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Abstract. The spatio-temporal structure of namral climate variabilioy has w be taken into account when wnraveling observed
climatic changes and simulate futore climate change. However, based on the comparison of iemperaiure reconstructions amnd
climate model simulations covering the past two millenia, it has been argued that climate models are biased. They would
simulate o liitle emporal temperature variability and oo high comelations between temperaiire tme series from different
contipents. One of the proposed causes is the lack of internal climate variability in climate models on centennial time scales,
for instance variability related to the Atlantic Mendional Overtuming Circulaton {AMOC).

W present a periurbed-parameter ensemble with the ILOYECLIM earth system model conaining varipus levels of AMOC-
related internal climate variability o investigate the effect on the spatio-temporal iemperature variability strecoore. The model
ensemble shows that ivdecd enhanced AMOC vamability leads 1o more continental-scale temperature variabilicy, but it alse
increases the spatio-temporal temperature correlations between different continents. However, combining the iLOVECLIM
resulis with CAIPS model resulis and various PAGES-2k temperaiure field reconstructions, we show overall agreement for the
magnitude of continental temperature vanabality in models amd reconstrections, but both the simulated and the reconstructed
ranges are large. This is even more tree when considering higher order metrices like inter-continental iemperature cormelations
or temperature variabality land-sea contrasts, For such metrices, uncertainties i both model results and temperature recon-
siructions are 50 large that they bamper our ability o constrain simulated spatio-temporal structure of centennial emperature
varahility. As a result, we cannet determine the impomance of AMOC vanability for the climatic evolution over the past two

millenia.

1 Introduction

Companng reconatmacted amd simulated past climate varability helps us o understand natural climate variability, which is
important in the light of ongoing climate change (Braconnot et al_, 2002; Deser et al, 2002, The most recent two millennia
forms an impotant period in this respect because it 1) is described by what is probably tle highest density of palacoclimate
reconstructions of any past period (Ahmed et al, 2003% PAGES2k-Consonium, 2007, 1) is a period with relatively weak amd
weell constrained extemal forcings allowing for a beiter investigation of unforced climate varighility (Jungclaus et al, 2007}

and biip is a period which is very similar to the present and future climate in terms of mean climate, boundary conditions amd
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climate forcings except for human-induced changes (Schmade, 20040,

Previows siudies looking at temperature emporal vanahbility have suggesied that climate models simulate woo licile regional
varahility on muliu-decadal and longer time scales (Lacpple and Huyhbers, 2014; PAGES-2k-PMIP3, 2005) One can also
compare reconstructed and simulated climate vanability in the spatio-temporal domain, as the covanance varies as a function
of the spatial and time scales inviestgated (Bune and Lacpple, 20211 For instance, PAGES-2k-PMIPY (2015) compared the
PAGES-2k temperature reconstructions (Ahmed et al, 2003} for seven continental-scale regions with ransient climate model
simulations over the past 2000 years from the third Palagoclimate Modelling Intercomparison Projects (PMIP3: Braconmot
et al, 2012, and foecused on the correlations between temperatune time-senes from different continental-scale regions. Based
on this analysis, PAGES-2k-PMIP3 (201 5) found that the reconsirections show sweak surface air temperalure covariance across
continents, in contrast to relatively strong covamance found in elimate models.

Several possible causes have been put forward o explain those model-data discrepencies, in both time domain and in the
spatio-temporal domain, The model-data mismatches could be related 1o the reconstmctions, with proxy-specific unceriainties
inherent o the data that lower the reconstrucied covariance (Harl-Meier et al,, 3017). Other sources of wnceriainty are the
maxdel sensitivity to external forcings, such as voleanic eruptions and solar forcing. or the magnimde of the reconsiructed exter-
nal forcings. Interestingly, it has both been argeed that the model response o external forcings is oo weak, thus explaining the
lack of model variability on leng time-scales (Laepple and Huvbers, 200045, and that the model response to exiemal forcings is
b strong {Anchukaits e al, 2000; Braconnot et al., 2002 PAGES-2K-PMIPF3, 2005; Sioffel et al., H015). thes explaining the
large degree of wmperature covanance in the models between different continents. Another explanation that has been put for-
wird to explain model-data mismatches in temperature variability is the lack in models of sufficient internal climate varability
{Laepple and Huyhbers, 2004; Valdes, 2001, The idea behind the Latter 15 that increased intemal climate variabilivy sould in-
crease temperatwre vanability and potentially weaken temperature covariance across continental-scale regions becawse it would
add ‘random noise” 1o the system. On the other hand, modes of internal climate variabilioy have a clear spatial stociure asd
can thus also enhance the spatio-temporal covariance by increasing the strength of climatic eleconpections between regions
[PAGES-2k-PMIF3. 2001 5).

