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Summary

Secularor multi-decadalvariability is a widely observed
phenomenon,apparentin instrumentaland paleo climatic
records.Theselong time oscillations are found in many
variables of the climate system. The ocean especially
experienceslow frequency variations.But alsoatmospheric
variablessuchas temperature,wind velocity andsealevel
pressurecanshow secularvariability.

The low frequency variability here is examinedin the
coupledatmosphere-oceanmodel ECHAM3/LSG T21. A
coupled stratosphericand troposphericmode is detected
oscillating with a period of approximately100 years.The
atmospheric pressure system mainly involved in this
oscillation is the northernhemisphericwinter stratospheric
polar vortex. The near surface temperatureexperiences
variations of the same magnitude as the observed
temperaturetrends of the last decades.Multi decadal
variability is also shown in the North Atlantic Oscillation
Index.

A shift of the length of the oscillation period between
longer and shorter time scales indicates that chaotic
processesmight be responsiblefor the variability.

1. Intr oduction

The increasinganthropogenic in¯uence on the
climate systemrequires an intensi®edresearch
also of natural variability modes. A better
understandingof these natural oscillations is
the basisfor an improved estimateof the human
impacton the earthanda moreaccurateclimate
predictability.

Recently, intensi®edeffort hasbeenmadeto
reveal climate variability on decadalto secular
time scalesin observational data as well as in
general circulation models (GCMs). Historical
recordsof climate variability on multi-decadal
time scalesare frequently found in proxy data.
One example of these non-instrumental data
sourcesare ice cores.A frequently usedtechni-
queto determinethehistorical temperatureis the
analysisof the comparisonof the concentration
of the oxygenisotope 18O to the oxygenisotope
16O contained in the ice coresand cores from
deep sea drill ings. Johnsonet al. (1970) and
Dansgaardet al. (1970)examined ice coresfrom
Camp Century in the northwestern part of
Greenland.These records revealed oscillations
of periods aroundof approximately78 and 181
years.Appenzelleret al. (1998)showed that the
inter-annualto decadal¯uctuations in western
Greenlandsnow accumulationandnet precipita-
tion arecorrelatedwith theNAO andcanthusbe
usedfor the reconstruction of a NAO proxy data
time series.The resulting 350 year time series
(Appenzeller et al., 1998) is examined using
wavelet analysis. The calculations show oscilla-
tions with periodsranging from someyears to
decades(see their Fig. 3). Secular variability
occurssincethe middle of the 19th century. The
shorter periods are evenly distributed over the
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entire time series,while the secularvariability
®rst shows up after about 200 years. Another
important data source are time series recon-
structedfrom treerings.LaMarche(1974)found
variabilities of 70 and 110 yearsin treesof the
White Mountains,Nevada.Stuiver andBraziunas
(1989)extractedsecularoscillationsof approxi-
mately 150 and 420 yearsexamining the � 14C
concentrationin trees.� 14C is constantly formed
in theatmosphere by thereaction of nitrogen and
neutrons,which are generatedby cosmic radia-
tion. By analyzing the � 14C concentrationa
changedintensity of the cosmic radiation ¯ux
forced by solar activity can be detected. Pollen
concentrationsin sea and lake sediments are
anothersourceof proxy data which can docu-
mentclimateregimeshifts of the past.Gajewski
(1988) shows variations in the rangeof 95, 125
and330yearsin recordsof thepollenconcentra-
tion for the last 2000yearsnearthe GreatLakes
and the Atlantic coastwith a statisticalsigni®-
canceof at least95%.

Instrumentalrecords are usually too short to
reveal secular variability. The `CentralEngland'
temperaturerecord(Manley, 1974;Lamb, 1977;
Sch•onwiese,1978),beingthe longestinstrumen-
tal data record, includes variabilities of 99%
statisticalsigni®cancewith periodsof about 24
and 100 years.Secularvariability is also often
detectedin coupled atmosphere-oceanmodels.
Delworth et al. (1993) revealedin their coupled
ocean-atmospheremodel (GFDL, described in
detail by Manabe et al. (1991)) an irregular
oscillationof the thermohaline circulation in the
northernAtlantic at a time scaleof 50 years.Tett
et al. (1997)show variability in thenorthwestern
Atlantic alsowith a periodof about50 yearsin a
1000 year control run of the HADCM2-CTL.
Hence, in observations as well as in models,
multidecadalvariability has been observedfor
someparameters.Frequenciesdo not seemto be
stableandthe reasonsfor theoscillations,if any,
arenot well understood.

