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Abstract. We investigate the spatial and temporal char- spheric circulation (e.gHibler and Johnserl979 Mann et
acteristics of multidecadal climate variability in the North al., 1995 Cook et al, 1998 Delworth and Mann200Q Dima
Atlantic realm, using observational data, proxy data andand Lohmann2004. The signature of multidecadal vari-
model results. The dominant pattern of multidecadal vari-ability has been detected in observed sea surface temperature
ability of SST depicts a monopolar structure in the North (SST) data in the North Atlantic realr®éser and Blackmagn
Atlantic during the instrumental period with cold (warm) 1993 Kushnir, 1994. It has been speculated, that the SST
phases during 1900-1925 and 1970-1990 (1870-1890 anfdlom the North Atlantic Ocean follows a quasi-periodic cy-
1940-1960). Two atmospheric general circulation modelscle with a time scale of 50-80 yea®dlworth and Mann

of different complexity forced with global SST over the last 200Q Enfield et al, 2001). During the extreme phases, the
century show SLP anomaly patterns from the warm and coldentire North Atlantic Ocean is dominated by monopolar SST
phases of the North Atlantic similar to the corresponding ob-anomalies. Significant climatic anomalies like anomalous
served patterns. The analysis of a sediment core from Carirainfall and river flows are detected over the North American
aco Basin, a coral record from the northern Red Sea, andontinent Enfield et al, 2001) or a deepened Aleutian Low
a long-term sea level pressure (SLP) reconstruction reveals the North Pacific Minobe, 1997). Additionally, strong
that the multidecadal mode of the atmospheric circulationmultidecadal variations are found in global temperature time
characterizes climate variability also in the pre-industrial era.series Folland et al. 1984 Schlesinger and Ramankutty
The analyses of SLP reconstruction and proxy data depict 4994 and a global network of paleo-climate datann et
persistent atmospheric mode at least over the last 300 yeara)., 1995. Other paleo data time series also indicate strong
where SLP shows a dipolar structure in response to monopovariability in the North Atlantic region at multidecadal time
lar North Atlantic SST, in a similar way as the models’ re- scales flahasenan et al1997 Baliunas et a].1997 Sha-
sponses do. The combined analysis of observational antlalova and Webe1l999 Lohmann et a].2004 Fischer and
proxy data with model experiments provides an understandMieding, 2005. All these studies suggest the existence of
ing of multidecadal climate modes during the late Holocene.a long-term variation of the climate system, referred as At-
The related patterns are useful for the interpretation of proxylantic Multidecadal Oscillation (AMO)@elworth and Mann
data in the North Atlantic realm. 200Q Kerr, 2000.

Related to multidecadal variations, one pronounced cli-
mate shift has been detected at the end of the 1960s to the
early 1970s worldwide, where the North Atlantic SST shifted
from a warm into a cold phase. This shift was strongly corre-
Observed surface temperature data over the last century d&&t€d with the Great Salinity Anomaly in the North Atlantic

Dickson et al.1988. SST changes, associated to this shift,

pict strong variability at interannual to multidecadal time iod by ch . level SLp
scales. There is evidence that the global climate system con€re ac;:ompanle ch Enghes in the sela evle pressure ( ) )
tains modes of climatic variability operating on decadal to pattern irom anomalous high to anomalous low pressures in

multidecadal time scales involving temperature and atmo-ihe northem North Atlgntlc. ) ) ] )
The purpose of this study is to investigate the spatio-

Correspondence tK. Grosfeld temporal structures of temperature and sea level pressure in
(kgrosfeld@awi-bremerhaven.de) the North Atlantic realm at multidecadal time scales as seen
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40 K. Grosfeld et al.: Multidecadal variations in the North Atlantic realm

in instrumental and proxy data. The emphasis is on decombecause they flank our region of interest, the North Atlantic,
posing this pattern and clarifying the atmospheric responsé¢o the west and east, and hence, they do provide insights in
to long-term persistent SST forcing. The analyses of obserNorth Atlantic climate variability. The temporal high resolu-
vational and proxy data in this respect are combined withtion of the time series provide in addition a good data quality
model studies that we performed with two Atmospheric Gen-for statistical and cross-pattern analyses. We make use of
eral Circulation Models (AGCMs) of different complexity.
In this way, dominant signals of multidecadal variability in () A 250-year coral record from Ras Umm Sidd, Egypt
observed and proxy data of the North Atlantic realm can be  (27.5N; 34.18 E), in the northwestern Red Sefee(is
attributed to changes in SST forcing. et al, 2000. Coral growth is influenced by temperature
The paper is organized as follows: Used data sets and the and salinity of the sea water which is incorporated into
chosen model approach are shortly described in Sect. 2. It ~ the skeleton of the coral in form of the isotopic species
is followed by a discussion of the signature of North Atlantic of oxygen (the ratio of®0/*°0, reported a$*®0 re-
multidecadal variability as recorded in several proxy datasets ~ SPectively).
(Sect. 3). Instrumental data is analyzed in order to describe, ..
the associated pressure patterns to the North Atlantic SST(”)
multidecadal variations of two AGCMs of high and inter-
mediate complexity. Section 4 provides a discussion of the
proxy data and model results and draws conclusions from
this study.