Here, we will investigate the impact of ocean-induced maulti-decadal o mulis-centennial climate variability on the spatio-
temporal covariance of the temperature evolution. Hereby, we test if increased intermal elimate varability can indeed impeove
the mosdel-data comparison of wemperamire variahilicy over the last 2000 vears. We will specifically investigate the impact of
ocean variability deiven by the Atlantic Meridional Overtuming Cirealation (AMOC). To this end. we will peesent a perturbed-
parameter ensemble of climate model simulations for the past two millenia that cover a range from very weak o very siromng
malis-decadal to multi-centennial AMOC variability. We will compare our model resulis with iemperatore reconsiructions for
the past two millenia denved with different climate feld reconstrection (CFR) methods {Meukom et al., 2009) and a subset
of the CMIPS last millennium simulations {Braconnet e al., 2012; Taylor et al., 20002} We will focus on vwo different spatial
seales o investigate the inter-regional temperatere coherency, namely imer-continental and between ocean and Land. This will
allow us b0 investigate the role of ocean-induced climate varability in aliering spatial wemperature varability coberency amd

to determine which level of oeean variability yvields model pesulis that are in best agreement with proxy-based temperature
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Using these nine parameter seis and starting from long pre-industrial control simulations, we pecformed nine cormesponding
20 year long experiments covering the past two millenia forced with time varying volcanic and solar forcings, changes in
greenhouse-gas concenirations and changes in the orbital parameters. We limit our analysis o tee period before 1E30 in order
95 1o exclude the increasingly strong antropogenic warming signal over the lase 150 vears. All other boundary conditions are

pre-indusirial (Goosse et al., 200000,
12 PAGES-2k temperature reconstructions

Using a selection of 210 local emperature sensitive proxies from the PAGES-2k database (Ahmed et al, 2003), Meukom
e al. (2009 present six different climate Held reconsrection (CFR) methodologies 1o exiend the point-data o a full global
100 coverage. [nour curvent study we will wse these six different temperature field reconstructions (o ivestigate the robustness of
reconstructed temperatare varabality and spatial covanance, and 10 compare with model resulis. The CFR methods deployed
by Meukiom et al. (20019 range from basic proxy composites, to advanced statistical techniques that eombine the Ahmed et al.
(201 3) proxy data-set with physical constrainis and forcing informaton from climate-model simulations.
Here we wall provide a shon summary of the six different CFR methods of Neukom et al. {2009) because of their imponance
105  for our investigation, further details can be found in the original publication: 1) Composite plus scale (CPS) is an index recon-
sirection method in which the inpui proxy data are averaged inbo composite time series, that are in tarn scaled o the mean asd
standard deviation of the reconstraction tasgel over the calibration pericd. 2) Principal-component regression (PCR) reduces
the dimensions of both the targer field and the proxy data using principal-component analysis. In this approach the covarniance
structure of the tfemperatane grd i3 based on the instrumental record and assumed 1o be constant for the whole reconstrsction
110 period. 3) Canonical correlation analysig (CCA) uses singular-value decomposition o separately redece the dimensions of the
istrumental temperatures, the proxy dasta, and the regression coefficient matns that describes their relationships. The main
assurnption 15 that the first few leading modes of the empincal ofthogonal function conain most of the variance in the target
climate field and the muolt-proxy petwork. 4) GraphEM wses the theory of Gaussian graphical models o reduce the dimen-
sipnality of the problem. 3) Dara assimilation (DAY optimally combimes proxy data with climate-model states. Here offline
115 dara-assimilation is used. The climaie model provides an estimate of the prior that is wpdated on the bagis of the proxy obser-
vations and an estimate of the errors in both the observations and the prios. 61 Analogue method (AM) s a method that requires
a poal of plausible climate fields for which in this case simulations from the PMIP3 project are used. In this method the spatial
structure of iemperaiure is provided by the different climate models, while the temporal evolution is obtained from the infonma-
tion contained inthe proxy data. Generally one can say thai three out of six CFRs are using observational information o obiain
120  information on the spatial correlation strsciure (PCR, CCA, GraphEM), two methods base their spatial correlation strscture
on climate model owtpar (DA and AM) and the sisih method doesn®t wse any form of additional spatio-temporal information
(CPS).
Following the recommendation by Meukom et al. {20099, we also include the muolti-method-mean in our analysis. All the
CFR-based temperaione reconsireciions include an uncenainty estimate by means of o 100-member ensemble. In parts of our

125 analysis we use the ensemble mean, while in other parts the uncertainty is explicitly taken into account. For comparison,
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wie also include the onginal continental-scale temperature time series from Ahmed e al. (2003), w which we will refer as
PAGESZOLS data.

By emploving a single data set (Ahmed et al., 2003) of 210 local temperatwre sensitive proxies in six different CFR methods,
the data set of Meokom et al. (2009 allows for a good description of the uncenainties caused by the CFR methods. How-
ever, other sources of uncertainties are mol (directly) sampled {e_g. spatial distmbution, emporal estent, seasonality effects
and elimate response Anchukaitis and Smerdon, 2022) It is for instance imporiant to remember that the spatial distibution is
siromgly biased wowards the mid-latide of the NH and that the maximum number of 200 records guickly decreases vo values
below M) prior to the year 800 CE ( Anchukaitis and Smerdon, 2022 The CFR methods thar are wsed to extend the spatially
and pemporally limited point-data o a full global coverage for the past 20080 vears, thus become increasingly impomant going

further back in time.
2.3 CMIPE last millenndum shmulations

For further comparizon we also include resulis from three randomly selected single member CMIFS Last millenniom simulations
(MRI-CGCM3, GISS-E2-R and MIBOCS) and the |3-members of the last millenniem ensemble with CESM (Crto-Blicsner
et al., 2016). Including these CMIPS simulations allows as to put the resulis of the (LOVECLIM perurbed parameter ensemble
and the PAGES-2k reconsiructions in perspeciive.

