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Abstract

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

The data-assimilation experiments showed a reduction of winter temperatures over parts of Eu-
rope, but there is little persistence into the summer season. The output of all model experiments are
compared to reconstructions of winter and summer temperature based on the available temperature
data for the Little Ice Age period. The latter experiments and the comparison with the temperature
reconstruction demonstrate that the hypothesis of a persistently negative NAO as an explanation for
the European Little Ice Age does not hold. In contrast, the evidence of hosing experiments indicate
that a reduction in the Atlantic overturning might have beena cause of the European Little Ice Age
climate.
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1 Introduction

Recent reconstructions of European temperatures provide some context and allow an assessment of the
amplitude of the natural climate changes that affected the continent over the last 500 years (Luterbacher
et al., 2004). In particular, European climate between the 16th and 19th centuries has seen cold multi-
decadal periods, within the period known as the "Little Ice Age" (LIA) (Bradley and Jones, 1993).
While changes in solar variability and volcanism are possibly main causes for the global cooling of
the LIA (Jansen et al., 2007), feedbacks via atmospheric andocean dynamics determine the regional
climate response to a large extent. Over the North Atlantic sector, changes in the atmospheric circula-
tion patterns (Luterbacher et al., 2001, 2002), sea surfacetemperatures (Keigwin, 1996; Keigwin and
Pickart, 1999) and sea ice cover (Ogilvie and Jonsson, 2001)were documented during the LIA, and
links between the modes of variability of the atmospheric circulation and the LIA period were pro-
posed (Luterbacher et al., 2002; Shindell et al., 2001). It has also been speculated whether changes in
the ocean thermohaline circulation were responsible for the LIA coldness (Bianchi and McCave, 1999;
Broecker, 2000). Still, the relative importance of these mechanisms 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 winter atmospheric circulation variabil-
ity in the North Atlantic (Hurrel, 1995), and is coupled to the North Atlantic sea surface temperature
(SST) through latent heat fluxes (Rodwell et al., 1999). The state of the NAO, measured as the differ-
ence in sea level pressure (SLP) between the Azores and Iceland, relates to the strength of the westerly
circulation that carries warm and wet air from the Atlantic into western Europe. Reconstructions of the
SLP fields back to 1500 indicate that the negative phase of theNAO has been more active during ex-
treme cold periods of the LIA, leading to reduced influence ofthe moist and warm zonal flow from the
northeastern North Atlantic, which favored cool and dry European winters (Luterbacher et al., 2001,
2002). In addition, the recurrence of positive SLP anomalies centered over Scandinavia or northern
Europe, which caused anomalous advection of cold air towards central and eastern Europe, enhanced
the wintertime cooling (Luterbacher et al., 2001). Severalreconstructions of the NAO index from in-
dependent proxy data (Rodrigo et al., 2001; Cook et al., 2002) support a link between the negative
phase of the NAO and long lasting cold periods within the LIA.This hypothesis was substantiated by
the modeling study of Shindell et al. (2001), who showed a relationship between external forcings
(i.e. reduced irradiance) and the NAO. Basically, changes in the stratospheric temperature and wind
anomalies modify the mid-latitude planetary waves refraction, which interact with the intensity of the
westerly winds, and subsequent the NAO. The experiment confirmed that regional climate changes
associated with the changing state of the NAO can be much stronger than hemisphere wide changes.

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

Variations in the meridional heat transported by the Meridional Overturning Circulation (MOC) in
the North Atlantic affect the heat loss to the atmosphere at mid and high latitudes, and consequently
influence the climate downstream. Although one study hypothesized that a slowdown of the MOC
may have acted as an amplifying mechanism in the LIA (Bond et al., 1997), to date, the evidence for
Holocene MOC variability from geochemical proxy data is inconclusive (Keigwin and Boyle, 2000).
Bianchi and McCave (1999) analyzed from sediment grain sizethe speed of the Iceland-Scotland over-
flow water (ISOW), one of the components of North Atlantic deep water, and found that since 8000
years ago cold climate periods, including the LIA, coincided with a less intense overflow, and vice
versa, with a periodicity of around 1500 years. On interdecadal time scales, the rate of deep water
formation in the North Atlantic has been linked to the NAO, with enhanced (reduced) convection in
the Greenland and Sargasso (Labrador) Seas during NAO minima (Dickson et al., 1996). Recently,
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observations by Boessenkool et al. (2007) showed an inversecorrelation between the ISOW and the
NAO, and suggest that interdecadal changes in Labrador Sea water play a key role in transmitting the
NAO signal to the deep ocean overflows.