An internal model oscillation can lead to
altered results for climate change scenarios
computed with the model. Cubasch et al.
(1994) calculated four climate changeexperi-
ments which differed only in the simulation
starting time. This method is known as Monte
Carlo simulation. The climate changescenario
usedwasthe IPCC scenarioA (Houghtonet al.,

1990). The calculation started in 30 years
intervals from a control run of the coupled
atmosphere-oceanmodel ECHAM1/LSG. After
50 simulated yearsthe global meantemperature
of the four realizations differed by up to 0.4K.
This example showed the possibleeffect of an
internalcontrol run oscillationon climatechange
scenarios.Thereforethemodel's internalvacilla-
tion hasto be examined in more detail. Even if
the variability does not represent a natural
variability mode it can still lead to differing
resultsof climatescenariosimulations.

In this paper secular climate variability is
examined using the atmosphere-ocean model
ECHAM3/LSG at T21 resolution. This model
was intensively usedfor climate changeassess-
mentstudies(Hegerl et al., 1997;Schiller et al.,
1996). We usethe zonal meanzonal wind as a
parameterof the generalcirculation which can
represent the leading fundamental variability
mode of the atmosphere (Perlwitz and Graf,
1995).Two regimesare selected,corresponding
to statesof anomalously strong or weak zonal
mean zonal wind in the northern hemisphere
polar vortex area, respectively. In order to
examine which climate variablesare connected
with theseregimes,compositesarecalculatedfor
the two zonalwind regimes.Afterwardsthe role
of the deep ocean is investigated. Possible
reasonsfor the identi®ed oscillation will be
discussedat the endof the paper.

2. Model and Experiment Description

The model used in this paper for a closer
examination of secularclimate variability is the
coupled atmosphere-ocean model ECHAM3/
LSG.

The atmosphere model ECHAM3 has been
changedfor climate simulation purposes. These
changes include new parameterizations of
clouds,horizontal diffusion, radiative processes
andchangesof theplanetaryboundary layer. The
model physicsare describedby Roeckneret al.
(1992).The primitive equations are the basisof
the spectralmodel ECHAM3. For this work a
triangular truncationat the wave number21 is
used.This correspondsto a horizontalresolution
of 5.6� � 5.6� . The model is divided into 19
atmospherelayers,ranging from 1000 to 10hPa
anda hybrid pressure-sigmacoordinatesystemis

2 F. Feseret al.



used. The ECHAM3 stratospheric and upper
troposphericpart is assumedto be trustworthy
becauseGraf et al. (1997) demonstrate that the
stratosphericpart of the coupledbaroclinic and
barotropiccoupledmodes(Perlwitz et al., n.d.)
foundby PerlwitzandGraf (1995)is represented
well. The LSG (LargeScaleGeostrophic) model
(Maier-Reimer et al., 1993) is a 3-dimensional
globaloceanmodel.It is based on thecontinuity
equationsof mass,momentumand energy, the
saltconcentrationandthethermodynamicenergy
equation.The model's groundtopographyreso-
lution is 5� � 2.5� . A thermodynamicsea-ice
model is included.Thereare 11 vertical layers,
ranging from 25m to 5000m depths.A more
detaileddescriptionof the ECHAM3 model can
be found in Deutsches Klimarechenzentrum
(1994) and the LSG model is speci®edin
DeutschesKilmarechenzentrum(1992).

Thecontrol run usedin this paperis described
by Vosset al. (1998). The control run contains
theconstant CO2 concentrationof theyear1985.
For ourcalculationsof secular variability astable
550yearsegmentof the control run's ®rst PC of
zonal meanzonal wind (method is described in
chapter4) from year350 to year900 is selected.
The®rst350yearsareomittedbecausethemodel
experiencesspinup problems.After theyear900
a shift towards shorter amplitudesand shorter
frequenciescan be detected.This featureof the
model is discussedin chapter6. Our analysisis
basedon winter means,this way high frequency
noiseis ®lteredout.

3. ObservedTrends

During winter a coupledmode of stratospheric
and troposphericcirculation is the prevailing

pattern. This mode describes the connection
betweenthe strength of the stratospheric vortex
andthe troposphericwesterlies over thenorthern
Atlantic (Perlwitz andGraf, 1995).

