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Abstract

In this study the variability in the tropical Pacific and Atlantic Ocean connected to the wind
driven shallow tropical and subtropical overturning cells is investigated.

The leading sea surface temperature (SST) mode in the western equatorial Pacific (the Nifio4
region) is a decadal mode. The analysis of observed SST and simulations with the MPI-OM mo-
del forced with the NCEP reanalysis suggests that the decadal SST variability is closely corre-
lated with the variability of the tropical (TCs) and subtropical (STCs) cells. Changes in the
strength of the cells lead the changes in SST. The lag becomes larger with increasing latitude,
indicating that the STCs adjust slower than the narrow TCs. The correlation pattern between in-
dices for the strength of the (S)TCs and the SST in the tropical Pacific shows an equatorial hor-
seshoe-like pattern, which indicates that the influence of the cells is larger in the Nifio4 than in
the Nifio3 region. For the TCs, a correlation between the cell strength and the SST is also found
on interannual timescales.

Different processes play important roles in the connection between the cells and the SST.
Apart from the anomalous upwelling of colder subsurface water, the zonal and meridional ad-
vection of water from the cold tongue by anomalous currents contributes to the changes in SST.
In the warm pool area, where the vertical temperature gradient in the upper layer is relatively
weak, the horizontal temperature advection is of the same order as the vertical one. The surface
heat flux acts in most regions as a damping. Thus, it is the ocean dynamics that drive the decadal
SST variability in large regions of the tropical Pacific.

The analysis of a multi-century integration with the coupled atmosphere-ocean model
ECHAM4/OPYC supports the results obtained from the simulations forced with the NCEP re-
analysis. The coupled integration suggests the existence of a coupled feedback loop between the
SST and the STCs, which can also be seen in the coupled model ECHAM5/MPI-OM.

Considering the influence of the Atlantic (S)TC onto the tropical SST, no uniform results are
found for the different models and timescales. Since the variability in the tropical Atlantic is re-
latively small compared to the tropical Pacific, one reason might be that mainly noise is consi-
dered here.

Some influence from the tropical Pacific onto the Atlantic (S)TC via changes in the trade
winds over the Atlantic Ocean can be found. During years with anomalously warm (cold) Nifio3
SST the strength of the cells increases (decreases).

The results of a scenario integration of the ECHAM4/OPYC model show a relativ complex
response of the (S)TCs to greenhouse warming. The analysis of the 1% integrations from the
coupled model intercomparison project CMIP2 shows different responses of the cells within the
different models, making a prediction of (S)TC sensitivity to an increase in thed@Centra-
tion difficult.



Zusammenfassung

In dieser Arbeit wird die &riabilitat im tropischen &ifik und Atlantik untersucht, die mit
den windgetriebenen flachen tropischen und subtropischen ZeHemipft ist.

Der fuhrende Meeresoberflachentemperatur(SST)-Mode im westlichen aquataaiafén P
(Niflo4-Region) ist dekadisch. Die Analys®w beobachteter SST und Simulationen mit dem
MPI-OM-Modell angetrieben mit der NCEP Reanalyse zeigt, dal’ die dekadische SST
Variabilitat eng mit der &friabilitat der tropischen (TCs) und subtropischen (STCs) Zellen
korreliert ist. Anderungen in der Zellstérkjehen Anderungen in der SST zeitlidraus,
wobei der Zeitlag mit steigender Breite zunimmt. Letzteres léffhwten, dal? sich die STCs
langsamer @ndern als die TCs. Dasri€lationsmuster zwischen der SST im tropischesifiR
und Indices fur die Staekder (S)TCs zeigt ein &quatoriales hufeisenformiges Mustdches
darauf schliel3en 1aR3t, dafld der Hifsf der Zellen in der Nifio4-R@n groler ist als in der
Nifio3-Region. Fur die TCsifidet man eine &rrelation zwischen der Zellstakind der SST
auch auf zwischenjéhrlichen Zeitskalen.

Bei der \erknupfung wn Zellen und SST sindevschiedene ProzesservBedeutung.
Neben dem anomalen Upwellingv kalterem tieferem Wésertragt auch die zonale und
meridionale Adektion von Wasser aus der relatkalten Zunge im Osten durch anomale
Stromungen zu den Anderungen in der SST bei. In demfoolrgion, wo der \ertikale
Temperatugradient in der oberen Schicht relchwach ist, ist die horizontale
Temperaturadektion von gleicher GréRenordnung wie diertikale. Der Warmefluf3 durch die
Oberfache wirkt tberwigend dampfend. Es ist daher die Ozeandynamik, die die dekadische
SSTFVariabilitét in groRen Bereichen des tropischanifiks antreibt.