In the present study we use a General Circulation Model (GCM)of intermediate complexity and a
state-of-the-art GCM to investigate the separate effects of a reduced MOC and of a persistently negative
NAO phase on setting the anomalous coldness of the LIA. The difference in model complexity should
give an estimate of the robustness of the results. First, a freshwater flux is added to the North Atlantic
Ocean to force a reduction of the MOC.

Second, we conduct an experiment in which a negative NAO-type circulation representative of the
LIA period (Luterbacher et al., 2002) is imposed on the modelatmosphere. For this purpose, two data
assimilation techniques are used that reproduce, in a time averaged sense, the prescribed perturbation
in the large-scale atmospheric circulation. Both techniques leave the atmosphere free to respond in a
dynamically consistent way to the change in climatic conditions; in particular, synoptic scale variability
is not suppressed.

Recently, Sedlácek and Mysak (2009) attempted to model the response of the North Atlantic ocean
in the Little Ice Age period. They prescribed constant windstress field associated with negative NAO
type circulations in their intermediate complexity GCM. Their experiment has some similarities to the
data-assimilation experiments performed in this study in that the impact of the anomalous character of
the Little Ice Age atmospheric circulation on the ocean circulation is estimated. However, an advan-
tage of the approach adopted in the current study is that the ocean-atmosphere-sea ice system remains
coupled in a dynamically consistent way, while synoptic variability is maintained.

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

The paper is organized as follows. Section 2 briefly describes the models and experimental design.
Section 3 includes a short summary of the data assimilation techniques used to forced the NAO towards
a long term negative value. Section 4 presents the results ofthe freshwater hosing and negative NAO-
assimilated pattern experiment. Finally, Section 5 contains a discussion and conclusions.

2 Model description and experiment design

2.1 ECBilt-Clio Model description

The intermediate complexity model, ECBilt-Clio, is a coupled ocean-atmosphere-sea ice general circu-
lation model (Opsteegh et al., 1998; Goosse and Fichefet, 1999). The atmospheric component (ECBilt)
resolves 21 wavelengths around the globe, and it has 3 levelsin the vertical, at 800 hPa, 500 hPa and
200 hPa. The dynamical part is an extended quasi-geostrophic model where the neglected ageostrophic
terms are included in the vorticity and thermodynamic equations as a time dependent and spatially
varying forcing. With this forcing the model simulates the Hadley circulation qualitatively correctly,
and the strength and position of the jet stream and transienteddy activity become fairly realistic in
comparison to other T21 models. The essentials of baroclinic instability are included, but the variabil-
ity associated with it is underestimated compared to modernobservations. The model contains simple
physical parameterizations, including a full hydrological cycle.

The oceanic component (Clio) is a primitive equation, free-surface ocean general circulation model
coupled to a thermodynamic-dynamic sea ice model and includes a relatively sophisticated parametriza-
tion of vertical mixing (Goosse et al., 1999). A three-layersea-ice model, which takes into account
sensible and latent heat storage in the snow-ice system, simulates the changes of snow and ice thick-
ness in response to surface and bottom heat fluxes. The horizontal resolution of Clio is 3◦×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 Atmosphere-Ocean GCM and has been
described in detail by Pope et al. (2000) and Gordon et al. (2000) , where a validation of some
climate parameters is also given. Here, only a brief description of the model is given. The atmospheric
part of HadCM3 employs a longitude-latitude grid with a resolution of 3.75◦ by 2.5◦. Vertically, the
model resolves 19 layers in a hybrid coordinate system. The ocean component has a higher resolution
of 1.25◦ by 1.25◦ on 19 unevenly spaced levels with increasing resolution near the ocean surface.
HadCM3 produces a stable climate without the use of flux adjustments, with the exception of the
deep ocean, where a small drift remains (Pardaens et al., 2003). The sea ice model uses a simple
thermodynamic scheme and contains parameterizations of ice drifts.

2.3 Experiments

In the first of the two sets of experiments performed with the ECBilt-Clio and HadCM3 models, a
negative state of the NAO is imposed on the model’s atmosphere by forcing the NAO index towards
a 30-year-mean value of approximately -0.5. For the ECBilt-Clio model, we use a data assimilation
technique developed at the European Centre for Medium RangeWeather Forecasts (ECMWF), which
applies an adjoint model. This method has been successfullyapplied in recent paleoclimatology stud-
ies with the ECBilt-Clio model (van der Schrier and Barkmeijer, 2005, 2007; van der Schrier et al.,
2007). As it is not feasible to construct an adjoint model fora GCM as HadCM3, here we use an
assimilation algorithm based on the Data Assimilation through Upscaling and Nudging (DATUN) or
"pattern nudging" method (von Storch et al., 2000; Jones andWidmann, 2003). A description of both
data assimilation approaches and their differences is given in the Appendix.