The observedstratospheric(50hPa) winter-
trends of geopotentialheight (see Fig. 1a of
Perlwitz et al. (1997)) show that the northern
hemispheric polar low pressure vortex has
strengthenedduring the last 38 years.A positive
trend of 50hPa geopotential height is apparent
over the southernpart of Europeand northern
Africa. Themost prominent featureof thewinter
trend is the increasedpressuregradientbetween
the strongpolar vortex and the positive geopo-
tential height anomalies over the temperate
latitudes(KoderaandKoide, 1997).This results
in a strengtheningof thezonalwind especiallyin
the vicinity of the polar vortex (Thompson and
Wallace,1998).In thetroposphere(500hPa) (see
Fig. 1b of Perlwitz et al. (1997)) a decreaseof
geopotential height at the 500hPa-level appears
duringthe last threedecadessouth of Greenland.
Togetherwith positive geopotential heighttrends
over the MediterraneanSeaand North Africa a
strengthenedNAO-index results.

Motivated by the question whether the
observedwinter trends of geopotential height
are causedby natural climate variability or by
anthropogenic in¯uence, Perlwitz et al. (1997)
calculatedapatterncorrelationbetween observed
winter geopotentialheight trendsat 500 and at
50hPaand winter geopotential height trendsof
the control run of ECHAM3/LSG. Thus, 40-
year-longmodeledwinter trendswereexamined
for conformity with theobservedtrendsbetween
1957/58 and1995/96.

The pattern correlation time series (Fig. 1)
revealsinter-decadalvariability betweenyearsof

Fig. 1. Time series of pattern
correlation between observed
winterly geopotential height
trendsin the stratosphereand in
the troposphere(1957/58±1995/
96) and 40-year-long modeled
geopotentialheight trends(Perl-
witz et al., 1997; Graf et al.,
1998)
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high pattern conformity and years of negative
correlation. Variability is apparentboth in the
stratosphereand in the troposphere.Most wave
activity and baroclinic disturbances are forced
in the troposphere and thereforelarger correla-
tion coef®cients occur in the stratospheric
correlation analysis. In the troposphere higher
correlation coef®cients can be seen for the
northern Atlantic region (®ne dotted line).
During winter months the strength of the
westerliesover thenorthern Atlantic is connected
to thestrengthof thestratospheric polarnight jet
(Perlwitz and Graf, 1995). This implies a
connectionbetweenthe stratospheric vortex and
the North Atlantic Oscillation and higher con-
formity between the time seriesof the strato-
sphere and the troposphere for the northern
Atlantic region results.The period of the multi-
decadalvariability vacillates betweenapproxi-
mately70 and100 years.The correlation of 38-
year-long observed trends and 40-year-long
modeledtrendsimplies a possibleprevailing of
the same trend for 60 to 70 years before it
switches sign. During winter the zonal mean
zonal wind is a good parameterto show the
connection between tropospheric and strato-
sphericcirculation (Kodera et al., 1991; Nigam,
1990; Perlwitz and Graf, 1995). Thereforeit is
studied more closely in order to get a better
qualitative understandingof the inter-decadal
variability apparentin the model.

4. Zonal Wind

An Empirical OrthogonalFunction(EOF) anal-
ysis, based on the covariance matrix, of the
zonal mean zonal wind shows the prevailing
statisticalpatternsand their temporalevolution.
For this calculation years 350 to 900 of the
ECHAM3/LSG control run (Voss et al., 1998)
were chosen and a region of the northern
hemispherehas been selected from 20� N to
85.76� N. Theexplainedvarianceof the®rstEOF
of zonal meanzonal wind is 40.5% and 23.3%
for thesecondEOF. TheremainingEOFsexplain
lessthan 10% of total varianceeach.The mean
anomaly pattern of the ®rst EOF (Fig. 2a,
meridional cross-sectionfrom 1000hPa up to
30hPa) shows the lower part of the stratospheric
Polar Night Jet (PNJ) and the Subtropical Jet
(STJ).A negative correlation betweenthesetwo
jets can be seen: a weak STJgoesalong with a
strongPNJ.A relationship betweenthe PNJand
the STJ in observational datahasbeenreported
by Koderaet al. (1991). They calculatedlagged
correlations betweenthe time coef®cientsof the
®rst loading vector (Nigam, 1990) of the zonal
meanzonalwind duringthenorthernhemisphere
winter and the zonal mean zonal wind at each
grid point. They found a propagationof pertur-
bations in zonal mean zonal wind from the
stratosphere to the troposphere.ThesecondEOF
(Fig. 2b) shows the PNJand a relation between

Fig. 2. Meridional cross-sectionsof
the ®rst two EOFsmeananomalies
pattern of winterly northern hemi-
sphere(20� N±85.76� N) zonalmean
zonalwind measuredin m/s
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the PNJ and the middle latitude stratospheric
wind. The PNJ is concentratedat high latitudes
and weak middle latitude winds appearat the
sametime. This is a patternof a meridionalshift
of the polar vortex. If the vortex is strong,it is
moreconcentratedin high latitudes.