The second time series is a sediment core originating
from Cariaco Basin (64.64V; 10.5° N) (Black et al,
1999, a large and deep ocean basin located on the con-
tinental shelf of Venezuela. Varved sediments that ac-
cumulate within the bottom anoxic waters provide a
detailed record of annual to decadal climate variability
over the last 800 years.

2 Data and methods . )
(iii) An SLP reconstruction over the North Atlantic realm

2.1 Instrumental data (30° W-40 E; 30 N-70° N) is based on the combina-

tion of early instrumental station series (pressure, tem-
The investigation of the North Atlantic multidecadal variabil- perature and precipitation) and documentary proxy data
ity of the instrumental period is based on two observational from Eurasian sites and covers a time span of 340 years,
data sets: an updated (1856—2000) version okihglan et starting from 1659I(uterbacher et a12002.

al. (1998 monthly reanalysis of global SST anomalies su- _
perimposed onto the global SST climatology (GISST data(iv) We make use of the temperature recon;trucnon for the
set) given by the Hadley Centre for Climate Prediction and ~ annual mean oMann et al.(1998 covering the past

ResearchRayner et al.1996. We use the GISST data set centuries. The multiproxy network utilized dylann
instead of the latest HadISST versidRayner et al.2003 et al. (1998 consists of a combination of annually-
because already existing simulation results of an AGCM en-  resolved proxy indicators (dendroclimatic, coral and ice
semble integration with three membemme et al, 2000 core records) combined with the few Iong available his-
are included in this study. torical and instrumental climate records. In our study

In addition, an updated SLP data set over the North-  We use data for the period 1730 to 1980 (251 years) for
ern Hemisphere for the period 1899-199%enberth and the North Atlantic region.

Paoling 1980 is used. Both SST and SLP fields have a hori- ) ] ) .
zontal resolution of 5x5°, respectively. For all analyzes, we 2-3 Atmospheric General Circulation Model Experiments

restrict on winter (December, January, February: DJF) fields, ) h ion b q h
because in this season the atmospheric teleconnections aTQ investigate the connection between SST and SLP on the

strongest. multidecadal time scale, we performed model studies with
two AGCMs of different complexity.
2.2 Proxy and ear|y instrumental data One model used in this study is therable Lhiversity
Model of the Amosphere (PUMA) developed at the Univer-
To analyze the pattern variability of multidecadal North sity of Hamburg Fraedrich et a).1998 20053. PUMA is
Atlantic SST from the instrumental period into the pre- designed to be as compatible as possible with the comprehen-
industrial era, four different proxy and historical data setssive AGCM ECHAM (European Centre HAMburgRr6eck-
were included into the study. A thorough overview about pa-ner et al, 1992 and belongs to models of intermediate com-
leoclimate proxy data covering the last millennia is given in plexity (Claussen et 3l2002. PUMA is a presursor of the
Jones and Manf2004). The two proxy records Ras Umm Planet SimulatorKraedrich et a).2005hc), an Earth system
Sidd, northwestern Red Sea, and Cariaco Basin, are not irmodel of intermediate complexity to investigate climate and
cluded in the analysis afones and Man2004 and also  paleo-climate simulations for time scales up to millennia in
not in theMann et al.(1999 temperature reconstruction. In acceptable computational time. In the present study, PUMA
this context, the data sets are new. We choose these data sétsntegrated in T-21 spectral resolution, corresponding to a
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Gaussian grid of approximately 5.628 horizontal direc- regime, the spread between the ensemble members is dif-
tion. Five equally spaced, terrain-following sigma-levels areferent. For globally and Atlantic-only forced experiments,

used in the vertical. the spread of the model response over Atlantic is small com-
The dynamical core of PUMA is based on the multi-layer pared to Pacific-only forcing. For the current study, we apply
spectral model proposed Wyoskins and Simmon&l975. only three ensemble runs to be based on the same spread for

