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Abstract

The role of a reduction in the Atlantic meridional overturgiand that of a persistently nega-
tive North Atlantic Oscillation in explaining the coldneskthe European Little Ice Age has been
assessed in two sets of numerical experiments. These mques are performed using an inter-
mediate complexity climate model and a full complexity GChhe reduction in the meridional
overturning circulation of ca. 25% is triggered by a conia@mal fresh-water hosing set-up. A
persistently negative NAO winter circulation, at NAO-ixdealue -0.5, is imposed using recently
developed data-assimilation techniques applicable cgophimatic timescales. The hosing experi-
ments lead to a reduction in oceanic meridional heat tramhgpd cooler sea-surface temperatures.
Next to a direct cooling effect on European climate, the ¢feaim ocean surface temperatures
feedback on the atmospheric circulation modifying Europaanate significantly.

The data-assimilation experiments showed a reductionmtiewtemperatures over parts of Eu-
rope, but there is little persistence into the summer seaBomoutput of all model experiments are
compared to reconstructions of winter and summer temprerbased on the available temperature
data for the Little Ice Age period. The latter experimentd #re comparison with the temperature
reconstruction demonstrate that the hypothesis of a pensliig negative NAO as an explanation for
the European Little Ice Age does not hold. In contrast, theence of hosing experiments indicate
that a reduction in the Atlantic overturning might have baeerause of the European Little Ice Age
climate.



1 Introduction

Recent reconstructions of European temperatures prowitde sontext and allow an assessment of the
amplitude of the natural climate changes that affectedahérment over the last 500 years (Luterbacher
et al., 2004). In particular, European climate between 8ta and 19th centuries has seen cold multi-
decadal periods, within the period known as the "Little logeA (LIA) (Bradley and Jones, 1993).
While changes in solar variability and volcanism are pdgsibain causes for the global cooling of
the LIA (Jansen et al., 2007), feedbacks via atmosphericoaedn dynamics determine the regional
climate response to a large extent. Over the North Atlamitas, changes in the atmospheric circula-
tion patterns (Luterbacher et al., 2001, 2002), sea suttaneeratures (Keigwin, 1996; Keigwin and
Pickart, 1999) and sea ice cover (Ogilvie and Jonsson, 20819 documented during the LIA, and
links between the modes of variability of the atmosphericutation and the LIA period were pro-
posed (Luterbacher et al., 2002; Shindell et al., 2001)adt&iso been speculated whether changes in
the ocean thermohaline circulation were responsible Lt coldness (Bianchi and McCave, 1999;
Broecker, 2000). Still, the relative importance of thesehamisms in shaping the regional and global
characteristics of the LIA climate needs to be clarified.

The North Atlantic Oscillation (NAO) is the main mode of wéntatmospheric circulation variabil-
ity in the North Atlantic (Hurrel, 1995), and is coupled teethorth Atlantic sea surface temperature
(SST) through latent heat fluxes (Rodwell et al., 1999). Thtesof the NAO, measured as the differ-
ence in sea level pressure (SLP) between the Azores anddcetdates to the strength of the westerly
circulation that carries warm and wet air from the Atlantitoiwestern Europe. Reconstructions of the
SLP fields back to 1500 indicate that the negative phase di&@ has been more active during ex-
treme cold periods of the LIA, leading to reduced influencthefmoist and warm zonal flow from the
northeastern North Atlantic, which favored cool and dry &gpgan winters (Luterbacher et al., 2001,
2002). In addition, the recurrence of positive SLP anorsatientered over Scandinavia or northern
Europe, which caused anomalous advection of cold air tsveedtral and eastern Europe, enhanced
the wintertime cooling (Luterbacher et al., 2001). Sevesabnstructions of the NAO index from in-
dependent proxy data (Rodrigo et al., 2001; Cook et al., P80@port a link between the negative
phase of the NAO and long lasting cold periods within the LTAis hypothesis was substantiated by
the modeling study of Shindell et al. (2001), who showed ati@hship between external forcings
(i.e. reduced irradiance) and the NAO. Basically, changehe stratospheric temperature and wind
anomalies modify the mid-latitude planetary waves refoagtwhich interact with the intensity of the
westerly winds, and subsequent the NAO. The experimentrooedi that regional climate changes
associated with the changing state of the NAO can be muchgd#raghan hemisphere wide changes.

Recently, the opposite relation, where a persistentlytpesphase of the winter NAO and warm
climatic spells has been identified to have occurred in theigtal Climate Anomaly (Trouet et al.,
2009).

Variations in the meridional heat transported by the Mendi Overturning Circulation (MOC) in
the North Atlantic affect the heat loss to the atmosphereidtand high latitudes, and consequently
influence the climate downstream. Although one study hygmt#ed that a slowdown of the MOC
may have acted as an amplifying mechanism in the LIA (Bond.ef1897), to date, the evidence for
Holocene MOC variability from geochemical proxy data isanclusive (Keigwin and Boyle, 2000).
Bianchi and McCave (1999) analyzed from sediment graintizespeed of the Iceland-Scotland over-
flow water (ISOW), one of the components of North Atlantic pleeater, and found that since 8000
years ago cold climate periods, including the LIA, coinddeith a less intense overflow, and vice
versa, with a periodicity of around 1500 years. On interdatdéime scales, the rate of deep water
formation in the North Atlantic has been linked to the NAOtwéenhanced (reduced) convection in
the Greenland and Sargasso (Labrador) Seas during NAO mifirickson et al., 1996). Recently,



observations by Boessenkool et al. (2007) showed an ingenselation between the ISOW and the
NAO, and suggest that interdecadal changes in Labrador Ses play a key role in transmitting the
NAO signal to the deep ocean overflows.