The northernhemispheric winter …DJF† ®rst
Principal Component(PC) of the zonal mean
zonal wind time series (Fig. 3) reveals an
irregular low frequency oscillation. The time
serieswas smoothedusing a 30 year running
average(thick line) and, in order to extract a
strong biannualvariation, also with a two year
running average(grey lines). For better under-
standingthe reasonsfor our selection of years
350to 900for furthercalculationsthetime series
is plotted completely. Large amplitudesof the
low pass®lteredtime seriescan be seenduring
the threedecadesaround the year 400 and 500
and,at the30yearmeans,750and850.Thereare
alsosequencesof smaller amplitudesin between
where the low frequencyvariability is smaller.
For the®rst1000yearsamulti-decadal to secular
oscillation can be seen.Then a shift towards
smalleramplitudesandshorterperiodsoccurs.

The ®rst PC zonal mean zonal wind power
spectrum(Fig. 4) of the two year runningmean
®ltered time series(years 350 to 900) reveals

statistically signi®cantvariability at the multi-
decadaltime scalewith a periodrangingfrom 80
to about200years.Thespectrumwascalculated
using a Parzen window. This calculation was
performedusing a time serieswith each point
representing two year means. This excludes a
large short period amplitude around two years.
This biannualoscillation of the ECHAM3/LSG
control run hasnot beenstudiedin detail so far
and it is of no further interest for the current
examination of secular variability. The 95%
con®dencelimits basedon a red noisespectrum,
which would have beengeneratedby a ®rst-order
autoregressive process,is displayed. The low
frequency peak clearly exceedsthe 95% con-
®dencelimit. Thezerohypothesisof a ®rstorder
autoregressive processgenerating the signal can
be rejected.The time seriesof the secondPC of
thezonalmeanzonalwind (Fig. 5) doesnotshow
adistinctive low frequency oscillation.Thepeaks
are of smaller amplitude and they occur more
frequently. The power spectrum calculation of
thesecondPC's years350to 900(Fig. 6) reveals
white noise as the dominant oscillation mode.
Thepatternof thesecond EOFof thezonalmean
zonal wind is thus not important for the secular
variability of the model. Thereforethe negative
correlationbetweenthe PNJ and the STJ is the

Fig. 3. First principalcomponent
of northernhemisphere(20� N±
85.76� N) winterly zonal mean
zonal wind of the 1848 year
controlrun,smoothedwith a two
year running mean ®lter (grey
line) and smoothedwith a 30
year running average (black
line). Horizontal lines indicate
one positive and one negative
standard deviation of the
smoothed time series, respec-
tively
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most important pattern for the long period
variability in zonal wind. It is also a parameter
for the strengthof the polar vortex.

In order to examine the model variables
involved in the oscillation a compositeanalysis
is conducted.Thereforetwo zonal mean zonal
wind regimesof the polar vortex are selected,
oneaccordingto strongstratospheric zonalmean
zonal wind, the other one to weak stratospheric
zonal mean zonal wind. The two regimes are
de®ned as years of large positive or negative

amplitudeof the ®rst PC of zonal meanzonal
wind, respectively. For the regime of anoma-
lously strong(weak) zonal wind 30 year means
greater (smaller) than one positive (negative)
standarddeviation of the ®rst PC's time series
smoothedby 30 yearrunningmeansarechosen.
Only the threemaximumamplitudesof positive
(negative) valuesbetween theyears350and900
are chosen.Since eachpoint of the time series
representsa meanof 30 years,10 yearsaround
each chosen point are selected. Choosing 30

Fig. 4. Powerspectrumof the®rstzonalmeanzonal
wind (control run, years 350±900)PC (Fig. 3).
Variance is depicted against the logarithmic fre-
quency[1/year]. The 95% con®denceintervals of
rednoisearedashed.Signi®cantperiods[years]are
marked

Fig. 5. Time series[years] of the
secondPC of winterly zonal mean
zonal wind of the northern hemi-
sphere (20� N±85.76� N; control
run) smoothed with a two year
running mean ®lter (grey line).
The black line representsthe 30
year running mean of the second
PC's time series.Horizontal lines
indicateonepositive andonenega-
tive standard deviation of the
smoothedtime series
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yearsaroundthe time seriespoint would lead to
overlappingregionswith yearsbelongingbothto
the regime of anomalously strong and weak
winds.About 100yearsareselectedrepresenting
eachregimeand for thoseyearsthe composites
arecalculatedfor othermodelvariables.