It numerically integrates the moist primitive equations con- the evaluation of the model results for both experimental se-
veniently formulated in terms of the vertical component of tups, ECHAM and PUMA. The 20-ensemble member results
absolute vorticity, the horizontal divergence, the tempera-with PUMA are similar with the 3-ensemble member results
ture, the logarithm of the surface pressure and the specifishown here.
humidity. The equations are solved using the spectral trans-
form method Qrszag 197Q Eliasen et al.1970. Physi-
cal processes which are not explicitly resolved are paramez o
. : . . ; esults
terized using schemes of intermediate complexity. The sur-
face fluxes of moisture, heat and momentum are based on ) o
bulk formulas. The radiation uses a one-band approxima=-1 Multidecadal variability in proxy records and SST re-
tion for the long-wave part and a two-band approximation constuctions
for the short-wave part. Large-scale precipitation for super-
saturated air and a Kuo type convective precipitation schemd he coral record from the northern Red Sea (Ea).as well
(Kuo, 1965 1974 complete the atmospheric water cycle. &S the sediment core from Cariaco Basin (Fig) show en-
Clouds are formed diagnostically based on the relative hunanced variability with time scale 50-100 years over the last
midity. The parameterizations for the land surface and themMillennium. According toFelis et al.(2000, the Red Sea
soil include the calculation of temperatures for the surfacecoral shows a dominant quasi-periodic component at about
and the soil, a soils hydrology and a river transport scheme?0 Years, consistent with the low frequency component (band
The former version of PUMA, which was based on dry dy- Pass 50-100 years in the Fourier domain) shown in Fag.
namics where moisture is not explicitly considered, has beerf is time series shows also enhanced variability at 22-23
extensively applied for the evaluation of storm tracks andYears and 5.7 years, linked to the Arctic Oscillation/North
baroclinic life cycles Frisius et al. 1998 Franzke et a).  Atlantic Oscillation (NAO) and El Nio Southern Oscilla-
2000. In the recent version this deficit has been improved.tion (ENSO) felis et al, 2000 Rimbu et al, 2001 Felis et
It successfully simulates glacial climateRagmanova et al.  al. 2004. A singular spectrum analysis for the Cariaco sed-
20063 as well as it was used to investigate extreme climateiment record depicts pronounced periods of 67, 83, and 120
states such as snowball EarRomanova et al2006h). years [ohmann et al.2004), consistent with the time series
Furthermore, we perform a twin-experiment between °f low frequem_:y variations as shown in Fip. Variations _
PUMA and the comprehensive AGCM ECHAM®RGeck- below the multidecadal to century-scale frame are found in
ner et al, 1996. The ECHAMA4 integrations are performed the interdecadal to decadal-scale baBtack et al, 1999
on a T-42 grid with 19 vertical level\tpe et al, 2000). Dima et aJ 20059. The correlation between the filtered Cari-

The experiments performed cover the period 1903 to 19943¢0 Basin and Red Sea_\ time seriei 'S®:84 for the com- .
They are forced with the monthly global ice, sea surface tem-"°" 250 years, exceeding the 97.5% significance level. Sig-

perature (GISST) dat&@yner et al.1996. Since SST vari- nificance of filtered time series is estimated by dividing the
ability captures most of the climate forcing in a certain way, length of the time series by the filter high frequency cutoff for

CO, concentration of the atmosphere and solar irradiation iscalculting the degree off freedom (e.g<6.05 for DF-3).