Both data assimilation techniques assimilate large-scalechanges in the atmospheric circulation by
calculating an artificial forcing to the model tendencies. The method of calculating this additional
forcing, as well as the actual forcing fields, differ betweenthe two models. Both assimilation methods
are designed specifically to modify the large-scale circulation without suppressing the synoptic scale
variability, which can adjust in a dynamically consistent way.

The second experiment consists of a freshwater hosing in order to reduce the strength of the MOC
by about 25%. To achieve this, an artificial freshwater flux of0.1 Sv in the HadCM3 model and of
0.075 Sv in the ECBilt-Clio model is added to the North Atlantic basin between 50◦N and 70◦N in
a similar way to that described by Stouffer et al. (2006). Theinduced reduction in the overturning
depends on both the magnitude and duration of the perturbation. The aim of the latter experiment
is not to simulate a complete shut down of the MOC, as even for the extreme climate of the last
glacial maximum proxy data indicated a MOC reduction of no more than 30% compared to present
climate (Weber et al., 2007). A decrease of that latter magnitude would be consistent with available
Holocene paleoclimatic data (Bianchi and McCave, 1999). Inthe HadCM3 model, the freshwater
pulse is implemented from year 100 onwards of the control runand is held constant during 100 years
of integration, while for the ECBilt-Clio model we considera simulation of 300 years, in which the
perturbation is applied from year 50 onwards and is held constant over 50 years.

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

5



2.4 Nudging method

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

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

To adopt this approach for use in HadCM3, care has to be taken not to violate mass conservation in
the model. A target pattern in terms of sea-level pressure could induce rather large mass fluxes. There-
fore, it is undesirable to influence the sea level pressure field directly. While HadCM3 is a non-spectral
model, where the winds in u and v direction are prognostic variables, these variables are transformed
to vorticity and divergence. Changes in divergence would again introduce artificial mass fluxes into
the model, but nudging vorticity avoids these artificial mass fluxes. A nudging pattern can therefore be
determined by regressing the vorticity field onto the NAO index.

3 Results

3.1 Slowdown of the meridional overturning circulation

In this section we analyze the climate response in the circum-North Atlantic region to a slowdown of the
MOC by ca. 25%. In both the ECBilt-Clio and HadCM3 models, theintensity of the MOC is defined
as the maximum of the meridional overturning streamfunction in the North Atlantic below a depth
of about 500 m. For the ECBilt-Clio model, in addition to the 300-years simulation discussed here,
several other simulations with a slightly different magnitude of the freshwater forcing and duration of
the "hosing" were performed. All simulations show robust results in terms of MOC reduction, deep-
water convection changes, and surface temperature response.

In the analysis of the results with the HadCM3 model, the means over the final 30 years of the
hosing experiment are compared to the mean over the final 30 years of the control run, while for the
ECBilt-Clio model we compare means over 100 years of the control and hosing simulation. Statistical
significance in the difference of the means is tested using a standard Studentt-test at a significance
level of 90%. For simplicity, discussion focuses on the winter and summer seasons.

3.1.1 ECBilt-Clio

The hosing leads to a southward shift of the deep convection sites from off the southwestern Norwegian
coast and south of Iceland to the region around 55◦N-60◦N northwest of the British Isles, together with a
reduction in the depth of the convection layer. As expected for a weaker MOC, there is a decrease in the
meridional heat transport in the Atlantic Ocean relative tocontrol (Fig. 1a), with an absolute minimum
of 0.12 PW (annual average) at 33◦N and largest relative changes in the band 60◦N-70◦N (Fig. 1b).
As a consequence of the reduction in the meridional heat transport, negative SST anomalies, with a
maximum change of -4◦C over the deep convection sites, are also apparent over thisnortherly region,
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together with a thickening and southward extension of the sea ice cover in the Norwegian Sea and south
of Iceland (not shown).

The change in surface air temperature for the winter (DJF) season (Fig. 2a) shows a center of
maximum cooling of up to 2◦C over the northern North Atlantic between Iceland and Norway. The
cooling extends westward to Greenland, with a 0.75◦C temperature decrease, and southeastward into
the European continent, with temperatures of about 1.5◦C to 0.75◦C colder over Scandinavia to about
0.2◦C colder in southeastern Europe. Significant cooling of 0.2◦C occurs over southern Asia, whereas a
warming of 0.4◦C is seen over northeastern North America. In the summer (JJA) season, temperatures
are between 0.5-0.75◦C colder over the British Isles and southern Scandinavia, and 0.4◦C colder over
southern Europe and the Mediterranean Sea (Fig. 2c). Colderair masses (0.2◦C) are also found over
Russia and in the subtropical North Atlantic.