5. Compositesof Geopotential Heights
and Temperature

5.1 GeopotentialHeight

The examination of geopotential height shows
the completely different circulation patterns of
the two zonal mean zonal wind regimes.
Composites of geopotential height anomalies
for the two regimeswere calculatedboth at the
50 andat the 500hPalevel.

The statistical signi®cance of the composites is
obtainedusing a decadal t-test. Therefore decadal
means of the selected years for each regime are
computed and used for the further calculation of
the t-test. The test is calculated between the two
composites of strong and weak zonal wind.
Statistically signi®cant differences between both
regimes result. Regions of more than 95%
statistical signi®cance are shaded (see Fig. 7).
Dark shading indicates positive values and light
shading negative values. The patterns are not
exactly linear, for this reason both composites are
shown and not just their difference.

The most obvious featureof the geopotential
height winter mean at the 50hPa level is the

symmetricpolar stratosphericlow-pressuresys-
tem. During winter at high latitudes westerly
winds dominate the stratosphere.The polar
vortex is intensi®ed for the regime of strong
zonalwind (Fig. 7a).A weakpositive geopoten-
tial heightanomalyappearssouthof theAleutian
islands.This strengthensthe southernpart of the
stratospheric Aleutian high. For the regime of
weak zonal winds (Fig. 7b) the weakenedpolar
vortex is the main feature.

The geopotentialheight winter mean at the
500hPalevel revealsthestrongpolarvortex.The
geopotential height anomaly compositefor the
regime of anomalously strongzonal wind (Fig.
8a) displays a strengthenedpolar low-pressure
system.The vortex centreis shifted towardsthe
Atlantic. Geopotential height over the mid
latitude North Paci®c (betweenapproximately
30 and 50� N) is 20gpm above mean values,
thereby weakening the southern ¯ank of the
Aleutian low, and strengtheningslightly the
Azores High. This and the negative anomalies
over Iceland and Greenlandcontribute to an
enhancedpositive NAO index. TheAleutianLow
is deepenedat its southernedgefor theregimeof
anomalously weakzonalwinds (Fig. 8b). Nega-
tive geopotential heightanomaliesthencanalso
be seenfor the AzoresHigh. The polar vortex is
weakened.Only weaknegative anomalies of the
NAO index aretypical for this phase.This is the
result of positive geopotential height anomalies
over Greenlandandnegative anomalies over the
AzoresHigh. Thesecompositesshow therelation

Fig. 6. Power spectrumof the secondPC (Fig. 5)
of zonalmeanzonalwind (controlrun,years350±
900).Varianceis depictedagainstthe logarithmic
frequency [1/year].The95%con®denceintervals
of blue noise are dashed.Signi®cant periods
[years]aremarked
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between the zonal mean zonal wind and the
NAO. They show how the secularvariability of
the control run is mirrored by the NAO.

To understandthe large differencesbetween
the two zonal wind regimes over the North
Paci®c,the region between 90� E and 90� W at
the 500hPa level is examinedin more detail.
During winter the centre of the low-pressure
systemis located over the Aleutian islands(Fig.
9) andhighpressurecanbeseenover thewestern
coast of northern America. For the regime of
strongzonalwind (Fig. 9a)thesouth-easternpart
of the Aleutian low is weakened substantially.
This is caused by a spreadingof high-pressure
into theeasternPaci®c.Thesouth-easternpartof
the Aleutian low is slightly strengthenedfor the

regime of weak zonal wind (Fig. 9b). Positive
anomaliescan be seento the north-eastof the
low-pressuresystem. The eastern Paci®c sub-
tropical high is slightly weakened. Figure 9c
shows the differenceof both composites andthe
maximum geopotential height variability at the
500hPa level of 25gpm over the south-eastern
edgeof the Aleutian low betweenboth regimes
of zonalmeanzonalwind.

5.2 Near SurfaceTemperature

Regarding the consequences of the anthropo-
genic greenhouseeffect the greatestattentionis
paid to the near surface temperature change.
Together with such a temperaturechangethe

Fig. 7. Geopotentialheightanomaly…DJF †composites[gpm] at the50hPa level for the regimesof strong(a) andweak(b)
zonalmeanzonalwind. Contourinterval is 10gpm.The northernhemisphereis shown from 20� N to 90� N. Shadedregions
arestatisticallysigni®cantat the 95% level andhigher, accordingto a decadalt-Test.Dark shadedregionsindicatepositive
valuesandlight shadedregionsnegative values,respectively

Fig. 8. Geopotential height anom-
aly …DJF † composites [gpm] at
the 500hPa level for the regime
of strong (a) and weak (b) zonal
mean zonal wind. Contour inter-
val is 5gpm. The northern hemi-
sphere is shown between 20� N
and 90� N. Shaded regions: see
Fig. 7
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humidity budgetand precipitationcanvary, and
wind systemsandplanetarywavescanbeshifted.
It is, therefore,important to know the tempera-
ture difference between signi®cantly different
regimes of the control run compared to the
simulated greenhousewarming. The modeled

variability must also be compared to observed
temperature changes.