In the present study we use a General Circulation Model (GG\hHtermediate complexity and a
state-of-the-art GCM to investigate the separate effdaseduced MOC and of a persistently negative
NAO phase on setting the anomalous coldness of the LIA. Tifiereince in model complexity should
give an estimate of the robustness of the results. Firsgshfvater flux is added to the North Atlantic
Ocean to force a reduction of the MOC.

Second, we conduct an experiment in which a negative NA@-tyqzulation representative of the
LIA period (Luterbacher et al., 2002) is imposed on the madelosphere. For this purpose, two data
assimilation technigues are used that reproduce, in a thveaged sense, the prescribed perturbation
in the large-scale atmospheric circulation. Both techesgieave the atmosphere free to respond in a
dynamically consistent way to the change in climatic caads; in particular, synoptic scale variability
is not suppressed.

Recently, Sedlacek and Mysak (2009) attempted to modekdponse of the North Atlantic ocean
in the Little Ice Age period. They prescribed constant wirelss field associated with negative NAO
type circulations in their intermediate complexity GCM.€elihexperiment has some similarities to the
data-assimilation experiments performed in this studyat the impact of the anomalous character of
the Little lce Age atmospheric circulation on the oceanutaton is estimated. However, an advan-
tage of the approach adopted in the current study is thatdbameatmosphere-sea ice system remains
coupled in a dynamically consistent way, while synoptidalaifity is maintained.

The model results of both experiments are compared withriweyphased temperature reconstruc-
tions (Luterbacher et al., 2004), to determine the consigtdetween the response to each forcing
mechanism and the available climate information.

The paper is organized as follows. Section 2 briefly dessribe models and experimental design.
Section 3 includes a short summary of the data assimilagicmiques used to forced the NAO towards
a long term negative value. Section 4 presents the resultedfeshwater hosing and negative NAO-
assimilated pattern experiment. Finally, Section 5 castai discussion and conclusions.

2 Modd description and experiment design

2.1 ECBIlt-Clio Model description

The intermediate complexity model, ECBIlt-Clio, is a coegbbcean-atmosphere-sea ice general circu-
lation model (Opsteegh et al., 1998; Goosse and Fichef@9)1The atmospheric component (ECBIlt)
resolves 21 wavelengths around the globe, and it has 3 levéig vertical, at 800 hPa, 500 hPa and
200 hPa. The dynamical part is an extended quasi-geostrapbuel where the neglected ageostrophic
terms are included in the vorticity and thermodynamic eiguatas a time dependent and spatially
varying forcing. With this forcing the model simulates thadtey circulation qualitatively correctly,
and the strength and position of the jet stream and transiday activity become fairly realistic in
comparison to other T21 models. The essentials of barodhstability are included, but the variabil-
ity associated with it is underestimated compared to modbeservations. The model contains simple
physical parameterizations, including a full hydrolodjicecle.

The oceanic component (Clio) is a primitive equation, fseeglace ocean general circulation model
coupled to a thermodynamic-dynamic sea ice model and iesladelatively sophisticated parametriza-
tion of vertical mixing (Goosse et al., 1999). A three-lagea-ice model, which takes into account
sensible and latent heat storage in the snow-ice systemlat@a the changes of snow and ice thick-
ness in response to surface and bottom heat fluxes. The hializesolution of Clio is 3x 3° and it
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has 20 unevenly spaced layers in the vertical.

2.2 HadCM3 Model description

HadCM3 is the third version of the Hadley Centre coupled Agpiere-Ocean GCM and has been
described in detail by Pope et al. (2000) and Gordon et alOQRQ where a validation of some
climate parameters is also given. Here, only a brief desoripf the model is given. The atmospheric
part of HadCM3 employs a longitude-latitude grid with a teson of 3.75 by 2.5. Vertically, the
model resolves 19 layers in a hybrid coordinate system. Teammcomponent has a higher resolution
of 1.25 by 1.25 on 19 unevenly spaced levels with increasing resolutiomnr tleaocean surface.
HadCM3 produces a stable climate without the use of flux #&mhests, with the exception of the
deep ocean, where a small drift remains (Pardaens et al3).20the sea ice model uses a simple
thermodynamic scheme and contains parameterizationg ofiits.

2.3 Experiments

In the first of the two sets of experiments performed with ti@BH-Clio and HadCM3 models, a
negative state of the NAO is imposed on the model’'s atmospbgiforcing the NAO index towards
a 30-year-mean value of approximately -0.5. For the EQBIilb- model, we use a data assimilation
technique developed at the European Centre for Medium Ré&fegeher Forecasts (ECMWEF), which
applies an adjoint model. This method has been successioiiijed in recent paleoclimatology stud-
ies with the ECBIlt-Clio model (van der Schrier and Barkragij2005, 2007; van der Schrier et al.,
2007). As it is not feasible to construct an adjoint modeldo6CM as HadCM3, here we use an
assimilation algorithm based on the Data Assimilation ulgio Upscaling and Nudging (DATUN) or
"pattern nudging" method (von Storch et al., 2000; JonesVéitiinann, 2003). A description of both
data assimilation approaches and their differences isgivéhe Appendix.