2d  Observational data-sets

Three out of six CFR methods use the observational temperature data-set HadCRUTA-GeaphEM, a data-set that is based on
HadCRUTA (Morice e al., 20023, but that was inflled using the GraphEM method to obiain a complete global coverage over
the calibration peried over the period 1E50-2000 with a sesolution of 57= 5% (Meukom et al., 2009, For further companson of
our resulis with observations, we used the ERAS obaervatiomal data-set (Copernicus Climate Change Service, X117, covering
the period 1979 10 X019, To remove the antropogenic global warming signal, the time-series are detrended using a second-order

polynomial G Mot that the obtained resulis are not sensitive o the exact definition of the observational perod.
25 Data processing

(i all temiperature timee senes presenied here, a Butterworih filier was applied that effectively remives all vanability on tme-
seales smaller than 30 years, We tested the impact on our resulis of the window size of the Butterworth filier, and found that
our Andings are robust at least within a range of 20- 100 years filier windosw (not shown ). Leads and lags an mulii-decadal time
seales are expected berween the response of temperatures at a given location and either temperatures ab ansther location o0 with
the AROC. We investigate the impomance of lead-lag relationships for the resulting correlation faciors by allowing leads and
lags of maximuwm |0 years amd thus finding the highest possible comelation. These resulis will be referred o as "lagged’ in

the remainder of the manuscript while ‘mon-lagged’ refers o a default lag of zero years. This caleulation is generally done per
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continental-scale region, except in Figure 3 where it is done for all grid cells. Our definition of the continental-scale regions is
shown in Figure Al

1 Results

The {LOYVECLIM perurbed-parameter ensemble of past two millenia simuolations allows us o ivvestigate te effect of the
amount of ocean-drven intemal elimate variability on both continental-scale temperature variability and on spatial iemperature
covariance, In the following the sesulis for these two aspects will be presented together with a companson with the resulis fog

CMIPS last millenniom simulations, PAGES-2k temperature reconstractions and observational data-seis.
Al Temperature variahility

The (LOVECLIM ensemble shows a wide range of termperature evolwtions for the 8 continental-scale regions {Figure 1), Sub-
stantial differences between the ensemble members are simulated for North Amernca, the Arctie, Asia and Europe. For those
regions, the amount of variability varies up to a factor of three over the ensemble, showing the large impact of AMOC variahil-
ity on continenial-scale temperatare variability in the NH. For South Armerica, Antarctic, Africa and Auwsralasia, the amownst
of temperature varabality is largely unchamged.

Owerall the amount of contiental-scale temperature vadability in the (LOVECLIM ensemble and the range found over all
ensemble members compares favourably with the resulis of the selected CMIPS large millenniom simulations (Figure 1), This
is especially true for Antarctica, North Amernica, Asia and Burope. For some regions (ILOWVECLIM underestimates variability
(South America, Australasia and 1o a lesser extent Afnica) while for the Arctic JLOVECLIM overestimates varabality.

When comparing the simulated resulis with the different CFR-based reconstructions of continental-scale temperature vari-
ability (including the onginal PAGES2003 reconstructions: Figure 1), a complex picture emerges. The range of variability in
both the (LOVECLIM and CMIPS model] resulis is in agreement with the reconstructions for some continental-scale regions
(Antarctica, South America, Morth America, Asia and to some degree also Burope and Africa), while in others either the
(LOWECLIM (Australasia)y or the CMIPS (Arciic) are in better agreament.

The imponance of the AMOC changes in driving temperaiures as simulated with JLOVECLIM differs largely per continental-
seale region. We find that for Antarctic, Sowth America and Awsiralasia the correlation between continental-scale emperature
time-series and AMOC ime-series is low o modesi, ranging from 0.1 w0 0.3 over the ensemble {Figure ). For the other regions
the temperature- AMOC correlation is higher and ranges from 0.5 up wo 0.9, Moreover, it seems that for all continental-scale
regions, ensemble members with linle AMOC variabilioy {Figure 3) tend 10 have smaller iemperatare- AMOC correlations asd
iz with higher AMOC variability tend o show higher correlations. However, the relationship is far from straighforward
and this will become mose evident in the following section when we look an the cormesponding spatial temperature covarianee

SITECILNE.
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A2 Spatlal temperature covarkance