Signi®cantnearsurfacetemperatureanomalies
ranging from ÿ 1K to 0.6K can be seenin the
regime of strong zonal wind (Fig. 10a). The
largest negative anomalies are located near

Fig. 9. Composites…DJF †of geopotential height anomalies [gpm] at the500hPa-level for the regimeof strong(a) and weak(b)
zonal meanzonal wind. Shown is the Aleutianregion between 0� N to 90� N and between 90� E and 90� W. Contour interval is
5gpm. Shaded regions: see Fig. 7. Shown below (c) is the difference of both composites(a±b). Contour interval is 5gpm

Fig. 10. Signi®cant northern
hemisphere winterly surface
temperatureanomalies [K] of
the control run for the regime
of strong(a) andweak(b) zonal
meanzonalwind. Contourinter-
val is 0.2K. Shadedregions:see
Fig. 7
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Greenlandover the Davis Strait. The maximum
positive anomalies are found in the eastern
Baltic. The model depictsa patternof positive
values over the land surfaceandnegative values
over theocean.This patternis theexpressionof a
favorite modeof themodel(PerlwitzandGraf, in
preparation).Wallace et al. (1996) attributed
about50% of the temperaturechangesobserved
in the recentdecadesto this dynamicmode.

For theregimeof weakzonalwind (Fig. 10b)a
similar temperature distribution with reversed
signs can be seen. The extreme values lie
betweenÿ 0.6K and 0.8K. The largestpositive
temperatureanomaliescan be found over the
Davis Strait and the largest negative anomalies
are locatedover the westernpart of Russiaand
over Finland.

The near surface temperature changesare
forced by advective processes.For the regime
of anomalously strongzonalwind (Fig. 10a) the
strengthenedpolar vortex forces an anomalous
advectionof warmerair towardsnorthern Europe
andof coolerpolar air towardsthe Davis Strait.
Positive anomaliesof geopotentialheight south
of the Aleutian Low advectpolar air currentsin
the direction of the eastern Paci®c. For anom-
alously weak zonal winds (Fig. 10b) a reverse
advection pattern appears. These temperature
changes can also be related to advective
processeswhich are forced by geopotential
heightanomalies.Thelatterevolve from changes
in phaseand amplitude of ultra-long planetary
waves due to different vertical propagationof
planetary wave energy (Charney and Drazin,
1961;Perlwitz andGraf, 1995).

The increasing interest in anthropogenic
in¯uence on the climate system leads to the
questionto whatdegree themodeled temperature
oscillationresemblestheobservedandsimulated
temperaturetrendsof the last decades.For this
comparison the observedwinter near surface
temperaturedata of Jones(1998) is usedfrom
1958to 1998(Fig. 11).Themeantemperature of
years1958to 1967wassubtractedfrom themean
temperatureof years 1989 to year 1998. The
calculation reveals maximum temperature
changesbetween ÿ 2.7K and3.6K. The largest
negative trends arelocatedover the DavisStrait.
Positive trendsaremostpronounced over Russia.

An IPCC (1995) scenarioA model run (Voss
et al., 1998) is usedfor comparisonof natural

variability with simulated anthropogenically
forced trends(Fig. 12). The simulationstartsat
the model year 149 of the control run with the
near pre-industrial CO2 level of 1880. The
differencebetweenyears1989to 1998andyears
1958 to 1967 shows maximum temperature
changesof ÿ 2.7K to 3.6K. The maximum
negative temperature trendsare locatedover the
Davis Strait andover Alaska,positive trendsare
at a maximum over the coast of northernmost
Russiato the Barent Seaand over the western
part of Russia.

Fig. 11. Observed meantemperatureof years1958to 1967
minus meantemperatureof years1989 to 1998. Contour
interval is 0.9K

Fig. 12. According to IPCC scenarioA modeledwinterly
temperaturechangesbetweenyears1958to 1967andyears
1989to 1998.Contourinterval is 0.9K
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The difference between the near surface
temperature composites of both zonal wind
regimes (Fig. 10) reveals the maximum control
run variability. The temperature trends range
from ÿ 1.8K over the Davis Strait to 1.2K over
Estonia.