Both data assimilation techniques assimilate large-sti@d@mges in the atmospheric circulation by
calculating an artificial forcing to the model tendenciesheTmethod of calculating this additional
forcing, as well as the actual forcing fields, differ betwdies two models. Both assimilation methods
are designed specifically to modify the large-scale citauiawithout suppressing the synoptic scale
variability, which can adjust in a dynamically consisterayw

The second experiment consists of a freshwater hosing &r todeduce the strength of the MOC
by about 25%. To achieve this, an artificial freshwater flu0df Sv in the HadCM3 model and of
0.075 Sv in the ECBiIlt-Clio model is added to the North Atlartiasin between 50 and 7GN in
a similar way to that described by Stouffer et al. (2006). Triduced reduction in the overturning
depends on both the magnitude and duration of the pertarbafThe aim of the latter experiment
is not to simulate a complete shut down of the MOC, as evenHherextreme climate of the last
glacial maximum proxy data indicated a MOC reduction of naenihan 30% compared to present
climate (Weber et al., 2007). A decrease of that latter ntagdaiwould be consistent with available
Holocene paleoclimatic data (Bianchi and McCave, 1999).thtn HadCM3 model, the freshwater
pulse is implemented from year 100 onwards of the controlanohis held constant during 100 years
of integration, while for the ECBIlt-Clio model we considarsimulation of 300 years, in which the
perturbation is applied from year 50 onwards and is heldteom®ver 50 years.

In addition to the above simulations, a 200 year control rumpraindustrial conditions with
HadCM3, which is itself a continuation of an earlier contnah performed at the Hadley Centre, and a
100 years control run with the ECBIlt-Clio model are perfean



2.4 Nudging method

Nudging was originally developed as a method for the asatioil of measurement data into weather
forecasting models. The general idea in nudging is that igtartce between the model state and the
measurements of meteorological variables is minimizedettyegrid point of the weather forecasting
model by adding correction terms to the model fields.

In contrast to conventional nudging approaches, the patigrging in the DATUN method is based
on a decomposition of the model field into a climatology anétzo$ orthogonal modes as in equation
(1). The model dynamics are forced towards the large scajettpattern, without directly affect-
ing components of the climate state that are not constraaygoroxy data, and without suppressing
synoptic-scale variability. A more expansive discussionttee approach can be found in Jones and
Widmann (2003) and Widmann et al. (2009). The implemematichis technique in HadCM3 can be
found in Kleinen et al. (2007).

To adopt this approach for use in HadCM3, care has to be tadeio niolate mass conservation in
the model. A target pattern in terms of sea-level pressunldnduce rather large mass fluxes. There-
fore, itis undesirable to influence the sea level pressuigdieectly. While HadCM3 is a non-spectral
model, where the winds in u and v direction are prognosti@atbégs, these variables are transformed
to vorticity and divergence. Changes in divergence wouldragtroduce artificial mass fluxes into
the model, but nudging vorticity avoids these artificial mfisxes. A nudging pattern can therefore be
determined by regressing the vorticity field onto the NACexd

3 Reaults

3.1 Slowdown of the meridional overturning circulation

In this section we analyze the climate response in the cirisiomh Atlantic region to a slowdown of the
MOC by ca. 25%. In both the ECBIlt-Clio and HadCM3 models, ititensity of the MOC is defined
as the maximum of the meridional overturning streamfumciio the North Atlantic below a depth
of about 500 m. For the ECBIlt-Clio model, in addition to th@03years simulation discussed here,
several other simulations with a slightly different magdi of the freshwater forcing and duration of
the "hosing" were performed. All simulations show robustutes in terms of MOC reduction, deep-
water convection changes, and surface temperature respons

In the analysis of the results with the HadCM3 model, the mearer the final 30 years of the
hosing experiment are compared to the mean over the final &8 wé the control run, while for the
ECBiIlt-Clio model we compare means over 100 years of therobahd hosing simulation. Statistical
significance in the difference of the means is tested usingradard Student-test at a significance
level of 90%. For simplicity, discussion focuses on the eirgnd summer seasons.

3.1.1 ECBilt-Clio

The hosing leads to a southward shift of the deep convedties fsom off the southwestern Norwegian
coast and south of Iceland to the region arourff\e60°N northwest of the British Isles, together with a
reduction in the depth of the convection layer. As expeabe@d fveaker MOC, there is a decrease in the
meridional heat transport in the Atlantic Ocean relativedaotrol (Fig. 1a), with an absolute minimum
of 0.12 PW (annual average) at°®dBand largest relative changes in the bandNG0°N (Fig. 1b).

As a consequence of the reduction in the meridional heaspat, negative SST anomalies, with a
maximum change of “£ over the deep convection sites, are also apparent ovendhiserly region,



together with a thickening and southward extension of theaecover in the Norwegian Sea and south
of Iceland (not shown).