Inter-continental temperature correlations
The amount and characteristics of AMOC variability in a simulation nod only impacts temperature variability on a site-by-
180  site basis, but it also srongly shapes the spatial temperature covariance siructure, The different AMOC twme-series (Figure
31, showe mualti-decadal o mulii-centennial AMOC variabiliey i all simuolations, However, the magnitude ranges from under
15y in experiment 1w up to WISy in expenment 7. Moreover, these resulis show that not only the amplitede of the AMOC
varaions is imporant, but also the dominant frequency. For instance, in ensemble members 3 and 6, we find girong bat shoei-
lived variations in the AMOC that only correlate with temperaiwre variations inothe norhem Nosh Adlante. On the contrary,
185 longer-lived AMOC vanations as found in for instance ensemble members 2, 4 and 7, impact temperaares throughout the
Morthern Hemisphere, An in-depth discussion on the underlying mechanisms is not the scope of this manuscrpt, but varnows
AMOC modes have been described previously for the JLOVECLIM model {e.g. Friedrich et al., 2000, Goosse and Renssen,
00 Kessler ed al, 20000; Kim eg al., 2021},
Because of the differences in the temperature fingerprint of the AMOC vanations between the ensemble members, we also find
200 differences in the way inter-continental temperature correlations are affected. Por a total of 7 out of all 28 possible emperature
cogrelations between our continental regions, we find a signifcant (p(l05) relationship with the amount of AMOC varability
{Figure 4), encompassing combinations of all cominental-scale regions except Antarctica and Sowth Armerica. 'We note that
theere can be two different reasons for a non-significant relationship between AMOC varighility and a given inter-continental
temiperature comelation, namely because both continents are not sufficiently affected by AMOC vanbility, or thar both conti-
205 nents are always sirongly correlated 1o AMOL variabilicy, o matier if this AMOC varighility is strong or weak, We further
vt that all significant relationships are positive relationships. meaning that an increase in AMOC variability leads o a higher
degree of spatial coherency between continental-scale regions, Given that the impact of AMOC vanabality is mostly linited 1o
the Monhern Hemisphere (Figure 3), one oould expect inter-continental temperature cormelations between continents on both
hemispheres to decrzase with stronger AMOC variability {a negative slope in Figure 4), however, we do mot fnd any such
210 relationships, neither significant or won-significan.
Combining all inter-continental relationships creates an overview of the degree 1o which the temperamire evelutions for the dif-
ferent continental-scale regions are related 1o one another {Figure 5, constructed following the approach of PAGES-2k-FMIP3,
il %) Owerall we find that the clharacieristics of AMOC-indweed temperaiure variability impacts the inter-continental tempera-
twre covanance siruciwre. 'We uge two members of the full (LOVECLIM perturbed parameter ensemble o illusirate the range of
215 possible solutions, while the resulis for all nine members of the JLOVECLIM ensemble can be found in Figure A2 Examples
of clear changes in imercontinental correlations are between the Arctic and Africa, Africa and Ewrope or for instance Asia
and Nogth Amenca. For some other regions, the correlations remain mostly bow {Antarctic, South America and Australasia),
while between other regions the coreelations are always selatively bigh (Moth America with Europe. Morh America with the
Arctic, and beiween Ewropa, Africa and Asia). Whether or not we optimize the correlations by considening possible lead-lag
220 relationships does ot lead 1o large changes {compare Figure A2 and Figure A3, The four CAMIPS last millennium simualations
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that are used for comparizon in our analysis, highlight that also for different climate models the strength of the inter-continental
temperature comelations ranges from overall low (MBI-CGCBI) to overall high (MIROC-ESM). Taking the CMIPS simula-
tions into consideration it appears that the imer-continental temperature correlations that are always low or relatively high over
the JLOVECLIM ensemble are nod a robust feature of climate models in general.

The inter-continental emperaiure correlations based on the emperaiore reconstructions yields widely varying resulis for the
different CFR. methods (Figure ). a range that is ot unlike the resulis obiained for the climate models. The CFR methods
that wse climate model input v generate the ficld reconstmciions (see method section) generally show high inier-continenial
temiperature cormelations (AM and DAY, while the CFR methods thar use observational constraints to generate Geld recon-
sirections show relatively low inter-continental emperature correlations (CCA, PCR and GraphEM ). The CFR method that is
wsed o extend the point-data o a full global coverage thus has a large impact on the resulting spatio-temposal temperature
covariance structure. Mot applying a CFR method, but using the original PAGES200 3 temperature time-series for the different
continental-scale regions (Figure &) results in lower correlations than those found 1o the resulis based on any model or CFR.
The CFRs inclede an estimate of the uncertainty by means of an 1{0-member ensemble (Meukom et al., 2009, We find that
the inter-continental correlations are impacied by how we take this uncemainty into account. We show this by comparing two
different wavs o compute the mueli-method-mean (Figare &), One can either caleulate the inter-continental correlation for
every individoal ensemble member before calculating the ensemble mean inter-continental correlations (Figure &) or one can
calculate the ensemble mean temperature wme-series per grid cell and based on that caleulate the inter-contisental correlations
{Figure Ad). In the latter approach one averages out some varability before calealating the inter-comtinental correlations, lead-
ing the overall higher muolti-method-mean sesulis.

Possibly. the low inter-continental cosrelations between the original PAGES2003 temperatune fime-senes results from the sub-
sampling of a small number of sites per continental-scale region, We test this uszing the JLOVECLIM ensemble by randomly
picking a small number of sites per region and calenlate the correlations based on that We find that depending on the sites that
are ramdomly picked, the inter-continental correlations are at best similar w those based on the full-region data, but can alsoe
b much lower (Figure A5). The lower-end resulis for some periurbed parameter ensemble members approaches the original

PAGES2003 based inter-continental correlations (Figure 6.

Land-zea contrast in temperature variability
Anpother way to compare reconstructed and simulated spatio-temporal emperature correlations are the differences in tem-
perature varabality between land and ocean at a given latiiode. Before stwdying simulated and reconsirected long-term (=30
years) land-sea emperature vanability ratios i the past vwvo millenia, we Arst investigate how well climate models and the
PAGES-based CFR compare with observational data sets for the period 18350-20060 {Figure 71 Note that in contrast with all
other analyses presented in this manescript, for this companson with more recent observations the time series are too shont 1o
wse S-vear smoothed data and instead we wse anonval mean wemperature time-series. However, the antropogenic global warm-
ing signal is rermoved by detrending the twme-series using a second-oeder polvnomial e The (LOVECLIM ensemble shows