kept constant to present-day conditions over the whole inteHOWever, we note the .intrinsic Iimitatiop of th'e shortness of
gration period (model experiments show about no differencethe data series, especially for observational time scales.
when forced with observed GQevel of the atmosphere). We ~ We perform a correlation analysis of these two time series
run the models in a 3-member ensemble mode and discug4ith reconstructed SST data over the North AtlaniiaOn et
the results in terms of the ensemble mean patterns. The nundll» 1998 in the multidecadal band (50-100 years). Although
ber of ensemble members was chosen according to the exist?® Mann et al.(199§ data are mainly derived from land
ing number of computer-time consuming ECHAM simula- data, they are calibrated against the nearly continuous avail-
tions. For PUMA, a bigger number of ensembles members@ble land air/sea surface temperature grid-point data from
would be possible; e.g. Grosfeld et al. (200@pplied 20 en- 1902 onwards. For this period the Atlantic is fully data cov-
semble members to investigate the role of different oceani@red from about 30S to 70'N (comp. Fig. 1b ofMann et
basins as forcing for the AMO. Depending on the forcing @l 1998. The reconstruction method and data base allows
for a backward reconstruction of surface temperature back
1Grosfeld, K., Lohmann, G., and Rimbu, N.: The impact of At- t0 1760 in a largely indistinguishable skill. Earlier periods
lantic and Pacific Ocean sea surface temperature anomalies on tislffer under sparseness of data and reduced reconstructive
North Atlantic multidecadal variability, Tellus, submitted, 2007. skill. Nevertheless, our study does not aim to judge about
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Fig. 2. Correlation map between gridded North Atlantic sea sur-
face temperaturé{ann et al, 1998 and proxy time series frora)
Fig. 1. Time series fron{a) a coral (winter data) from the northern northern Red Sed-¢lis et al, 2000 and(b) Cariaco BasinBlack
Red SeaRe”S et a|r 2000 and(b) from a sediment core in Cariaco et al, 1999 for the period 1750-1980. Absolute correlation values
Basin Black et al, 1999 indicate multidecadal variations. The data €xceedingt+0.65 fit the 90% confidence interval. Prior to correla-
is detrended, normalized and shown in raw and 50-100 year bantion the data is detrended, normalized and Fourier filtered in the 50
pass filtered version. years to 100 years frequency band. The proxy locations are indi-
cated by circle, respectively.

fjata quallty, we only take the data as a poss_|ble SOUrce he time series are not sensitive against the cut-off frequency.

investigate AMO beyond the observational period. We performed several tests with the high frequency limit and
The correlation analysis shows a quasi-monopolar patterghoose it to be below the 60~70 years multidecadal band and

with high coefficients over the entire North Atlantic. The pigher than the decadal/interdecadal band. Test on different

oxygen isotope time series from the northern Red Sea isow-cut frequencies (35, 40, 45 years) show similar results
highly positive correlated with SST anomalies over the en-than that for the 50 year low cut.

tire North Atlantic (Fig.2a). The significant anti-correlation

of the Cariaco time series with North Atlantic SSTs (RI) 3.2 Multidecadal variability in reconstructed sea level pres-
suggests that the multidecadal mode is documented in Cari-  sure

aco Basin, consistent with enhanced variability of the record

at multidecadal time scale (Figb). Prior to the analysis, the Along with SST, sea level pressure over Northern Hemi-
data (SST-field and proxy time series) are normalized andphere depicts multidecadal variations on long time scales,
band-pass filtered (band pass 50-100 years in the Fourier dalso. The first EOF of the low-pass filtered SLP data (8&j.
main). The data processing is necessary to make the diffrom a reconstruction reaching back to 1658terbacher et
ferent time series and data sets comparable and to isolata., 2002 explains 46% of the variance. It shows an NAO-
multidecadal variability from higher frequency fluctuations like dipolar pressure pattern over the North Atlantic and
such as interannual or decadal variability. Beyond 100 yearsyestern Europe, with negative anomalies over the Nordic
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Sea and positive values over Western Europe. The corre-
sponding principal component (Figb) indicates decadal to
multidecadal variability and is highly correlated with the low
frequency component of the NAO index. The spectral analy-
sis of the original, unfiltered time series based on multi-taper
method (Fig.3c) depicts three peaks at about 7 years, 14
years, and 84 years, respectively, whereas the 7 years and 84
years peaks exceed the 95% significance level. The 84 years
component is comparable with the low-pass filtered signal
shown in Fig.3b.

(a)

3.3 Multidecadal signature over the observational period:
observations and model results

During the observational period, the North Atlantic SST
shows pronounced multidecadal variabili§chlesinger and
Ramankutty 1994 Delworth and Manp2000. An SST in-
dex (60 W—=0° W, 0° N-60° N) constructed from th&aplan

et al. (1999 data set for the entire North Atlantic indicates
warm phases during 1870-1890 and 1940-1960 at multi-
decadal time scales. These periods of warm SSTs are in-
terrupted by cold phases during 1900-1925 and 1970-1990
(Fig. 4a). Figuredb displays the difference between ob-
served SST patterns over the North Atlantic between the
warm phase 1940-1960 and the cold phase 1970-1990. Dur-
ing these extreme phases, the entire North Atlantic is domi-
nated by monopolar patterns with positive and negative tem-
perature anomalies relative to the climatological mean state.