The change in surface air temperature for the winter (DJB}@® (Fig. 2a) shows a center of
maximum cooling of up to ZC over the northern North Atlantic between Iceland and Ngrwkhe
cooling extends westward to Greenland, with a @ femperature decrease, and southeastward into
the European continent, with temperatures of aboutC1t6 0.75C colder over Scandinavia to about
0.2°C colder in southeastern Europe. Significant cooling of©.@ccurs over southern Asia, whereas a
warming of 0.4C is seen over northeastern North America. In the summel) G&#son, temperatures
are between 0.5-0.7& colder over the British Isles and southern Scandinavid,0eéi C colder over
southern Europe and the Mediterranean Sea (Fig. 2c). Calderasses (0°Z) are also found over
Russia and in the subtropical North Atlantic.

The response of the atmospheric circulation to the hosirgipasvn in Fig. 3. In winter, there is
a distinct anomalous anticyclonic circulation over noth8candinavia and Russia extending toward
south of Iceland. This anomaly induces a weakening of thennegalonic circulation in the North
Atlantic sector north of 4IN. There is also an indication of a cyclonic circulation ambynextend-
ing over central North America to the western subtropicafthNdtlantic. In summer, an anomalous
anticyclonic circulation, with its center over the NortheSextends over western Europe (Fig. 3c).

The change in winter atmospheric circulation during theingpsimulation suggests a decrease
in the amplitude of the Icelandic Low pressure system (F&).tBat could induce a change in the
winter NAO variability. To check this, an NAO type index bdsen monthly December to March 800
hPa streamfunction differences between the Icelandic L2, 65°N) and a region in the North
Atlantic centered on (20, 35°S), is constructed for both the control and hosing simutatiote that
both indexes are normalized by the mean and standard aeviatithe control run. The probability
distribution of NAO-like events shows somewhat of a biasamg the negative phase of the NAO in
the hosing simulation than in the control run, and the foraleo shows an increase in the frequency
of extreme NAO events (Fig. 4). The difference between tredistributions is significant at the 90%
significance level according to a Chi-squared test. A moteeaa®lAO negative phase is likely to be
related to a decrease in the intensity of the westerly wing wer the northeastern North Atlantic.
Indeed, Figure 6 shows a significant (90% level) weakeninthénzonally averaged westerly wind
flow between 47N-55°N, as well as in the polar easterlies, for the hosing reldtveontrol, with no
apparent change in the axis of the zonal jets.

The relationship between the NAO and the North Atlanticrettmack position that transports heat
and moisture to the European continent (Hurrel, 1995) magigigest that the hosing would change
intensity and position of storm tracks in the North Atlargiorminess. To investigate this, 4-hourly rel-
ative vorticity fields over the North Atlantic sector are Baad. Following the suggestion of Hoskins
and Hodges (2002), the planetary scales with total waveeutels than or equal to five are removed
from every field at each timestep in order to emphasize themimscale variability. Figure 6 shows
the change in the total number of cyclones between the haéinglation and the control run. Here
a cyclone is defined as having a relative vorticity that isidowver than the mean minus the standard
deviation for that gridbox and than the relative vorticifytloe gridbox is lower than that of the neigh-
bouring grid boxes. The standard deviation taken is that@fridbox in the domain with the largest
variability. An increase in cyclone activity is seen ovee tRorth Atlantic from off Newfoundland
towards Scandinavia, with a maximum change northeast dfdhee Islands, while to the north of Ice-
land a band of decreased cyclonic activity occurs. Thesegasaseem to reflect a southward shift in
the control storm track position, which would be indicatofeéhe response of the North Atlantic storm
track to a more frequent NAO negative phase during the hasingFig. 4). Another region of higher
cyclonic frequency occurs at the southern edge of the Baffin B\n increase in the sea-ice cover is
observed over the latter region north o Rthat could influence, by a larger air-sea temperature con-



trast, the baroclinicity of air masses flowing from the ickge into the open ocean, and thus cyclones
growing at these latitudes.

312 HadCM3

The weakening of the MOC in the HadCM3 model induces a coadfingurface air and sea tempera-
tures over most of the North Atlantic ocean (Fig. 2b). Thaaegvith maximum cooling (up to )
lies between Iceland and Greenland, while temperaturebaital to 2C colder are found over the
Labrador Sea and in the center of the subtropical gyre ardQid. Significant colder temperatures of
0.5-I°C extend over southern Greenland and in the north Africdhson Asia region; warmer temper-
atures of about 0°€ are seen over central Canada. As discussed in Stouffe(280@8), the HadCM3
model shows a warming of the high latitude North Atlantic sai by a northward shift of the deep-
water convection and the associated increase in northweatittansport. On the other hand, much of
the deep-water convection that takes place in the latitetteobtween 5IN-70°N is weakened by the
freshwater hosing. In the summer season, the cooling extiemther south in the North Atlantic and
over the surrounding continental areas (Fig. 2d). In paldrc temperatures are about 0.5 t&lcolder
over southwestern Europe and @3colder over central Russia.

The response in the atmospheric circulation is shown aardiites in SLP between the hosing and
control run. In winter, significant increases in the SLP appe the southeastern North Atlantic, the
Labrador Sea, and over a region extending from Scandinawviartls Eastern Europe, whereas a sig-
nificant anomalous cyclonic circulation is seen over Northekica, with a maximum in the northwest
(Fig. 3b). Negative SLP anomalies present over the Gredriima and Arctic Ocean respond to the
warmer SST there. In summer, an anomalous anticycloniclation centered around 249 covers
the subtropical North Atlantic, and positive SLP anomadiesalso found over Scandinavia and Russia
(Fig. 3d). The increase in the anticyclonic circulation rotlee subtropical North Atlantic seems to
induce a strengthening of the westerly winds south 6\6@nd a weakening north of it, both in winter
and summer, although these changes are rather small @r/6) and not significant.