land-sea termperature varizbility catios close o one for nearly all latiudes. The exceptions are the high latinsdes in both hemi-
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spheres at which ocean temperatare vanability dominates, and the MH mid-latitudes where continental temperature variability
is larger. The spread over the (LOVECLIM perurbed-parameter ensemble is relatively small. For the mid-io-high latitades of
bith hemispheres the CRIPS simulations and the (LOYVECLIM are in reasonable agreement, however, for the latitudes roughly
between 40°and 107in both hemispheres, the CMIPS simulations suggest musch more emperature variability over land than
ower the oceans, with valees up 1o a ratio of 2 o 3, The vwo observational data-sers thar we show here for validation, ERAS and
HadCrutd_GraphEM generally show land-sea emperature variability ratos close w anity. This is not unlike the (LOVECLIM
ensemble, but guite different from the CMIPS resulis for the latiiudes between 40 and 10F, MIBROC-ESM differs from the other
masdels and the obvservational data-sets with land-sea temperature vamability ratio values of arsund two in the low latitudes.
It is notable that both observational data-se1s are also rather different in many places. One possible canse of these differences
could be the fact that both ohservational products cover a different pervod i time (1850-2000 versus 19792009 However, we
find that this has ealy a minor imgpact (Figure AG) The cause for the differences should thus be sought in underyving method-
ological differences of both observational products.

The PAGES-2k CFR methods also show many latiiodes with land-sea temperatwre variability ratios close to unity (Figure 7).
in line with the observations and the JLOVECLIM ensemble. However, there is a substantial spread amongst the different CFR
methods amd there is a large bias in the latitade-band 3078 w0 707N in which the CFR methods show substantially more em-
perature varnability over the continents tham over the oceans. Even though both models and maost CFR methods are constructed
using observational information, this validation shows that this does not guarantee a good agreement for higher osder metrics
like land-sea ernperature varizhility ratios.

Mow we twm again to variability on longer, multi-decadal to multi-centennial, time scales (Figure 8). The {LOYECLIM ensem-
ble shows resuls for the past 20060 years that are largely comparable with the observational period. except for much smaller
land-sea temperature variability ratos for the mid-to-high latmudes of the NH. In that region. the model simulages a large impact
of the amownt of AMOC variability, resulting in ratios that range between 50K more ocean vanabality than land variabiliy,
up o 2500 more ocean variabilicy. The different CMIPS last millenniom simulations are overall in good agreement with each
other and they show resulis that are in line with CMIPS resulis for the observational period. The main difference being, in line
with the (LOYVECLIM ensemble, smaller ratios for the high latitudes of both hemispheres, indicating increased ocean temper-
ature variability relative to Lasd variability on these time-scales,

The PAGES CFR-based land-sea temperamire varability ratios for the past two millenia are again largely comparable with the
CFR-based results for the observational penod. The main difference i higher ratios in the DA-method for the mid-latitudes
of the 5H and higher ratios in both the DA-methed and the GraphEbM-method for the mid-latitudes of the NH. meaning that
in both cases land emperatire variability kas increased relative o ocean vanabality, Comparing figures Figure AT and Figure
ALt appears that the PAGES CFR-based land-sea temperature varability ratios for the past two millenia are biased high for
the mid-latitwedes of the MH becanse they undersstmate temperatere varizshility over the mid-latitude oceans.

Because of the similarities for all data-sets between the results for the observational period and the past two millenia, we sull
face a large discrepancy bevween the different model resulis, between models and the reconstructions and bevween the different
reconstruction-based CFR methods (Figure #). The main differences are ratios larger than unity for the CMIPS maodels at all
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latitades equatorward of 407, whire the ILOYVECLIM ensermble and the PAGES-2K resulis suggest values close o anity, except
for values smaller than one in the reconsiruction close o the equator. For the mid-toe-high latitedes of the 3H the models agree
quitz well with sach other with more variability in the ocean than over land, while the reconstrucied rafios are close o anity.
The main discrepancy is found in the mid-latitudes of the NH. There the (LOVECLIM ensemble shows much more variability
in the occan and increasingly so with stronger AMOC vanabality, the CMIPS resulis suggest land-sea temperature variability
ratios close 1o or just below unity, amd the CFR-based resulis show much sronger variabilioy over the continents than over the
OCEans.

It is important 10 note that these land-sea temperature varighility ratios only give information on selative differences between
temiperature varability over lamd and oceans. If we look at the individual terms we see, for instance, that the (LOVECLIM
ensemble simulates more variability both over the contiments and over the ocean for the mid-te-high latides of the NH com-
pared 1o the CMIPS simulations (Figure A7) On the other hand, the (LOVECLIM ensemble simulates too linle variability
ower botl the tropical oceans and continents (Figure AT), leading 1o land-sea temperature variability ratios in the tropics that

are wery comparable w those simulated by the CMIPS models (close o wnity y, but for the wrong reasons, The lack of opacal
climate varabality in (ALOVECLIM 32 a know bias in the model {Goosse et al., 2000}

4 Discussion & Conclusion

Wi hawe presented a periurbed-parameter ensemble of the (LOVECLIM Earth system model that is designed in order o have
a large apread in simuolated AMOC behavior in terms of magninde and frequency of centennial AMOC Aucuations. Com-
hined with the PAGES-2K temperaiure reconstructions { Meukom et al., 2009} and a selected number of CMIPS last millenniem
simulations, this allows us to discuss the potential imponance of AMOC vaniabiliy in driving centennial-scale wemporal asd

spatio-temporal emperature variability over the past tao millenia.

In the {LOVECLIM enzemble, the AMOC plays an impomant role in driving centennial iemporal temperaiure variability,
however the spatial extent of this impact differs strongly, from a segional nonhern North Atlantic impact, to a hemispheric
wide impact. Previous work has also shown elimate models in which the AMOC s an imporiant driver of centennial climate
variability (e.g. Knight et al_, 2003).