A statistic t-test is applied to indicate the significance of the
anomalous pattern at the 95% confidence level (Egiel

and Farrell2000. The statistic test compares the anomalous
pattern against the climatological mean anomaldyzero), c)
based on the hypothesis that the variance of the multidecadal
fluctuation is significant compared to the decadal band vari-
ability. Interannual variations are suppressed since multi-
decadal variations modulate the interannual band but do not
exceed its variance (Figla). Hence, the monopolar SST
pattern over the whole North Atlantic is significant at 95%
confidence level for the warm and cold phases (#ig.

The ECHAM4 integration shows an extended monopolar
SAT pattern over the North Atlantic (Figc) comparable to
observations. The band of low anomalous amplitudes in the
subtropics in observations (Figb) is exaggerated in the en-
semble mean of the ECHAM simulations (Fig) and de-
picts a band of negative anomalies. However, the amplitud
reduction occurs in the same region compared to observ
tions. Over the continents, high regional variability with lo-

(b)
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Fig. 3. EOF analysis of gridded sea level pressure dataef-
é)acher et a).2002 covering the period 1659-2000a) EOF1 ex-
aglaining 46% of the variance(b) Principal component of EOF1
in raw (dotted) and 50 year low pass filtered (solid) versidao)
Spectra based on white noise null hypothesis, with lines indicating

cally reversed sign and strong amplitudes is detected. The .qian and significance levels.

PUMA integration (Fig.4d) depicts similar results over the

North Atlantic, but over land a much smoother and regular
pattern, a result of the coarser resolution and reduced physics
in PUMA as compared to ECHAM.

43

and Jones2005, compared to Figsdb, ¢, d. Compari-

Concerning SAT over land, our model results fit to obser-son with the ECHAM simulations shows good agreement.
vations for the most part. Figuigeshows the same anoma- The negative anomaly over central Europe with extension

lous pattern (warm-cold) for the CRU-TS2.1 dakditChell
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Fig. 4. (a)Index of North Atlantic SSTKaplan et al. 1998 (dashed line) with 21-year running mean filter (solid line). Difference between
warm phase 1940-1960 and cold phase 1970-1990 of North AtMtBST Kaplan et al. 1998 and(e) SLP (Trenberth and Paolino
1980 from observational data, ensemble mean of ECHAM simulation&cjBAT and(f) SLP, and ensemble mean of PUMA simulations
for (d) SAT and(g) SLP. Units are given ifC and hPa. Contour interval is 0d and 0.25hPa. Shading indicates significance at 95%
confidence level, according to a t-test statistics.

as the positive anomaly over the eastern Mediterranean Sea west is given in ECHAM and in the observational data.
and northern Arabian Peninsula. Over America, a transitionThe courser resolution PUMA model can not capture the
from positive to negative anomalous temperatures from eastmall scale features as ECHAM does, but the general pattern
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is also represented. Negative anomalous temperatures ove SAT DJF WARM(1940—1960) — COLD(1970—1990)
western America change to positive temperatures at the Eas 3" SIS~ \\ :
coast. The not resolved separation of SLP into two centres /N gFe=ss "
over the Atlantic and Europe/Africa, as obvious from obser- 60N
vations and in the ECHAM model, yields to an extension 50N
of the positive anomaly over Europe. The negative anomaly <on -
over Africa is similar to the ECHAM results. We conclude 3o N
that a comparable SAT pattern to observations can be mod-son{
elled with given global SST data by AGCMs. The quality of
the model result depends on the model resolution and degre« | ‘ ‘ ‘ , ‘
of complexity. 120W 100w BOW  80W  40W 20w 0

Associated with the SST anomalous pattern, the SLP pat- T —
tern (Trenberth and Paolind980 shows a coherent large- T o4 o1l S8 205 502 S0 04 02 05 08 11 14 17
scale distribution (Figde). Over the northern North Atlantic
(e SLP anomalies dominate the Azores area and soutneri S, ATOMEous warm — cold SAT (same s for Figh . 9