3.2 Prescribed changesin the NAO index

The NAO index gives an indication of the predominant atmesighcirculation in the North Atlantic
area. If the NAO index is positive, i. e. lower than averagespure over Iceland, and higher than
average pressure over the Azores, weather in Europe is dtadiby circulation from the Atlantic.
This results in mild and moist winter weather in western peroConversely, a negative NAO index
leads to a much reduced influence of North Atlantic weathergby leading to comparatively cool and
dry winters.

Figure 7 shows a reconstruction of the NAO index for the Ddmemto March season based on
the data of Luterbacher, for 1659-2001. To focus on the l@guency variability of the NAO, a low
pass filter with a cut off period of 20 years was applied to th& data. The low pass filtered signal
indicates negative index values roughly coinciding with 11675-1715 and the 1790-1820 periods, with
the minimum values attained by the low-pass filtered sigmakcess of -0.5.

3.2.1 ECBiIlt-Clio

Figure 8a shows the target pattern in terms of streamfumetioich is constructed using a regression
analysis between winter NAO index values and reanalysia. daigure 8b shows the simulated DJF
streamfunction, averaged over the length of the simulatitims figure demonstrates that the assim-
ilation successfully reproduces the target pattern, gidrclimate with, on average, a negative NAO



index. The anomalous high-pressure center is located tdo the east, but the strength is correct. The
anomalous low-pressure center is slightly too strong aondtéa too far east. The pressure gradient
north of 50N in the model simulation is too strong, though the directidrihe geostrophic flow is
correct.

The anomalous winter temperatures (Figure 11a) show theatypattern associated with negative
NAO-type circulations, with anomalous low temperaturesravorthern Europe and the southeastern
USA, and anomalous high temperatures in the Mediterraregionm and eastern North America.

In the data assimilation experiments, only winter cirdolatis modified. This could also affect
summer conditions through an impact of the winter atmosplarculation on components of the
climate system with a large memory, like the upper oceanelahd surface. Figure 12 shows that the
impact on the summer temperatures in this experiment is Yeweodest.

322 HadCM3

Figure 9a shows the target pattern in terms of vorticity Wwhgcconstructed using a regression analysis
between winter NAO index values and reanalysis data. Fi§brshows the DJF-averaged vorticity,
averaged over the length of the simulation. This Figure destrates that the assimilation successfully
reproduces the target pattern, giving a simulation of aat@with, on average, a negative NAO index.
The main features of the target pattern are reproduced, ivithe North Atlantic sector, high vorticity
in the subtropics and at high latitudes, and an area with tmwoity centered around 40l. The largest
differences between the pattern nudging simulation andiatiyet pattern are that the amplitude of the
high vorticity region in the simulation over the northern ifoAtlantic is too low and that its focal
point has shifted to southern Norway. The area with low eiytiaround 40N does not extent over the
European continent in the simulation. The consequenceesttmismatches is that the North Atlantic
mid-latitude circulation has lost some of its zonality.

The imprint on sea-level pressure is shown in Fig. 10, whlelhrty shows the bimodal structure
associated with the NAO. The anomalous low, which modifies Azores high pressure center, is
located in the mid-latitude North Atlantic and centered %tNl and measures up to 500 hPa. The
location of this anomalous low is too far west and north comgao observations. Further North,
SLP increases by up to 200 hPa over the Norwegian Sea. Otisas/place this anomalous high over
Iceland. In the simulation it is located between Iceland Hodwvay. This rotates the axis between the
two centers of action clockwise, which results in the geqdiic flow having too great a meridional
component compared to that observed. The negative SLP d&nonthe mid-latitude North Atlantic
is centered at 43, with a SLP decrease of up to 500 hPa.

Figure 11 shows the difference in surface temperature legtwlee model experiment, where the
winter (DJF) NAO index has been forced toward a thirty yeaamealue of -0.5, and the control
run, where the NAO index is in a neutral mean state. Only the BAO index was influenced, and
in the HadCM3 simulation, temperature differences in MANIA Jand SON are very small, and not
statistically significant. In DJF, on the other hand, someatgr changes are apparent. West of the
Atlantic, the negative NAO leads to cooling in the southteaspart of the US, with lower SST in the
North Atlantic up to -2C, and a slight warming over Greenland. Over northeasterogeuand Russia
temperatures are colder up to A% with hardly any changes apparent over Scandinavia. Irir@len
and Eastern Asia, a strong warming of up t€2s also seen (not shown). .