Previows studies looking at temperaiure variability in the time-domain have suggested thar climate models simuolate oo litde
varahility on multi-decadal and lenger time scales compared o prosy-based reconstructions (Lacpple and Huybers, 2014;
PAGES-2k-PMIP3A, 2001 5). Comparing the (LOVECLIM ensemble and CMIPS simulations for the past two millenia with the
PAGES-2k continental-scale emperature reconsiructions we don't find such a model-data mismatch on the muls-decadal o
mailti-centennial time seales, Given the spread in both reconstmacted and simulated continental-scale temperature variability, we
find that model and data resulis either overlap, of that the models suggest slighily more variabiliny. From our resulis and given

the large uncemainty in reconstructed continental-scale temperature variability, it is not clear if increased AMOC varability

1
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would lesd toa better model-data comparizon in terms of continental-scale temporal temperatune variability,

Increasing the sirength of internal modes of climate varability like those related to the AMOC, not only increase temperature
variahility at a given site, but it can also change the temperaure correlations beoween different continental-scale regions. We
find that for 7 out of the total of 28 possible inter-continental temperature comrelations there is a positive correlation with the
magnitude of AMOC vaniability. Moe of the inter-continental temperature correlations show a significantly negative correla-
tion with the magnitede of AMOC variability. Whether or ot we comect for possible lead-lag relationships within the sysiem
has only a minor impact on these results, This implies that, in line with previous suggestions {FAGES-2k-PMIP3, 2001 5), en-
hanced intemal climate varability, i our case deiven by the AMOC, leads to an enhance in the spatio-temporal temperature
covariance by increasing the sirength of climatic weleconnections berween regions. Previous studies have suggested that models
simualate too high inter-continental temperature comelations (PAGES-2k-PMIP3, 2015), and our results suggest that enhanced
AMOC-relaved climate variabilivy will not resolve swch a model-data discrepancy. Possibly, mechanisms of centennial climate
variability that have a moge local impact could lead 1o a decrease in the simulated spatio-termporal lemperaiire covaniance
sirectune, or perhaps a mixiwre of vanous large-scale modes of vanability. However, comparing the inter-continental temper-
ature correlations based on the (LOVECLIM ensemble, the CAMIPS models, the diferent CFR's and ihe original PAGESHIL3
reconstructions, we conclude that the spread in the resulis based on both models and reconsinsctions is so large thai we canmot

confinm the previously suggesied model-data mismarch in terms of inter-continental temperature correlations.

Ciur comparison of reconsirected amd simulated land-sea ratios o terms of emperature variability revealed large differences:
berween the (LOVECLIM results amnd the CAMIPS resulis, between the various CMIPS simulations and between the CFR's. As
a resuli, we conclude that available emperature reconstructions of the past two millenia are very uncermain and do currently
it provide consiraints on model resulis. Pam of the reason why the reconstructed land-sea ratios are 20 uncenain is possibly
because they are based on continental emperature proxies, mot directly on sea-surface temperaiure proxies. As a result, the
CFR metheds play a large role extrapolating continental aimospheric temperature onto neighboring ocean regions, Acknowl-
edging that the wemperature reconstructions reflect stmospheric temperatures over the ocean ratler than 558Ts did impaove the
maxdel-data comparison in our analysis, bat large biases remain (Figures AT and AR One can also compare the simulated S5Ts
and the CFR-based “occan temperatures’ with a data-set of actual 55T reconstructions over the past two millenia (MeGregos
et al., 2010 5), However, we fnd that the amount of reconstructed local 38T variabiliey (MoGregor et al., 2005} is roughly an
order of magnitude larger than the variability in either JLOVECLIM. CMIPS or the CFR-based temperature estimates {Figures
AlD and ALl Mote that the 35T reconstructions are a collection of individual records, not a CFR, s0 this comparison is
dione on a site-by-site basis. [n fact, compared 1o the large discrepancy with the S58T reconstructions, the [JLOVECLIM and the
CFR-based temperature estimates are in mech betber agreement with cach other (Figure A12). The mismatch we find wath the
S8T reconstructions of BMoGregor et al. (2005} seems relevant becawse some previous indications of model-data mismatches in
termis of long-termn temperataee varability were based on similar 58T reconstrections (Lagpple and Haybers, 2004). More in-
depth studies are need wo understand and resolve the differences between reconstmicted poinit-based iemperature variahility on

the ce hand. amd temperaiure variability in coarse resolution products (2-5° in this stedy), like model resulis and CFR-based
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reconstructions, on the other hamd, Our findings suggest that increasing AMOC-related climate varability does not signifi-
cantly improve the model-data comparizon of mulii-decadal to multi-centennial local ocean termperature variability.

CFR-based reconstmiciions are in reasonable agreement with each other for first order variables like continental-scale temper-
ature time series and varability. However, for higher order meinies like inter-continental temperatre correlations or land-sea
contrast, the differences berween the various CFR methods is substantially increased. The uncertainty in these CFR-based
higher order metrices is even larger when taking inio account the uncertainty within the individual CFR methods given by
the 100 ensemble members {compare for instance the inter-continental temperature correlations in Figure A3 and Figure 6).
Meukom et al. (2009) suggest 1o only use the muli-method mean over the six CFR methods, but doing 2o it would remain
unsclear how large the uncenainty of the resulting spatio-temporal temperature recomsiructions is, hampering the model-data
SO iS00

Deapite the fact that over 300 reconstrected temperaure tme series cover the past two millenia with relatively small age un-
certainties (Ahmed et al., 3013, PAGES-Xk-PMIP3, XMi13). unceriainties in the resuliing CFR's remain relatively large. This.
in combinateon with the relatively small magninsde multi-decadal 1o muli-centennial iemperatiure variations on the continental
seale (for most regions the standard deviation is below 0.2 K, leads 1o unfavorable signal-to-noise ratios and contimeing diffi-

culty w constrain climate model simulations using iemperature reconstructions of the past twoe millenia.