The response of the atmospheric circulation to the hosing isshown in Fig. 3. In winter, there is
a distinct anomalous anticyclonic circulation over northern Scandinavia and Russia extending toward
south of Iceland. This anomaly induces a weakening of the mean cyclonic circulation in the North
Atlantic sector north of 40◦N. There is also an indication of a cyclonic circulation anomaly extend-
ing over central North America to the western subtropical North Atlantic. In summer, an anomalous
anticyclonic circulation, with its center over the North Sea, extends over western Europe (Fig. 3c).

The change in winter atmospheric circulation during the hosing simulation suggests a decrease
in the amplitude of the Icelandic Low pressure system (Fig. 3a) that could induce a change in the
winter NAO variability. To check this, an NAO type index based on monthly December to March 800
hPa streamfunction differences between the Icelandic Low (20◦W, 65◦N) and a region in the North
Atlantic centered on (20◦W, 35◦S), is constructed for both the control and hosing simulation. Note that
both indexes are normalized by the mean and standard deviation of the control run. The probability
distribution of NAO-like events shows somewhat of a bias towards the negative phase of the NAO in
the hosing simulation than in the control run, and the formeralso shows an increase in the frequency
of extreme NAO events (Fig. 4). The difference between the two distributions is significant at the 90%
significance level according to a Chi-squared test. A more active NAO negative phase is likely to be
related to a decrease in the intensity of the westerly wind flow over the northeastern North Atlantic.
Indeed, Figure 6 shows a significant (90% level) weakening inthe zonally averaged westerly wind
flow between 47◦N-55◦N, as well as in the polar easterlies, for the hosing relativeto control, with no
apparent change in the axis of the zonal jets.

The relationship between the NAO and the North Atlantic storm track position that transports heat
and moisture to the European continent (Hurrel, 1995) mightsuggest that the hosing would change
intensity and position of storm tracks in the North Atlanticstorminess. To investigate this, 4-hourly rel-
ative vorticity fields over the North Atlantic sector are analyzed. Following the suggestion of Hoskins
and Hodges (2002), the planetary scales with total wavenumber less than or equal to five are removed
from every field at each timestep in order to emphasize the synoptic scale variability. Figure 6 shows
the change in the total number of cyclones between the hosingsimulation and the control run. Here
a cyclone is defined as having a relative vorticity that is both lower than the mean minus the standard
deviation for that gridbox and than the relative vorticity of the gridbox is lower than that of the neigh-
bouring grid boxes. The standard deviation taken is that of the gridbox in the domain with the largest
variability. An increase in cyclone activity is seen over the North Atlantic from off Newfoundland
towards Scandinavia, with a maximum change northeast of theFaroe Islands, while to the north of Ice-
land a band of decreased cyclonic activity occurs. These changes seem to reflect a southward shift in
the control storm track position, which would be indicativeof the response of the North Atlantic storm
track to a more frequent NAO negative phase during the hosingrun (Fig. 4). Another region of higher
cyclonic frequency occurs at the southern edge of the Baffin Bay. An increase in the sea-ice cover is
observed over the latter region north of 70◦N that could influence, by a larger air-sea temperature con-
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trast, the baroclinicity of air masses flowing from the ice-edge into the open ocean, and thus cyclones
growing at these latitudes.

3.1.2 HadCM3

The weakening of the MOC in the HadCM3 model induces a coolingin surface air and sea tempera-
tures over most of the North Atlantic ocean (Fig. 2b). The region with maximum cooling (up to 3◦C)
lies between Iceland and Greenland, while temperatures of about 1 to 2◦C colder are found over the
Labrador Sea and in the center of the subtropical gyre around40◦N. Significant colder temperatures of
0.5-1◦C extend over southern Greenland and in the north Africa-southern Asia region; warmer temper-
atures of about 0.4◦C are seen over central Canada. As discussed in Stouffer et al(2006), the HadCM3
model shows a warming of the high latitude North Atlantic caused by a northward shift of the deep-
water convection and the associated increase in northward heat transport. On the other hand, much of
the deep-water convection that takes place in the latitude belt between 50◦N-70◦N is weakened by the
freshwater hosing. In the summer season, the cooling extends further south in the North Atlantic and
over the surrounding continental areas (Fig. 2d). In particular, temperatures are about 0.5 to 1◦C colder
over southwestern Europe and 0.3◦C colder over central Russia.