4 Discussion and conclusions

Reducing the MOC in the ECBIlt-Clio and HadCM3 models witasinwater hosing leads to strong
regional differences in the patterns of surface air tentpeza anomalies over the European continent.
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These simulated climate anomalies can be compared to tegciians of surface air temperatures
during the LIA (Luterbacher et al., 2004). Here we select paaticularly cold periods within the
LIA, the 1675-1715 period, sometimes referred to as theelldaunder Minimum’, and the 1790-
1820 period, sometimes referred to as the ‘Dalton Minimwany compute monthly mean temperature
anomalies relative to 1971-2000. Note that during the 16786 and the 1790-1820 periods, reduced
solar activity was coincidental with the occurrence of éargajor volcanic eruptions occurred (Briffa
et al., 1998; Crowley, 2000). The hosing experiment withBBilt-Clio model shows a similar pan-
European cooling as in the reconstructed temperaturelsddwo cold periods. In the model, the largest
decrease is found just off-shore from southern Norway wdwetiee reconstructions have their greatest
cooling in eastern Europe. However, the southward increbgenter temperatures over northwestern
Europe and from the Baltic region towards the Black Sea isodired (Fig. 4a). In the summer
season, the reconstruction for the 1675-1715 period shagsearal cooling over Europe with a slight
warming over the Balkan area. Reconstructed temperatorethé 1790-1820 period show a clear
contrast between either side of*Bwith colder temperatures to the west and warmer tempestor

its east, particularly over eastern Europe (Fig. 13b). €hmterns of temperature reconstructions are
not reproduced by the hosing experiments. The summer wgrimiabsent in the ECBIlt-Clio model
and is not significant in the HadCM3 model (Fig. 2c,d), anddhly consistency between models and
reconstructions is the indication of relatively cool temgiares in (south-)western Europe.

The hosing experiment in both models leads to negative S8malies over the North Atlantic in
both winter and summer which modifies the exchange of heat fre ocean to the atmosphere. This
will affect sea level pressure as well. In this sense, theaioh of the overturning circulation will
feedback on the character of the atmospheric response oatdn of the winter atmospheric circula-
tion anomaly in the ECBIlt-Clio model (Fig. 2a) suggestd tdvection of cold air from high latitudes
over Scandinavia is a main factor contributing to the desgan surface air temperatures over north-
western Europe. In the HadCM3 simulation, the anomalouls pigssure center over Russia-eastern
Europe is likely to produce the lower temperatures seeng@#st of the Caspian Sea. It is interesting
to note that the winter atmospheric circulation anomaly deselops in the hosing experiment with the
ECBIlt-Clio model exhibit some similarity with the largeale SLP anomalies documented for several
periods within the LIA (Luterbacher et al., 2002; van der i@&atand Barkmeijer, 2005).

A reconstruction of the winter atmospheric circulation tloe 1790-1820 period clearly shows the
anticyclonic anomaly in the northern North Atlantic (Lambdalohnson, 1959; van der Schrier and
Barkmeijer, 2005), which is in very good agreement with thécgclonic circulation anomaly simu-
lated here (Fig. 3a). However, in the present simulationldiiepressure anomaly over the western
North Atlantic and eastern US seaboard appears to be weafiaét does not correspond to the other
aspects seen such as the anomalous cyclonic circulatianGmreral Europe. Nevertheless, the oc-
currence of high SLP anomalies with centers over northemoggiScandinavia is a recurrent feature
of the atmospheric circulation in extreme cold periods efithA that has also been connected to the
NAO variability (Luterbacher et al., 2002). A main conclusifrom the present experiments with the
ECBIlt-Clio model is that the climatic response to a reductin the strength of the MOC will directly
impact temperatures in the North Atlantic sector, but i waedback on the atmospheric circulation
also. The latter will extort an additional modifying influsmnon European climate and its effect will be
comparable, if not larger, than the direct effect of the M@@uction.

In particular, Bjerknes (1965) argued that during the LtAdlimate was strongly influenced by the
occurrence of anomalous high pressure centered in the Rdghtic, south of Iceland and anomalous
low pressure off the eastern seaboard of the US.

In both hosing experiments, changes in the North Atlantindastress curl associated with the
winter circulation anomalies are not significant, implythgt feedback mechanisms between the MOC
reduction and the wind driven circulation via changes indtmeospheric circulation are not at work in
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the model experiments.

Assimilating a persistently negative winter season NA@utation in the ECBIlt-Clio model leads
to a strong cooling over northwestern and northern Euroglevinigher temperatures are observed
over the Mediterranean region. This response is similarhatwould be expected based on modern
observations. The reconstruction of the winter tempeeatluring the 1675-1715 and 1790-1820 pe-
riods shows severe cooling over the whole of Europe, whdfreasimulation displays a north-south
contrast.

The nudging experiment to impose a negative NAO index in tadEM3 model in winter lead to
decreased temperatures over eastern-Europe and northssiaFig. 11), a result that compares well
with the temperature reconstructions for the 1790-182d€Fig. 13a). However, the simulation fails
to show cooling over western Europe, a rather surprisingltresnsidering the link between the NAO
and the LIA invoked in the literature (Shindell et al., 20Quterbacher et al., 2002). A cause for this
could be related to the reorientation of the NAO pattern ia fimulation, which results in advection
of air from southeastern to western Europe, rather thanctidveof the colder continental airmasses.
On the other hand, the model shows negative SST anomaliesheeestern North Atlantic between
40°N and 50N, which are consistent with a negative NAO index (HurreR3p

The persistence of the change in temperatures into the suseason is, however, weak. In sum-
mer, when no data assimilation is performed, the simulatiith the ECBIlt-Clio model shows no
significant cooling over western Europe, with only a weakmiag over the Iberian Peninsula. The
summer temperature change in the HadCM3 model is not #tatigtsignificant. This is in sharp con-
trast with the reconstruction of summer temperatures ®l6v5-1715 and 1790-1820 periods, where
a distinct cooling in western Europe is apparent, along witharming in eastern Europe during the
latter period.