ABMOC variability s often thought o be a prominent plaver in doiving muli-decadal o multi-centennial climate change.
Indeed our (LOYVECLIM penurbed-parameter ensemble shows a large impact of AMOC variability on beth continental-scale
temiperature variability as well as the spatio-termporal temperatire correlations between the various continents. However, com-
paring the (LOVECLIM resulis with the PAGES-2k continental scale temperature reconstructions and a selection of CRIPS
past millenmium simulations, reveals that uncenainties in both model results and temperature reconstructions hamper our abil-
ity 1o determine the importance of AMOC variability for the climatic evolwion over the past bwo millenia from large-scale
diagnostics as the one applied bere. It thus remains unclear which magniude of AMOC vanability would lead 10 a betier

agreement berween simulated and reconstrecied temperateres for the past two millenia.

et availehility. The iLOVECLIM perturbed phiysics ensembde climate model cutput is available through the ZENQODD repository ander
DO 10528 Lrenoda. 6675429 or using the URL: bitps:doiarg 10,528 Lizenodo 4675419

Arrhor cortributions. PR designed the study and performed the climate model experimends. PB, HG and DE analvaed the resulis and wenote

1he manuscTipd.
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Figure 1. Temperature varahbility (standard deviabion in K} for differest continental regeons. Showen are the nane (LOVECLIM ensemble
meemibers (left), resalts for the CMIPS simulations (middle), ensemble means for the six different CFER-based results from the PAGES-2k
data-set {righ; Meukom et al., 20019) and the lemperature variabdlity based on the original PAGES-2k time-series (Ahmed et al., 2013) for
the combinental-scale regions for which this data is available. For Morth Amersca, bath the pillen-based and tree-bazed resulis are shosm. For
the CESM resulls we show the mean of the standard deviation over the ensemble. Mote the different yeaxis. A 50-year Butterworth filler was
appleed o all resalts except for the original PAGES-Tk time-senes which are 30-year averages.
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Figure 3. Far the different ensemble members, the correlation factors (kefl-hand maps) between prid-based temperature time-series ad (e
AMODC anomalies (maximum avertuming stream-function in Morh Atantic below: 500 m) are shiwn. These are lagged oomelations on a

grul-cell basis. Alzo shivam are the time-series of the AMOC (right-hand line-plolx with units in Sv) with the AMOC sandard deviation in

the top-left.
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Figure 5. Imler-continenial temperature correlations for (LOVECLIM ensemble members 1 and 2, asd for the CMIPS last mallenninm simu-
lations, For the CESM results ensemble mean values wene Arst calculated per grid cell before calculating the infer-continental commelalions.
The iLOVECLIM results shown here are lagged correlations. See Figure A2 for the results of all iLOYECLIM ensemble members and see

Figure A3 for the non-lagged correlations.
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oinrelalions are calculabed for every ensemble member., after which the resulis are averaged for a single CFE. The multb-method-mean of
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Figure 7. Zomally averaged conirast i land-ocean temperature varahilily as a finction of latitde over the observational period {18500},
Atmamsphieric Z-m lemperatures aver the oceans are used o calculabe acean temperature varabality. Resulls are shoswm for the 9-members
perturbed-paraneter iLOWVECLIM ensemble (numbers | o9 i fop panell, o four different C3IPS last mallenninm simulabons (iop panel)
and ke resulls for the six different CFE methods {lower pamel). For comparizson, in bodh panels resulls are shown for the ERAS amd Had Cnsd
abservational data sels. Note that the ERAS data-sel covers only the period 1979 1o Y. Grey {(oodored) shading in the top (hwwer) panel
shwrars the 1-sigma mnge of all CESM (CFR) ensemble members. Mote thal the y-axis scale in the right-hand pamel is non-linear with for

imnstance 1/1.5 or 152 meaning that there s 50 or 1009 more variahility over the ocean than there is over the conlinenls.
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Figure B. Simulated (left) amd reconstirected (right) zonally averaged contrast im land-ocean temperature varizhility as a fonction of latiode.
Atmaspheric 2-m lemperalures gver the oceans ane used b calculate simulated ocean temperature variability. In the kefi-hand panel resulis
are shown for the 9-members perturbed-parameter (LOYVECLIM ensemble (numbers} and for four differemt CMIPS simulations for the Lt
IDHMD years. Girey shading shows the 1-sigma range of all CESM emsemble members. The right-hamd pamel shivwas for all six different CFR
metbids the |(kmember 1-spma range. Note that the v-axis scale is non-linear with for indance 1715 or 152 meaning that thene is 5065
o 1S mwwe variability over the ocean than there is owver the continents. Add CESM 1o kegend m lefi-hand panel. The correspomding
lemperalure variahility over the continents amd over the ooeans can be found in Figure AT (model resulis) and Figure A% {reconstmclions).
The carrespimling figure showing the simulated resalts when using 35T's instead of atmospheric 2-m lemperatures aver the ocean can be
found in Figure AR,




DiffPDF « /home/pepijn/ownCloud/MyPublications/Bakker_2K _internalvariability/LatexVersion_finalversion/

Arctic
Asig

Europe
Africa

Australasia

m m
iy
£ 1
mn E
= =
o B
5
[=)
A

“igure Al. Definition of the continental-scale regions thal are used in the analysis. Shown here is the iLOVECLIM grad.