The response in the atmospheric circulation is shown as differences in SLP between the hosing and
control run. In winter, significant increases in the SLP appear in the southeastern North Atlantic, the
Labrador Sea, and over a region extending from Scandinavia towards Eastern Europe, whereas a sig-
nificant anomalous cyclonic circulation is seen over North America, with a maximum in the northwest
(Fig. 3b). Negative SLP anomalies present over the Greenland Sea and Arctic Ocean respond to the
warmer SST there. In summer, an anomalous anticyclonic circulation centered around 40◦N covers
the subtropical North Atlantic, and positive SLP anomaliesare also found over Scandinavia and Russia
(Fig. 3d). The increase in the anticyclonic circulation over the subtropical North Atlantic seems to
induce a strengthening of the westerly winds south of 50◦N and a weakening north of it, both in winter
and summer, although these changes are rather small (0.1-0.2 m/s) and not significant.

3.2 Prescribed changes in the NAO index

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

Figure 7 shows a reconstruction of the NAO index for the December to March season based on
the data of Luterbacher, for 1659-2001. To focus on the low frequency variability of the NAO, a low
pass filter with a cut off period of 20 years was applied to the raw data. The low pass filtered signal
indicates negative index values roughly coinciding with the 1675-1715 and the 1790-1820 periods, with
the minimum values attained by the low-pass filtered signal in excess of -0.5.

3.2.1 ECBilt-Clio

Figure 8a shows the target pattern in terms of streamfunction which is constructed using a regression
analysis between winter NAO index values and reanalysis data. Figure 8b shows the simulated DJF
streamfunction, averaged over the length of the simulation. This figure demonstrates that the assim-
ilation successfully reproduces the target pattern, giving a climate with, on average, a negative NAO
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index. The anomalous high-pressure center is located too far to the east, but the strength is correct. The
anomalous low-pressure center is slightly too strong and located too far east. The pressure gradient
north of 50◦N in the model simulation is too strong, though the directionof the geostrophic flow is
correct.

The anomalous winter temperatures (Figure 11a) show the typical pattern associated with negative
NAO-type circulations, with anomalous low temperatures over northern Europe and the southeastern
USA, and anomalous high temperatures in the Mediterranean region and eastern North America.

In the data assimilation experiments, only winter circulation is modified. This could also affect
summer conditions through an impact of the winter atmospheric circulation on components of the
climate system with a large memory, like the upper ocean or the land surface. Figure 12 shows that the
impact on the summer temperatures in this experiment is however modest.

3.2.2 HadCM3

Figure 9a shows the target pattern in terms of vorticity which is constructed using a regression analysis
between winter NAO index values and reanalysis data. Figure9b shows the DJF-averaged vorticity,
averaged over the length of the simulation. This Figure demonstrates that the assimilation successfully
reproduces the target pattern, giving a simulation of a climate with, on average, a negative NAO index.
The main features of the target pattern are reproduced, with, in the North Atlantic sector, high vorticity
in the subtropics and at high latitudes, and an area with low vorticity centered around 40◦N. The largest
differences between the pattern nudging simulation and thetarget pattern are that the amplitude of the
high vorticity region in the simulation over the northern North Atlantic is too low and that its focal
point has shifted to southern Norway. The area with low vorticity around 40◦N does not extent over the
European continent in the simulation. The consequence of these mismatches 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, which clearly shows the bimodal structure
associated with the NAO. The anomalous low, which modifies the Azores high pressure center, is
located in the mid-latitude North Atlantic and centered at 45◦N and measures up to 500 hPa. The
location of this anomalous low is too far west and north compared to observations. Further North,
SLP increases by up to 200 hPa over the Norwegian Sea. Observations place this anomalous high over
Iceland. In the simulation it is located between Iceland andNorway. This rotates the axis between the
two centers of action clockwise, which results in the geostrophic flow having too great a meridional
component compared to that observed. The negative SLP anomaly in the mid-latitude North Atlantic
is centered at 45◦N, with a SLP decrease of up to 500 hPa.

Figure 11 shows the difference in surface temperature between the model experiment, where the
winter (DJF) NAO index has been forced toward a thirty year mean value of -0.5, and the control
run, where the NAO index is in a neutral mean state. Only the DJF NAO index was influenced, and
in the HadCM3 simulation, temperature differences in MAM, JJA, and SON are very small, and not
statistically significant. In DJF, on the other hand, some greater changes are apparent. West of the
Atlantic, the negative NAO leads to cooling in the south-eastern part of the US, with lower SST in the
North Atlantic up to -2◦C, and a slight warming over Greenland. Over northeastern Europe and Russia
temperatures are colder up to 1.5◦C, with hardly any changes apparent over Scandinavia. In Central
and Eastern Asia, a strong warming of up to 2◦C is also seen (not shown). .