. > ) . Bver land, derived from CRU-TS2.1 monthly climate observations

Europe while positive SLP anomalies prevail over Iceland(MitcheII and Jone2005.
and northwestern Europe during the warm phase of the North
Atlantic. A reverse pattern occurs during the cold phase of
the North Atlantic Ocean. The ECHAM simulations yield a js composed of different forcing regions, namely the Atlantic
dipolar pattern in SLP (Figdf) over the North Atlantic with  and Pacific Ocean. In this respect, the model results shown
positive anomalies over northern and north-eastern Nortthere describe the dominating pattern over the north Atlantic
Atlantic and negative anomalies over the subtropics. Posirealm which can be extended to the past, when forcing the
tive anomalies advance further south along the western Eumodel with longer global SST data.
ropean coast, compared to observations. The PUMA re-
sults (Fig.4g) show quite similar patterns in comparison 3.4 Long-term persistence of the multidecadal signature
with observations. A dipolar pattern is detected, although
the transition from positive to negative anomalies is locatedThe correlation between two independent proxy data sets
more northward and the two significant regions of anoma-from different locations of the North Atlantic realm (Cari-
lous low pressure over the subtropics and central Europ&co Basin and Red Sea,+9.84 for the last 250 years) sup-
are connected in the ensemble mean response. The globpbrts a hemispheric mode suggestediager and Blackmon
mean variance of the different realizations and the ensem(1993. The analyzed records on centennial time scales en-
ble mean for the ECHAM and PUMA simulations are in the able a reconstruction and projection of multidecadal signals
order of 0.7C and 0.83C, 1.4hPa and 1.2 hPa, respectively. such as the basin-wide North Atlantic temperature into the
A dipole-like pattern with Icelandic and Azores centers of past. Our analysis of a long-term SLP reconstructlantér-
action arises, which has been detected for the multidecaddlacher et a).2002 shows the Atlantic dipole pattern as per-
North Atlantic mode Kushnir, 1994). sistent modulation of the North Atlantic atmospheric pres-

For our analysis, we choose the period 1903-1994, besure dipole on multidecadal time scales for the last 340 years
cause for this period AGCM integrations with the complex (Fig. 3b).
ECHAM4 model were available for the inter-comparison of The relation between North Atlantic SST variability on
the model results. We performed additional new model sim-multidecadal time scales and the corresponding SLP pattern
ulation for the same period with PUMA to demonstrate the over the North Atlantic realm over longer time scales can
persistence of AMO in different model approaches. Aim of be clarified through correlation between Cariaco Basin sedi-
this study is not the demonstration if the AMO can gener-ment core time serie8(ack et al, 1999 and theLuterbacher
ally be simulated. This has already been done by differentet al.(2002 SLP reconstruction. The common time window
authors Delworth and Mann2000. Our study compares covers the last 332 years starting from 1659. Prior to the
the spatial and temporal characteristics of multidecadal cli-analysis, the data are filtered in the 50 years to 100 years fre-
mate variability in the North Atlantic realm from different quency band. This procedure excludes higher frequency vari-
methodological approaches. Puma simulations covering thability such as decadal or annual ones, but also reduces the
whole observational period (1856—2000) and going beyondlegree of freedom for the significance test (332 yr/50 yr filter
the pre-industrial period are also performed on the basis o7 degrees of freedom) for the pressure maxima. We found
the Kaplan et al. (1998) data set. The results are discusseithat the resulting correlation map reveals a pattern with coef-
by Grosfeld et al. (200%)in detail. These results show an ficients exceeding the 95% significance level for the maxima.
extension of the AMO for the period 1856—2000. The signa-The correlation map (Figéa) shows a clear dipolar pres-
ture of AMO is not alone dominated by the North Atlantic, it sure pattern over the North Atlantic with high pressure over
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pogenic contamination of the forcing data has only minor
impact on multidecadal time scales.

The Cariaco time series suggests a weaker multidecadal
variability of the North Atlantic temperature during the
1550s to the 1650s period as well as during a period of
about 100 years centered around the 1350s, which is prob-
ably linked to the onset of pronounced cooling phases dur-
ing the last millennium (Figla). An anomalous cold phase,
known as the Little Ice Age, began with dramatic cooling
around 1560 after global climate experienced a brief warm-
ing period between 1460 and 1560. This is also consistent
with a sea-salt aerosol record of a Greenland ice core for the
last 1000 yearsHischer and Mieding2005, attributing sea-
salt concentration variations to shifts in storm track activity,
which are linked to changes in the North Atlantic pressure
gradient.