Morth America

Appendix A: Appendix




DiffPDF « /home/pepijn/ownCloud/MyPublications/Bakker_2K_internalvariability/LatexVersion_finalversion/

Experirmeznt 1 Experiment 2 Experiment 3 i
hrarcics
Louth Americs ® - na
Mt America
b -
ro. 04
AUSCTakaES
Eunpi 02
Mrics
L]
Experimant 4 Expariment 5 Experiment & T
Antantics
-
Sauth Ameris * b oa
Morth America
Hrrhe e
Agla 04
Aiistralasis
Eurzpe ad
Mrica
i
Experirmeent T Experiment 8 Experiment 9 ks
Ararciics . >
Eauth Americs 08 [AMOC std
MEh America
2.5
i s | @
L]
fil ] a
AUSLTakasa .
Euing 03
pe ®  1.5{5
Mrics
filH]
’!33-,‘5“-'§E3 EEE-"‘"E%E EE!”"EE!
ﬂggi‘i; ] §==521 g E“‘E’E:si
! [ T] =W E 7]
Tgs & ez § Tgs E;
g2 g £ g2
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Figure Afi. Zonally averaged contrast in ohserved land-ocean lemperature variability as a function of latibmde for different observational
persds. The full observational persaod for HadCrod (red) is 1850-2013 amd for ERAS (dark blue) 197%2014%. Shown far comparison ane the
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Figure AT. Simulated zenally averaged comirasl m land-pcean lemperature vanahility a= a function of latitude. Depicted are commental
variahility {left-hand column), ocean vanahiliy (middle cidumn) and the ratse of commental aver ocean variability (right-hand-column).
Armaspheric 2-m temperalures over the oceans are used o caleulate simulaled ocean lemperabure varnabalny. Resulls are shown for the
t-members perturbed-parameter {LOVECLIM ensemble {colars) amd for three differem CMIPS smmalations for the last 1000 years. Grey
shading shows the 1-sigma range of all CESM ensemble members. Mobe that the y-axis scale in the right-hamd panel is mon-liear with for
imstance /1.5 or 142 meaning that there s 500% or [P more varahility over the ocean than there is over the conbinents.
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Figure AR Simulated zenally averaged conirasl m land-ocean lemperature vanahility a= a function of latitude. Depicted are commental
variahility {left-hand column), ocean vanahiliy (middle codumn) and the ratse of commental aver ocean variability (right-hand-column).
E5Ts are used 1o caboulale ocean lemperature varizhility, Resulls are shown for the %=members perburbed- parameter iLOYECLIM ensemble
{ookns) and for three different CMIPS simulatsons for the last 100 years. Grey shading shows the L-sigma range of all CESM ensemble
members. Mode that the y-axis scale in the right-hand panel is non-linear with for instance 171.5 or 172 meaning that there is 500 o 10FR
mwwe variability aver the ocean than there is awer the conlinenis.
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Figure A% Reconstructed zonally averages contrast in land-ocean lemperalure varizhility as a function of latiode. Depicted are comtmental
variahility {left-hand column), ocean vanability (middle codumn) and the ratse of comtinemal aver ocean variahility (right-hand-columnj.
Resuls showw for all six differemt CFE methods the |kmember 1-sigma range. Mole that the y-axis scale is non=linear with for instance 1/1.5
ar 112 meaming that there s 500 ar 1 0F mone variahility over the ocean than there is over the continents,
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Figure ALR Local Ocean2K (McGregor et al. 2005) 55T vanakality versus PAGES-Tk data (Neukom et al., HEY) eemiperature vanabality at
same sites for the different CFR metbods.
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| Figure A 12 Local temperature variability in the PAGES-Zk dalasel (Meukom et al. 2009]1 versus simulated JLOVECLIM 55T variabaliy at
| Oeean2K locations. For the PAGES- 2k dataset the six different CFR metheds are shown in the imdividual pamels. The vertscal bars in the
| panels shoacs the range of simulated JLOVECLIM variabality over all ensemble members.
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Tubde AL For the individual experiments of the perturbed-parameter ensemble of iLOWVECLIM, the values of the 10 perturbed paramelers
are given. Mole thal experiment | is the defanlt. More information on the parameters is given in Table AZ

Exp. corAl  corAS  corAM  ampwir expir relbmax eviac albcoef  albice avkh

1 125 HAL(BS -.OBS 1.0 04 L83 (K] (.95 (.44 L.50E-5
0.1 4136  -(LORS 1.0 0.4 53 LAk (.95 (.44 1.50E-5

B

=01 AL136  -).0BS (.51 .52 LGE n9g .52 (.41 BS3E-6
=01 AL136  -[.0BS [L.BS 022 (LK .55 (.96 .43 BSIE-G
0.1 AL136  -[.OBS 0T n2zw &2 [L56 .92 (.36 1.BE-3

£ 25 .11 411 .51 .52 LGE D98 .92 (L] B.53E-6
£ 25 B AR5 (.59 24 LEG nav 1.03 (.41 LANE-5
A 25 ik S LI 074 .52 (LB a4 1 042  IATE-H
A1.25 BELL AL0% (.55 041 {LEE 051 .54 LU L1E-f
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