4 Discussion and conclusions

Reducing the MOC in the ECBilt-Clio and HadCM3 models with freshwater hosing leads to strong
regional differences in the patterns of surface air temperatures anomalies over the European continent.
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These simulated climate anomalies can be compared to reconstructions of surface air temperatures
during the LIA (Luterbacher et al., 2004). Here we select twoparticularly cold periods within the
LIA, the 1675-1715 period, sometimes referred to as the ‘Late Maunder Minimum’, and the 1790-
1820 period, sometimes referred to as the ‘Dalton Minimum’,and compute monthly mean temperature
anomalies relative to 1971-2000. Note that during the 1675-1715 and the 1790-1820 periods, reduced
solar activity was coincidental with the occurrence of large major volcanic eruptions occurred (Briffa
et al., 1998; Crowley, 2000). The hosing experiment with theECBilt-Clio model shows a similar pan-
European cooling as in the reconstructed temperatures for the two cold periods. In the model, the largest
decrease is found just off-shore from southern Norway whereas the reconstructions have their greatest
cooling in eastern Europe. However, the southward increaseof winter temperatures over northwestern
Europe and from the Baltic region towards the Black Sea is reproduced (Fig. 4a). In the summer
season, the reconstruction for the 1675-1715 period shows ageneral cooling over Europe with a slight
warming over the Balkan area. Reconstructed temperatures for the 1790-1820 period show a clear
contrast between either side of 10◦E with colder temperatures to the west and warmer temperatures to
its east, particularly over eastern Europe (Fig. 13b). These patterns of temperature reconstructions are
not reproduced by the hosing experiments. The summer warming is absent in the ECBilt-Clio model
and is not significant in the HadCM3 model (Fig. 2c,d), and theonly consistency between models and
reconstructions is the indication of relatively cool temperatures in (south-)western Europe.

The hosing experiment in both models leads to negative SST anomalies over the North Atlantic in
both winter and summer which modifies the exchange of heat from the ocean to the atmosphere. This
will affect sea level pressure as well. In this sense, the reduction of the overturning circulation will
feedback on the character of the atmospheric response. The location of the winter atmospheric circula-
tion anomaly in the ECBilt-Clio model (Fig. 2a) suggests that advection of cold air from high latitudes
over Scandinavia is a main factor contributing to the decrease in surface air temperatures over north-
western Europe. In the HadCM3 simulation, the anomalous high pressure center over Russia-eastern
Europe is likely to produce the lower temperatures seen to the east of the Caspian Sea. It is interesting
to note that the winter atmospheric circulation anomaly that develops in the hosing experiment with the
ECBilt-Clio model exhibit some similarity with the large-scale SLP anomalies documented for several
periods within the LIA (Luterbacher et al., 2002; van der Schrier and Barkmeijer, 2005).

A reconstruction of the winter atmospheric circulation forthe 1790-1820 period clearly shows the
anticyclonic anomaly in the northern North Atlantic (Lamb and Johnson, 1959; van der Schrier and
Barkmeijer, 2005), which is in very good agreement with the anticyclonic circulation anomaly simu-
lated here (Fig. 3a). However, in the present simulation thelow pressure anomaly over the western
North Atlantic and eastern US seaboard appears to be weaker and it does not correspond to the other
aspects seen such as the anomalous cyclonic circulation over Central Europe. Nevertheless, the oc-
currence of high SLP anomalies with centers over northern Europe/Scandinavia is a recurrent feature
of the atmospheric circulation in extreme cold periods of the LIA that has also been connected to the
NAO variability (Luterbacher et al., 2002). A main conclusion from the present experiments with the
ECBilt-Clio model is that the climatic response to a reduction in the strength of the MOC will directly
impact temperatures in the North Atlantic sector, but it will feedback on the atmospheric circulation
also. The latter will extort an additional modifying influence on European climate and its effect will be
comparable, if not larger, than the direct effect of the MOC reduction.

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

In both hosing experiments, changes in the North Atlantic wind stress curl associated with the
winter circulation anomalies are not significant, implyingthat feedback mechanisms between the MOC
reduction and the wind driven circulation via changes in theatmospheric circulation are not at work in
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the model experiments.
Assimilating a persistently negative winter season NAO circulation in the ECBilt-Clio model leads

to a strong cooling over northwestern and northern Europe, while higher temperatures are observed
over the Mediterranean region. This response is similar to what would be expected based on modern
observations. The reconstruction of the winter temperature during the 1675-1715 and 1790-1820 pe-
riods shows severe cooling over the whole of Europe, whereasthe simulation displays a north-south
contrast.