70N

6ON{

50N | 4 Discussion and conclusion
Motivated by proxy data which clearly indicate multidecadal
variations, we analyze the North Atlantic multidecadal vari-
: ability using observational data, general atmospheric circula-
SN ; ; , ; ; tion model experiments with two AGCMs of different com-
plexity (ECHAM4 and PUMA), as well as proxy data. The
overall goal of this study is the identification of the AMO
Fig. 6. (a)Correlation map between proxy time series from Cariaco signature in different data archives and to connect the analy-
basin Black et al, 1999 and SLP reconstruction data over North gag by means of physical interpretation revealed from model
Atlantic (Luterbacher et 812002 covering 332 years starting from study results.
1659. Correlation values exceediaf.65 fit the 95% confidence . .
Instrumental and proxy data show persistent multidecadal

interval. (b) Same as (a), but excluding the anthropogenically in- .~ .
fluenced period after 1859. All data is detrended, normalized and/arnations over the North Atlantic reaim for the last 300

filtered in the band of 50 to 100 years prior to the analysis. years, represented as monopolar SST and dipolar SLP pat-
terns. The correlation analysis of the Atlantic-European SLP

(Luterbacher et 812002 and the long-term reconstruction of

the oceanic upwelling regim&lack et al, 1999 reveal that
southern and western Europe and low pressure over northye gominant pattern of multidecadal variability projects well
ern Europe and the Norwegean Sea. This NAfe pattern o, the SLP pattern associated to North Atlantic multidecadal
is associated with a cold Atlantic Ocean (comp. Corr3|at'°nvariability.
of Cariaco Basin record with SST reconstruction, Fp). Observational data and model results over the last 150
Since the centers of pressure variations are different to th?/ears enable a common discussion of patterns typical for
NAO (compare also 1. EOF dfuterbacher et 82002 in 1 jtidecadal variability. Both data sets depict a clear climate
Fig. 3a), the Atlantic mult!decadal mode; isa dlstlnct feature, ghitt in surface temperature (SST respectively SAT) and SLP
but modulates the NAO index on multidecadal time scalesyaterms in the 1970s. The North Atlantic is characterized

The high correlation between the sediment record and th,y 4 quasi-monopolar surface temperature pattern associated
SLP pattern suggests that multidecadal SST variations ovey;ith dipolar SLP structure. A warm North Atlantic, as it
the North Atlantic could b(_e an impc_)rtant forcing factor for |\ 5< the case in 1860-1880 and 1940-1960, is related to pat-
the large-scale atmospheric circulation. terns similar to those of negative phase of the NAO. Contrary
In order to separate the impact of anthropogenic forcingto this, a cold North Atlantic Ocean, as it was the case in
during the 20th century on the correlation pattern we cal-1905-1925 and 1970-1990, is related to patterns similar to
culate a correlation map of the Cariaco time series and theéhose of positive phase of the NAO. However, the centers
(Luterbacher et gl.2002 SLP data for the common pre- of the anomalous fields are different (for the NAO, centers
industrial period (1659-1859), similar to Figa, to exclude are over Island and Gibraltar; for the AMO, centers shift to
the impact of 20th century climate variability from the data. South Greenland and to central North Atlantic). The periods
Figure6b shows a similar correlation pattern as for the entire of stable warm and cold SSTs coincide well with the phasing
period (up to 1990), indicating that the 20th century anthro-of coral and marine sediment records during the same period

40N -
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(Fig. 2a and b). This connection of monopolar SST patterns son
with dipolar SLP on longer time scales is similar to results 7on
of Deser and Blackmoii1993, who analyzed 90 years of  on
observational data in respect of low-frequency variability of son -
the surface climate during winter. In their analysis it is spec- 4o\
ulated that the climate shift in the 1970s can be part of a gy
guasi-periodic behavior on multidecadal time scales. 20N 4
As our model results show, a basin-wide monopolar SST |
pattern is accompanied by a (at least in part predictable) ¢, ‘
dipolar SLP pattern at multidecadal time scales over the en- 120¥ 80w
tire North Atlantic. Significant correlations were found be-
tween the decadal mgan North Atlant!c SST |ndex- and SI'PFig. 7. Anomalous warm — cold field of 500 hPa geopotential height
over. the North Atlantic-European reglon.. A possible Con',(equivalent to Fig4g), indicating a barotropic stucture of the dipo-
nFj'Ct'on of th_e SLP response and the multidecadal SST Vari, pressure field with a negative anomaly, but reduced horizontal
ations are given by the geometry of the SLP pattern. COM-ytension over the subtropical North Atlantic.
pared to the NAO pattern in the northern North Atlantic, the
SLP main pressure centers on multidecadal time scales are

shifted toward the east during warm phases of the North At- ] ) )
lantic (Fig. 6), with an axis of the dipolar pattern inclined data can be predicted. Since both patterns are highly corre-

northeast-southwestward. One can speculate that this cif@ted they suggest a common mode in which SST forces the
culation change supports increased sea ice export from thidrge-scale SLP pattern. Evidences of an NAO-like response
Arctic to the North Atlantic in a similar way as suggested by © Prescribed Atlantic SST forcing have also been found in