For the observed and the two modeled data
setsthe regionsof cooling arevery similar. The
strongestcoolingtrendsarefoundover theDavis
Strait in all threetemperature trendgraphics.The
warming regions are located at somewhat
different placesin the three data sets,but the
warming tendency over the land surfacecan be
seenin all of them.Especiallythe two simulated
trendsshow manysimilarities in the location of
thewarmestandcoolesttrends.This implies that
the variation of the control run temperature is
part of the modeled warming scenario, i.e. the
forcedclimatevariation is not orthogonalto the
naturalvariability. An importantamount, though
not all, of the scenario's simulatedtemperature
changescan be explainedby the natural varia-
tionsof thecontrol run.Thereforethesemust not
be neglected in the climate change scenario
computations.The control run variability resem-
bles suf®ciently well the observedtemperature
trendpattern, indicating that the observedtrends
might possibly be due to an enhancednatural
variability mode.In thiscase,themodelhasto be
brought in phasewith natural variability before

starting the scenario calculations in order to
prevent getting modi®ed results due to an
underlyingtrendthat is not in phasewith natural
variations. This could be done by carefully
investigatingthe long-termvariability of param-
eters involved in the here describedvariability
modeboth in observationsandin themodel.The
start point of a model simulation may then be
determinedby matchingthe history of observa-
tions and model for at least one cycle of the
multi-decadal variability. Performing the usual
ensembleof few independentsimulationsaround
this startingpoint would thenprovideanoptimal
coverageof the sub-phasespaceof climate.

6. Chaotic Behavior of the Oscillation
Frequencies

The time seriesof the®rst PCof thezonalmean
zonalwind (Fig. 3) shows no trendandremains
stable with time. After the year 1000 the
oscillation amplitude becomes distinctively
smaller. The period of the variability seemsto
be shorter, too. For a closerexamination of this
feature a fourier ®lter is applied to the time
series.Thebandpass®lter is appliedfor therange
of 15 to 35 yearsand for 70 to 110 years.The
standarddeviation of the fourier ®ltered time
seriesis calculatedandsmoothedusinga running
average of 500 years (Fig. 13). Long periods

Fig. 13. 500 year runningaver-
ageof the standarddeviation of
the fourier ®ltered principal
component of northern hemi-
sphere winterly zonal mean
zonal wind (20� N±85.76� N).
Bandpass®ltered for the 70±
110 year (stippled) and 15±35
year interval (solid line)
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have a nearlyconstant portionof total variability
up to theyear900.After thatthein¯uenceof low
frequency variability decreasesand the shorter
periodsbecomeincreasinglyimportant.

A possibleforcing of low frequencyvariability
is thethermohalinecirculationof theoceans.The
North Atlantic is extremely important in this
context because this is where deep water
formation takesplace.To studychangesin deep
water formation in the North Atlantic the
calculationsof Timmermann et al. (1998) (see
their Fig. 6) areused.Themaximumof theNorth
Atlantic meridional stream function was com-
puted and the time seriesof the maximum is
shown in Fig. 14. This index was also usedby
Delworth et al. (1993). Like the time seriesof
zonalmeanzonalwind thethermohaline circula-
tion is alsostableandshows no signi®canttrend.
The period of the variation of the meridional
circulation is approximately135 years.Shorter
periodsafter the year 1000 can also be seenin
the ocean.The periodsdo not ®t well with those
of the atmosphere.Timmermann(1998) de®ned
a sea level pressure index as the pressure
averagedbetween30� W and34� W andbetween
70� N and 80� N. The time seriesof this index
(Fig. 15) shows multi-decadalvariability for the
®rst 1000 years.From year 1050 to year 1500
shorteroscillation modescan be seenas for the

zonal mean zonal wind time series. But in
contrastto the zonal wind time seriesthe short
frequencyvacillations aresuperposedby secular
variabilitieswith periods of morethan200years.
After theyear1600a peakof largeamplitudeof
anunderlyinglower frequencyoscillationcanbe
seen.This can be an indication of a transition
towards lower frequencyvariability suchas the
onethatappearsbetweentheyears850and1050.
Ice core examinations have revealed sudden
climate shifts in betweenand after the last ice
agesfor the North Atlantic region.Manabeand
Stouffer (1995) simulateda thermohaline circu-
lation collapse in their coupled atmosphere-
oceanmodel by introducing large quantitiesof
fresh-waterinto the North Atlantic. Weaver and
Sarachnik(1991) showed with their GCM an
oscillation betweendeep water formation and
collapsedthermohaline circulation. The oscilla-
tion period is of decadaltime-scale, dominated
by advective processes.