In conclusion, the hosing experiments and the experimeittsarpersistently negative North At-
lantic Oscillation index reproduce in part the charactethefwinter temperature reconstruction for the
1675-1715 and 1790-1820 periods. However, the resemblamd very convincing. Moreover, there
is no similarity with the character of the reconstructed swentemperature signal, which may have
persisted from the preceeding winter, due to the conseevaature of surface ocean temperatures or
soil moisture.

On the basis of this evidence, the explanation of the coklnéshe Little Ice Age in terms of a
persistently negative NAO does not hold, given the weak dk tf any similarity between simulated
and reconstructed temperatures.

The hosing experiments do not clearly support the explandtiat a reduction in the Atlantic over-
turning is related to the coldness of this period but thidaxgtion can not be entirely discounted either.
The experiments indicate that the feedback of changing 88&4o the reduction in the overturning,
may have lead to significant changes in atmospheric ciioalatith subsequent modification of the
direct effect of changing ocean temperatures. The comnibmalf the direct effect of cool oceanic
surface temperatures and a modified atmospheric circolegimains a possible explanation.

In earlier experiments (van der Schrier and Barkmeijer $20Qhe reconstructed winter atmo-
spheric circulation for the 1790-1820 period was assimdah the ECBIlt-Clio model and that resulted
in a strong resemblance of both winter and summer simulatagératures with reconstructed temper-
atures. In the light of this earlier result, the present gtsujgests that the explanation of the coldness
of this period hinges on the pattern of atmospheric cirautathange, but not specifically a change in
the NAO.
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Appendix A Data assimilation techniques

Data assimilation (referred to subsequently as DA henmgattehniques are intended to force a model
state toward some prescribed or observed field. This is dompérational weather forecasting by
constructing an initial condition which leads after a shintégration to the observed field. For every
new forecast, a new initial condition needs to be computetis Technique requires very detailed
knowledge of the atmospheric state, till at the level of thkest spatially resolved scales and at a
temporal scale of days. In paleoclimatology, this precisevledge of the past atmospheric state is
lacking as one typically has proxy or documentary data fratly @ few locations, often reflecting
climate signals that are integrated over weeks or monthofgrer). This renders the traditional DA
techniques unsuitable for application to paleoclimatmi@giuations.

Both data-assimilation methods used in this study have gesitwo-phase set-up. The first step is
the upscaling step. The available paleodata are integmai@a upscaling model to relate the available
data to one (or more), large-scale anomalous circulatitienms. These patterns, the target patterns,
are used as input to the assimilation procedure. Genethéfiytarget pattern is a slowly varying (or
constant) pattern and represents a modification to the-Eogle general circulation.

The second phase in the assimilation procedure is to pettertendencies of the GCM to repro-
duce, in a time-averaged sense, the target pattern. Ctitteis approach is not to reduce the synoptic
scale variability, for which no information exists in thegat pattern (or in paleoclimatic records),
but to change the synoptic scale variability in a way thatyisagnically consistent with the general
circulation.

The two assimilation techniques differ in the way the terggmerturbations are calculated. Here
we take streamfunction as an example. The model atmosptiecidation ¢ is decomposed in a
climatology Yim and a set of orthogonal modes as follows:

Y (X,t) = Yeim + O1karget+ ; ai g (1)

The target pattergkargetis the first of the orthogonal modes. The internal variabiitthogonal to the
target pattern is captured in the remaining mogies

Appendix A.1 Assimilation using forcing singular vectors

Tendency perturbations can be calculated ufingng singular vectorgBarkmeijer et al., 2003) which
require the use of a so-called adjoint model (Lacarra andgfahd, 1988). A detailed description of
forcing singular vectors and the new DA technigue is give barkneijer et al. (2003) and van der
Schrier and Barkmeijer (2005). Here we present a brief geguam only.

We are interested in tendency perturbatidinghat will produce, after some integration time (the
optimization time) a deflection of the model atmospheritesiia the direction of the target pattern. If
the tendency perturbations are sufficiently small, thewdian of deviations of the model atmospheric
state which results from tendency perturbations can be awdpy a linearization of the GCM along
a (time-dependent) solution of this GCM. In this DA techrdgthe optimal three-dimensional spatial
pattern of the tendency perturbations is determined subjethe requirement that the projection of
the model’s streamfunction onto the target pattern is onyeaendpoint of the optimization time The
tendency perturbations are held fixed in time during thenaigtition time.

he calculations which lead to tendency perturbations asedan a minimization of a cost function.
In this cost function an operator is introduced which is geartion operator onto the 800 hPa level over
the extratropical North Atlantic sector. The atmosphetateutsidethe North Atlantic sector (north
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of the subtropics) and on the levels higher than 800 hPa icomidered in the cost function. An
efficient way to minimize the cost function is to use the adjaif the linearization of the GCM.

After the evaluation of the tendency perturbations in tlzenfework of the linearized system, the
tendency perturbations are applied to the nonlinear cdulEM. The forcing singular vectors have
amplitudes which are typically less than 1% of the total &ies which implies that the linearity
assumption holds. The tendencies modify the model atmaoispbieculation in the direction of the
target pattern only, generally a large-scale patternjhgesmaller scale variability, like synoptic scale
features, to evolve freely.