The nudging experiment to impose a negative NAO index in the HadCM3 model in winter lead to
decreased temperatures over eastern-Europe and northern Russia (Fig. 11), a result that compares well
with the temperature reconstructions for the 1790-1820 period (Fig. 13a). However, the simulation fails
to show cooling over western Europe, a rather surprising result considering the link between the NAO
and the LIA invoked in the literature (Shindell et al., 2001;Luterbacher et al., 2002). A cause for this
could be related to the reorientation of the NAO pattern in this simulation, which results in advection
of air from southeastern to western Europe, rather than advection of the colder continental airmasses.
On the other hand, the model shows negative SST anomalies over the western North Atlantic between
40◦N and 50◦N, which are consistent with a negative NAO index (Hurrel, 1995).

The persistence of the change in temperatures into the summer season is, however, weak. In sum-
mer, when no data assimilation is performed, the simulationwith the ECBilt-Clio model shows no
significant cooling over western Europe, with only a weak warming over the Iberian Peninsula. The
summer temperature change in the HadCM3 model is not statistically significant. This is in sharp con-
trast with the reconstruction of summer temperatures for the 1675-1715 and 1790-1820 periods, where
a distinct cooling in western Europe is apparent, along witha warming in eastern Europe during the
latter period.

In conclusion, the hosing experiments and the experiments with a persistently negative North At-
lantic Oscillation index reproduce in part the character ofthe winter temperature reconstruction for the
1675-1715 and 1790-1820 periods. However, the resemblanceis not very convincing. Moreover, there
is no similarity with the character of the reconstructed summer temperature signal, which may have
persisted from the preceeding winter, due to the conservative nature of surface ocean temperatures or
soil moisture.

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

The hosing experiments do not clearly support the explanation that a reduction in the Atlantic over-
turning is related to the coldness of this period but this explanation can not be entirely discounted either.
The experiments indicate that the feedback of changing SSTsdue to the reduction in the overturning,
may have lead to significant changes in atmospheric circulation with subsequent modification of the
direct effect of changing ocean temperatures. The combination of the direct effect of cool oceanic
surface temperatures and a modified atmospheric circulation remains a possible explanation.

In earlier experiments (van der Schrier and Barkmeijer (2005)), the reconstructed winter atmo-
spheric circulation for the 1790-1820 period was assimilated in the ECBilt-Clio model and that resulted
in a strong resemblance of both winter and summer simulated temperatures with reconstructed temper-
atures. In the light of this earlier result, the present study suggests that the explanation of the coldness
of this period hinges on the pattern of atmospheric circulation change, but not specifically a change in
the NAO.
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Appendix A Data assimilation techniques

Data assimilation (referred to subsequently as DA hereafter) techniques are intended to force a model
state toward some prescribed or observed field. This is done in operational weather forecasting by
constructing an initial condition which leads after a shortintegration to the observed field. For every
new forecast, a new initial condition needs to be computed. This technique requires very detailed
knowledge of the atmospheric state, till at the level of the smallest spatially resolved scales and at a
temporal scale of days. In paleoclimatology, this precise knowledge of the past atmospheric state is
lacking as one typically has proxy or documentary data from only a few locations, often reflecting
climate signals that are integrated over weeks or months (orlonger). This renders the traditional DA
techniques unsuitable for application to paleoclimatologic situations.

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

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

The two assimilation techniques differ in the way the tendency perturbations are calculated. Here
we take streamfunction as an example. The model atmosphericcirculation ψ is decomposed in a
climatologyψclim and a set of orthogonal modes as follows:

ψ (x, t) = ψclim + α1ψtarget+
∞

∑
i=2

αiψi (1)

The target patternψtarget is the first of the orthogonal modes. The internal variability orthogonal to the
target pattern is captured in the remaining modesψi .

Appendix A.1 Assimilation using forcing singular vectors

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

We are interested in tendency perturbations,f, that will produce, after some integration time (the
optimization time) a deflection of the model atmospheric state in the direction of the target pattern. If
the tendency perturbations are sufficiently small, the evolution of deviations of the model atmospheric
state which results from tendency perturbations can be computed by a linearization of the GCM along
a (time-dependent) solution of this GCM. In this DA technique, the optimal three-dimensional spatial
pattern of the tendency perturbations is determined subject to the requirement that the projection of
the model’s streamfunction onto the target pattern is one, at the endpoint of the optimization time The
tendency perturbations are held fixed in time during the optimization time.

he calculations which lead to tendency perturbations are based on a minimization of a cost function.
In this cost function an operator is introduced which is a projection operator onto the 800 hPa level over
the extratropical North Atlantic sector. The atmospheric stateoutsidethe North Atlantic sector (north
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of the subtropics) and on the levels higher than 800 hPa is notconsidered in the cost function. An
efficient way to minimize the cost function is to use the adjoint of the linearization of the GCM.

