
a switch in the ensemble mean around 1450 in line with theatmospheric forcing on North Atlantic Ocean dynamics.
onset time of the LIA in most climate records. When com-  Paleo-reconstructions as well as GCM studies suggest a
paring model ensemble results with an AMO reconstructionpositive NAO state as a dynamical impact of tropical volcanic
index by Mann et al.(2009, we find better agreement be- eruptions possibly leading to a European winter warming
tween the 5mSv offset ensemble and the reconstructions ife.g.,Stenchikov et a).1998 Kirchner et al, 1999 Shindell
the 16th and 17th century (Figd). 2004 Fischer et al.2007). Within methodological limita-

The actual timing of the transition should not be over- tions, the NAO reconstruction byrouet et al.(2009 thus
interpreted, since its very sensitive to minor changes in theéncorporates effects of volcanic eruptions and changes in the

AMOC [SV]
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1200 1400 1600 1800 2000 variability. In contrast to the weak response to TSI forcing,

Fia. 3.To identify the drivi behind SPG and AMOC d volcanic and wind-stress forcing combined (VOLC, in red)
lg. 3. To identify the driving processes behin an v already leads to dynamics very similar to the full forcing case

namics, the different forcings applied are treated separately (bold:” . . -
ensemble mean, light: individual members). Pure prescribed winoLIntII 1850 (FULL, purple). From this forcing decomposition,

forcing (WIND) is shown in grey, wind plus changes in the so- W& find in accordance wi_tmttera et aI.(201Q and Mi_ller

lar irradiance only (TSI in blue, wind plus volcanic forcing in red €t @l. (2019 volcanic forcing to be the dominant driver of

(VOLC) and the combination of all forcings (FULL) in purple. An- pre-lndustrlal North Atlantic Va”abl“ty with both an atmo-

thropogenic CQ is applied in TSI, VOLC and FULL(a) NASIE, spheric as well as an oceanic response being evident.

(b) SPG,(c) AMOC and(d) AMO anomalies in comparison with In our model simulations, anthropogenic aerosol emis-

the reconstruction time series bjann et al(2009. sions, which are only incorporated in the FULL case, have
a profound impact on the North Atlantic climate system. In
TSI and VOLC, the increase in anthropogenic Lémis-

) ] ] o sions after 1850 immediately results in a NASIE reduction,
total solar irradiance. Restricted by our statistical approachgpg weakening and AMOC increase that is greatly delayed
as discussed above, these imprints are also present in our rgy FULL. whereas the NASIE reaches MCA levels in the
constructed wind-stress time series. _ late 20th century in good agreement with reconstructions

In our modeling study, wind-stress forcing alone (WIND, (kinnard et al, 2011). Additionally, we can conclude that
grey curve) did not lead to a full spin-up of the SPG and ofound NASIE reduction leads to SPG weakening in our
corresponding AMOC reduction during the LIA, butonly re- 5 4el simulations.
sulted in a moderate signal in the 18th_century. When COM- 1o support these findings, we conducted the last millen-
pared to the reference AMO signal (Figd), atmospheric  niym simulations without prescribed atmospheric variability
forcing alone also lacks some prominent features of the regor 15| and volcanic forcing separately (including anthro-
constr_uctlon, most importantly the _coolmg during the LIA._ pogenic CQ forcing). As shown in Fig4, there is little to
This picture does not change much, if TSI plus anthropogenic, yariability in the TSI forcing only scenario, whereas in
CO; changes are applied (blue curve), ruling out changeshe volcanic forcing only run a sea-ice increase, SPG spin-

of the TSI as the major origin of LIA cooling of the North ,, ang AMOC reduction cascade is induced by a series of
Atlantic in our model experiments. These conclusions are,|canic eruptions in the early 17th century.

however, based on the TSI reconstruction applied; the result
may look different for TSI reconstructions showing larger
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4 Discussion @
80° N -