Hilmer and Jung2000. The sea ice export can influence AGCM simulations byRobertson et al2000. Sutton and

the freshwater budget in the northern North Atlantic affect- 10dson (2003 analyzed seasonal characteristics of North

ing the THC which in turn produces the other phase of theAtlantic climate variability on interannual and multidecadal
inter-hemispheric bipolar SST anomaly. time scales, and possible non-stationarity in the oceanic in-

The vertical structure of our PUMA simulations reveals a fluénce. On multidecadal time scales they found a single
dipolar signal in the field of geopotential height at 500 hpamMode from ensemble simulations forced with SST and sea
(Fig. 7), indicating a barotropic stucture of the vertical pres- IC€ extent data for the period 1871-1999, which resembles
sure field (comp. Fig4). Following the idea oDelworth the NA_O patternSytton and_HodsoﬁZOO:«) furth_erconclude_
and Mann(2000) that an Atlantic forcing of the AMO would that th|§ mode might be driven by the oceanic thermohaline
induce a baroclinic vertical structure close to the anomalougireulation, a result that can be supported with our model
SST field, our result speaks for a remote forcing mechanismS€tup. This gains further support by a modelling study by
Grosfeld et al. (2007)investigate exact this question in dif- Pohimann et al(2004 who derived a clear relationship be-
ferent model simulations over the observational period (lastWeen the North Atlantic SST and the oceanic thermohaline

145 years), with prescribed observed SST in the Atlantic or¢irculation (THC) with high predictability skill on decadal
Pacific Ocean and climatological forcing of a mixed layer to multidecadal time scales in a coupled atmosphere — ocean

slab ocean outside. They found, that the AMO is forced byModel approach. In a recent pajeif et al. (2009 suggest
two mechanisms, the Atlantic SST which reveals a monopo_that the meridional overturning circulation (MOC), which is

lar SLP field over monopolar SAT at time scales of 6070 "elated to AMO, can be understood as the lagged response
years and a signal of Pacific origin, which is transferred viat© multidecadal variations in NAO and the associated varia-

teleconnections to the Atlantic at time scales of 80-90 yearstions in Labrador Sea convection. A similar mechanism is

Both parts contribute to the AMO signal which is derived Proposed in an earlier paper Blen and Jung2001), who

from observational data and also from model results showrProvides evidence that multidecadal fluctuations in the MOC
in this study. and the associated SST variability are driven bei the NAO

Our modeling studies with two AGCMs of different com- through heat flux forcing (see al§elworth and Greatbatch

plexity forced by global SST variability over the last century 2000 However, our study is focused on the atmospheric
show that the SLP pattern over North Atlantic is predictable '€SPOnse to SST forcing during the phase of maximum am-
if global SST variability can be predicted. This result can be Plitude of AMO (i.e. entire North Atlantic is covered by SST
compared with the modeling study Bbdwell et al.(1999, anomalies of_the same sign). This does not exclude an NAO
but on interannual to decadal time scales, who derived cli-SLP pattern in the early phase of AMO. Therefore, our re-
mate predictability of European winter climate, as e.g., theSUlts are not in contradiction with theatif et al. (2009 and
NAO pattern with North Atlantic SST as predictor. Simi- Eden and Jund200) mechanisms.

larly, Latif et al. (2000 found that SLP variations over North However, the origin of AMO is not yet fully understood.
Atlantic are predictable as long as the SSTs used as forcinghe multidecadal variation in SAT and SLP depict slightly
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different time scales in the multidecadal frame, where SATtude of AMO. The connection of monoploar SST and dipolar
reveals shorter periods (about 60-70 years) and SLP tendSLP over the North Atlantic, as seen from our AGCM model
to longer periods (about 80-90 years). It is a questionsimulations, implies a predictable SLP pattern for the multi-
whether these fluctuations belong to the same phenomenodecadal mode, which is one part of the mechanism, involv-
The North Atlantic SAT pattern is associated to a more re-ing sea ice and THC variations. Hence, additional analyses
gional mode, possibly linked to the thermohaline circulation of especially long proxy time series and selected model ex-
(Lohmann et aJ.2004). Monopolar SST anomalies in the periments could shed more light on the open question about
North Atlantic are connected to the inter-hemispheric seesavpossible causes of the multidecadal mode in order to under-
temperature pattern, typical for THC changes (Eiqwley, stand past, present, and future climate change.

1992 Stocker1998. Part of the multidecadal variability can

also be attributed to a global mode possibly forced by solarcinowledgementsThis work has been funded by the German
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