A linearization of the atmospheric part (ECBIlt) dynamiceof the climate model and its adjoint
exist, are used here in the evaluation of the forcing peatishf. Atmospheric physics is not included
in the computation of; an accurate approximation if the optimization time is sidfitly small. In the
current application, this is 96 hours, which means thatye9érhours the tendency perturbations are
updated.

Appendix A.2 Nudging method

Nudging was originally developed as a method for the asatroil of measurement data into weather
forecasting models. The general idea in nudging is that igtartte between the model state and the
measurements of meteorological variables is minimizedettyegrid point of the weather forecasting
model by adding correction terms to the model fields.

In contrast to conventional nudging approaches, the patigrging in the DATUN method is based
on a decomposition of the model field into a climatology anétzo$ orthogonal modes as in equation
(1). The model dynamics are forced towards the large scajettpattern, without directly affect-
ing components of the climate state that are not constrawygoroxy data, and without suppressing
synoptic-scale variability. A more expansive discussionttoe approach can be found in Jones and
Widmann (2003) and Widmann et al. (2009). The implemematichis technique in HadCM3 can be
found in Kleinen et al. (2007).

To adopt this approach for use in HadCM3, care has to be tadeio niolate mass conservation in
the model. A target pattern in terms of sea-level pressuntldnduce rather large mass fluxes. There-
fore, itis undesirable to influence the sea level pressuigdieectly. While HadCM3 is a non-spectral
model, where the winds in u and v direction are prognosti@albées, these variables are transformed
to vorticity and divergence. Changes in divergence wouldragntroduce artificial mass fluxes into
the model, but nudging vorticity avoids these artificial mfisxes. A nudging pattern can therefore be
determined by regressing the vorticity field onto the NACexd
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Figure 1:Meridional heat transport for the Atlantic Ocean with theBHEClio model for (a) the control (solid
line) and hosing run (dashed line), (b) anomalies in thertgpsimulation relative to control.
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Figure 2: Surface air temperatures changes due to a slowdown of thigiorel overturning circulation by
25%,for the ECBIlt-Clio model (a,c) and for the HadCM3 modeld). Top panels show the northern win-
ter months (December, January, February; DJF), bottomipahew the summer months (June, July, August;
JJA).Only values that are significant at the 90% level arevsho
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Figure 3: Anomalies in 800 hPa streamfunction for the ECBiIlt-Clio rabgh,c) and in sea level pressure (Pa)
for the HadCM3 model (b,d), for the hosing experiments nedetb control. Top (bottom) panels show anomalies
in DJF (JJA). Changes that are significant at 90% level ard&edawith black contours (a,c), in (b,d) only the

significant differences are shown.
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Figure 4:Probability distribution of NAO-like events for the contigolid line) and hosing simulation (dashed
line) within the ECBIlt-Clio model. Both distributions wessmoothed by fitting a Gaussian probability distribu-
tion function to the data and their difference is significanthe 90% significance level based on a Chi-square
test.

21



0.6 1
0.41
0.24
0_4——q\\\\¥
~0.24

—0.4

Zonal wind (m/s)

—0.6 1

-0.8 T T T T T T T T T T T T T
20N 25N 30N 35N 40N 45N 50N 55N 60N 65N 70N 75N 80N 85N 90N

Figure 5: Change in the zonally averaged {8@20°E) zonal winds at the 800hPa level due to the slowdown
of the meridional overturning circulation by 25% in the EG&ilio model. Only significant changes at 90%

significance level are shown.
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Figure 6: Change in the number of cyclones over the North Atlanticae(®JF season only) between the
hosing experiment and the control run. Values below 50 at@lotted.
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Figure 7: Series of the NAO index reconstruction back to AD 1660, asd2ld-yr lowpass filtered version,
expressed as an average of December to March monthly means.
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Figure 8: The target pattern for the persistently negative NAO indgxeeiment for the ECBIlt-Clio model
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expressed as anomalies from climatology.
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DJF vorticity pattern

Figure 9:The target pattern for the persistently negative NAO indgeeiment for the HadCM3 model in terms
of vorticty based on a regression between NAO-index valndseanalysis data (upper panel). The lower panel
shows the DIF-vorticity pattern, averaged over the lendthe simulation, anomalous from climatology.
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Figure 10:Anomalous winter (DJF) sea level pressure (Pa) from the asgamilated simulation from HadCM3.
A clear bimodal structure associated with the NAO is present
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Figure 11:Changes in winter (DJF) surface air temperature in a climatie negative NAO index, relative to
control, for the HadCM3 model (upper panel) and for the EEBIllo model (lower panel). Only significant
values at a 90% significance level are shown.
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Figure 12: Changes in summer (JJA) surface air temperatutieei data-assimilated simulations of
ECBIlt-Clio (upper panel) and HadCM3 (lower panel). Onlgrsficant values at a 90% significance
level are shown.
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Figure 13:Differences in reconstructed surface air temperatureif@period 1675-1715 AD (left panels) and
the 1790-1820 AD (right panels) with respect to 1971-20Qfpé&i panels denote anomalous winter (DJF) tempa-
tures, lower panels denote anomalous summer (JJA) tenegaflemperature reconstruction is from Luterbacher

et al. (2004).
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