The AMOC has been found to be very sensitive to the sea-ice
extent in the northern convection region in a variety of cli- "N ]
mate models@ka et al, 2012, and it has been proposed by
Zhong et al(2010 that the sea-ice increase due to decadally-
paced volcanism might have been the trigger of a persistentsg. 5
AMOC weakening during the LIA. As an initial response
to a major volcanic eruption we also find a substantial in- 4N -+ o —— 1~ 4
crease in sea-ice extent in the western Nordic seas, in par- %W  s*W oW 20°W o 20
ticular over the Nordic seas convection sites as shown in
Fig. 5a. This increase in sea-ice cover reduces ocean heatt 5|
release and thereby hinders convection in our model. Con-
sequently, overflows over the Greenland-Scotland Ridge are
reduced as shown in Fifd, and a cascade of feedbacks leads
to a spin-up of the SPG as described above. =
Our results suggest that sea-ice increase as a consequence [ _ Overfions
of volcanic eruptions can trigger the SPG regime shift in our e
model and that this sea-ice forcing has to be persistent in time Year

for longer th.an the Imprl_nt ofa smgle_ volcanic eruP_t'On' Fig. 5. (a) Difference in annual sea-ice fraction between a decade
To test this hypothesis we prescribed JFM sea-ice coverfgjiowing a major volcanic eruption (1460-1470) and a reference
age over the northern convection region (Fsg.grey box)  decade (1440-1450). The sea-ice fraction increase is particularly
to be fully covered as after volcanic eruptions in a control strong west from Svalbard, which is a key region for deep water
run with constant TSI and without prescribed atmosphericformation in our model (February mixed layer depth of the control
variability. As depicted in Fig5b, such an abrupt increase run overlaid). In a conceptual experiment, the sea-ice extent in this
in sea ice leads to a reduction in the overflows with a lagregion (grey box) was artificially set to LIA — levels starting from
of several years, a slowing down of the AMOC and a Spin_the year 1050. Continuous (straight line), 15yr (dashed) and 5yr
up of the SPG on mlt-decadal timescales (solid line). W' €198 (Gottec) are compared Conatant and 15yr foreng eventu-
§t0pped this artlflqlal Se‘f""ce pr.escnptlon aft.ef 1oyr (dgshe SR-overflowgc) and also in the AMOC at 30K ) and to a SPG
line) and found this forcing period to be sufficient to trigger spin-up(e).
the feedback cascade. Unlike the abrupt strengthening of the
SPG in the continuous scenario after 50 yr (5g), the SPG

spin-up for the 15yr scenario is more uniform. The persis-y, the displacement of our subpolar convection site from the
tentincrease in sea ice for the continuous scenario leads to §nyprador Sea to the central Irminger Sea. A recent high reso-
increased sea-ice export to the subpolar North Atlantic thafytion model study also reports an anti-correlation of AMOC
weakens subpolar convection and blocks the SPG spin-up fof,q SpG dynamicszpang et al. 20118 depending on the
several decades. _ _ _ strength of the GSR overflows. Observations combined with
~ A sea-ice forcing period of Syr (Fig5 dotted lines)  high-resolution modeling do not indicate a correlation be-
is found to be insufficient to trigger our sea ice—oceanyyeen AMO and SPG over the last 50 W(n et al, 2009.
feedbacks and all relevant quantities are found to recovefgdel studies of the North Atlantic during the Eemian also

on decadal timescales. Our conceptual experiment thereighlight the importance of sea-ice dynamics for the AMOC
fore supports the suggestion B@hong et al.(2010 that (Born et al, 2009.

decadally-paced volcanic forcing can lead to North Atlantic

regime shifts that persist on a centennial timescale. However,

the dynamic of the SPG in their study of the CCSM3 model5 Conclusions

are opposite to our findings. They report a weakening of the

overflows and the subpolar overturning cell as a reaction toThere is a growing body of evidence for the importance of
volcanic forcing, the latter induced by increased sea-ice exvolcanic eruptions as a pacemaker of North Atlantic climate
port to the Labrador Sea through the East Greenland Currentzariability on centennial timescales (e.@ttei et al, 201Q

In the ensemble average, we find a weak decrease in the aMignot et al, 2011, Zhong et al.2010. Here, we conducted
nual Nordic seas sea-ice export from 14.2 mSv freshwatemodel experiments utilizing reconstructions of atmospheric
equivalent in the 12th century to about 12.1 mSv freshwatewariability indicating that TSI changes alone cannot explain
equivalent in the 19th century. More importantly, this sea icethe pronounced North Atlantic cooling during the LIA. Our
is not reaching our subpolar convection site, but is limitedfindings suggest that volcanic eruptions might have triggered
to the boundary current. We cannot rule out that this is dudocal sea ice—ocean feedbacks that ultimately led to a slowing

[10'2sq
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