Thetransitionbetweendifferentperiodsof the
zonal meanzonal wind time series(Fig. 13) as
well asof theSLPtime series(Fig. 15) indicates
that chaotic processeswithin the atmosphere-
oceansystemmightbeinvolved.Firstly theultra-
long periods remain stable for a certain time
interval before a sudden regime shift occurs,
leading to a prevalence of shorter periods.

Fig. 14. First principal componentof
northern hemisphere(20� N±85.76� N)
winterly zonal meanzonal wind (solid
line) of thecontrolrunandmaximumof
meridionalstreamfunction(stippled)of
the LSG-modelin the northernatlantic
(see Fig. 6 of (Timmermann et al.,
1998)). Both time seriesare smoothed
with a 30 yearrunningmean®lter
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According to our thesisof a chaotictime series,
we suggestthat the thermohaline circulation is
not a forcing for the secularvariability of the
zonalmeanzonalwind but rathera resultof the
chaoticprocessesoccurringwithin the modeled
atmosphere-oceansystem.Basically the secular
variability of the model is characterizedby
chaotic structures with included trends of the
model's variables.The zonal meanzonal wind
time series has several segments of stable
regimes.During thosesegmentsclimatepredict-
ability is greatlyenhanced.But it is impossibleto
predict the ®rstappearanceof thesesegmentsor
how long they will last becauseof the chaotic
structureof the time series.

7. Conclusions

The secular variabil ity of the modeled ECHAM3/
LSG coupled tropospheric and strato-spheric
circulation is analyzed in this paper. We usethe
®rst EOF of zonal mean zonal wind, which
describesa negative correlation betweenthePNJ
andthe STJ,asa diagnosticparameter. Regimes
of anomalouslystrong and anomalously weak
zonalwind areselected usingzonalwind values
greaterthan one positive and smaller than one
negative standard deviation of the zonal mean

zonalwind's ®rstPCtime series.For theseyears
composites with other model variables are
calculated.Secular variability is identi®edfor
the strengthof the polar vortex and the position
of theAleutian Low with this method.TheNAO
index attains positive anomalies during the
regime of anomalouslystrong zonal wind, and
negative anomalies for the weak zonal wind
composites.

A comparisonbetweenobservedtemperature
trends of the last decades and internal model
temperature variability, as well as temperature
trends of a climate changescenariocomputed
with the model, reveal that the control run
variations can possibly explain a large part of
the observedand simulated trends. If we take
into accountthat there exist somedata gapsin
the observations,in example over the Arctic, we
can say that the locations of the warming and
especiallythe cooling regionsare in quite good
agreementfor the three trend patterns. Even
though there are some exceptions like an
observedwarming region over Canadawhich
can not be seen in the models and a large
warming trend over Siberia in the scenariorun
which can not be detectedin the control run,
theseresultsshow the necessityof bringing the
internal vacillations of the model in phasewith

Fig. 15. Sealevel pressure[hPa]
of the ECHAM3/LSG-modelin
the vicinity of Greenland for
1600 years of the control run
(Timmermann, 1998). Pressure
is averagedbetween30� W and
34� W and between70� N and
80� N. The time series is
smoothedwith a 50 yearrunning
mean®lter
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naturalvariability to avoid a superimpositionof
trends.

The time series of zonal mean zonal wind
shows a shift in period towards shorter time
scales.After the year 1000 the secularoscilla-
tions become less important compared to the
inter-decadal variations which dominate the
whole time series,especiallyduring the second
half of the time series.A comparisonwith a SLP
time seriesleadsto the suggestionof a regime
shift becauseafter the year 1600 the large
amplitudesand lower frequenciesreappear. The
secular variability of the model has chaotic
characterandis thereforenotpredictable. Shorter
segmentsof the time seriesincludetrendsof the
model's variables and stable regimes. During
thosesegmentsa moreaccurateclimatepredict-
ability is possible.Theoccurrenceof thesestable
modesis not predictablebecauseof the chaotic
behavior of the time series.

Further studieswith different coupled atmo-
sphere-oceanGCMs concerning secular varia-
bility arenecessary. Comparisonsof themodeled
variations with observed trends would lead to a
better understandingof natural low frequency
variability modes.Time seriesof ice coresare
well suitedfor this purpose.A betterknowledge
of the current secularoscillation statecould lead
to a moreaccurateestimateof thenaturalclimate
condition.
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