After the evaluation of the tendency perturbations in the framework of the linearized system, the
tendency perturbations are applied to the nonlinear coupled GCM. The forcing singular vectors have
amplitudes which are typically less than 1% of the total tendencies which implies that the linearity
assumption holds. The tendencies modify the model atmospheric circulation in the direction of the
target pattern only, generally a large-scale pattern, leaving smaller scale variability, like synoptic scale
features, to evolve freely.

A linearization of the atmospheric part (ECBilt) dynamic core of the climate model and its adjoint
exist, are used here in the evaluation of the forcing perturbation f. Atmospheric physics is not included
in the computation off; an accurate approximation if the optimization time is sufficiently small. In the
current application, this is 96 hours, which means that every 96 hours the tendency perturbations are
updated.

Appendix A.2 Nudging method

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

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

To adopt this approach for use in HadCM3, care has to be taken not to violate mass conservation in
the model. A target pattern in terms of sea-level pressure could induce rather large mass fluxes. There-
fore, it is undesirable to influence the sea level pressure field directly. While HadCM3 is a non-spectral
model, where the winds in u and v direction are prognostic variables, these variables are transformed
to vorticity and divergence. Changes in divergence would again introduce artificial mass fluxes into
the model, but nudging vorticity avoids these artificial mass fluxes. A nudging pattern can therefore be
determined by regressing the vorticity field onto the NAO index.
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Figure 1:Meridional heat transport for the Atlantic Ocean with the ECBilt-Clio model for (a) the control (solid
line) and hosing run (dashed line), (b) anomalies in the hosing simulation relative to control.
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Figure 2: Surface air temperatures changes due to a slowdown of the meridional overturning circulation by
25%,for the ECBilt-Clio model (a,c) and for the HadCM3 model(b,d). Top panels show the northern win-
ter months (December, January, February; DJF), bottom panels show the summer months (June, July, August;
JJA).Only values that are significant at the 90% level are shown.
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Figure 3:Anomalies in 800 hPa streamfunction for the ECBilt-Clio model (a,c) and in sea level pressure (Pa)
for the HadCM3 model (b,d), for the hosing experiments relative to control. Top (bottom) panels show anomalies
in DJF (JJA). Changes that are significant at 90% level are marked with 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 control (solid line) and hosing simulation (dashed
line) within the ECBilt-Clio model. Both distributions were smoothed by fitting a Gaussian probability distribu-
tion function to the data and their difference is significantat the 90% significance level based on a Chi-square
test.
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Figure 5: Change in the zonally averaged (60◦W-20◦E) zonal winds at the 800hPa level due to the slowdown
of the meridional overturning circulation by 25% in the ECBilt-Clio 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 Atlantic sector (DJF season only) between the
hosing experiment and the control run. Values below 50 are not plotted.
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Figure 7: Series of the NAO index reconstruction back to AD 1660, and its 20-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 index experiment for the ECBilt-Clio model
(upper panel). The lower panel shows the DJF-streamfunction, averaged over the length of the simulation,
expressed as anomalies from climatology.
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Figure 9:The target pattern for the persistently negative NAO index experiment for the HadCM3 model in terms
of vorticty based on a regression between NAO-index values and reanalysis data (upper panel). The lower panel
shows the DIF-vorticity pattern, averaged over the length of the simulation, anomalous from climatology.
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Figure 10:Anomalous winter (DJF) sea level pressure (Pa) from the data-assimilated 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 climatewith negative NAO index, relative to
control, for the HadCM3 model (upper panel) and for the ECBilt-Clio model (lower panel). Only significant
values at a 90% significance level are shown.

28



Figure 12: Changes in summer (JJA) surface air temperature in the data-assimilated simulations of
ECBilt-Clio (upper panel) and HadCM3 (lower panel). Only significant values at a 90% significance
level are shown.

29



Figure 13:Differences in reconstructed surface air temperature for the period 1675-1715 AD (left panels) and
the 1790-1820AD (right panels) with respect to 1971-2000. Upper panels denote anomalous winter (DJF) tempa-
tures, lower panels denote anomalous summer (JJA) tempatures. Temperature reconstruction is from Luterbacher
et al. (2004).
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