Die Analyse einer mehrere hundert Jahre langenghatéon mit dem ge&ppelten
Atmosphéaren/Ozeanmodell ECHAM4/OPYCgébt ahnliche Egebnisse wie die
Simulationen, die mit der NCEP-Reanalyse angetrieben wurden. Dopmgke Intgration
weist auf eine Rucldpplungsschleife zwischen der SST und den STCs hin, welche auch im
geloppelten Modell ECHAM5/MPI-OMastiert.

Betrachtet man den Einflu® der atlantischen (S)TC auf die tropisches&&den sich fir
die unterschiedlichen Modelle und Zeitskalexine tbereinstimmenden ggbnisse. Ein
Grund daftir kdnnte dieatsache sein, daf3 di@anabilitdt im tropischen Atlantik im &fgleich
zum tropischen &zifik relativ klein ist, so dal} Ubernwgend Rauschen betrachtet wird. Man
findet einen EinfluRam tropischen &zifik auf die atlantische (S)TC durch Anderungen in den
Passatwinden tber dem Atlantik. In Jahren mit anonaathver (kalter) Nifio3-SST nimmt die
Zellstarle zu (ab).

Die Emgebnisse eines Szenarienlaufs mit dem ECHAM4/OPYC-Modell zeigen eiwv relati
komplexes \erhalten der (S)TCs bei globaler Erwadrmung. Die Analyse der 1%-Laufe des
gekoppelten Modellergleichsprojektes CMIP2 zeigt ein unterschiedlicheshdlten der
Zellen in den unterschiedlichen Modellen. Dieses erschwert eine geoalersage der
Anderungen der (S)TCs bei einer Zunahme deg-B@nzentration.



1. Introduction

The sea surface temperature (SST) in the tropical Pacific exhibits pronounced decadal-scale
variability. Studies investigating the origin of the SST variability include the tropical Pacific
itself (e.g. Trenberth and Hurrell, 1994 and Graham, 1994) and atmospheric teleconnections
from midlatitudes (e.g. Barnett et al., 1999). Several studies suggest an influence of the
shallow subtropical overturning cells (STCs) onto the SST variability in the tropical Pacific .

The STCs are mainly wind driven meridional overturning cells which were first described
by McCreary and Lu (1994) and Liu (1994). Figure 1 shows the meridional overturning
streamfunction for the upper subtropical-tropical Pacific Ocean taken from an ocean general
circulation model (OGCM) forced with the NCEP/NCAR reanalysis. In the zonal integral the
STCs appear as closed cells with an upwelling at the equator, a poleward Ekman transport at
the surface, subduction in the subtropics and an equatorward return flow within the
thermocline. It is unclear, however, if these cells are really closed. Johnson (2001), for
instance, suggests from drifter data analysis that the poleward surface limb does not reach the
subduction areas in the east.

The equatorial upwelling is partly balanced by downwelling within the tropics (at about 5°S
and 5°N) forming relatively narrow recirculation cells which are referred to as tropical cells
(TCs, Lu et al., 1998). The appearance of the TCs, however, can depend on the way the
meridional overturning streamfunction is calculated (Hazeleger et al., 2003). The strength of
the cells in our ocean model - 45 Sv and 25 Sv (1 Sverdrup = 10° m?/s) for the southern and
northern cell respectively - isin the order of what is suggested from observations and other
model integrations (e.g. Nonaka et al., 2002, McPhaden and Zhang, 2002 and Soyan et al.,
2003).

Considering the zonal structure shows that part of the equatorward flow is concentrated in

the western boundary currents, the Mindanao Current and New Guinea Coastal Undercurrent
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Figure 1. Mean Ricific meridional werturning steamfunction in the MPI-OM model
integration forced with the NCEPeanalysis (seehapter 2), aveaged over the length of
the run (1948-2001). Red (blue) line=present clokwise (anticlokwise) fow. The
contour interval is 5 Sv (1 Sv = 4ar/s).

for the northern and southern hemisphere respectively. These currents feed into the Equatorial
Undercurrent along which the upwelling occurs. The maximum upwelling velocities are found
in the central to eastern Pacific.

The proposed influence of the STCs onto the SST is due to (1) the spin-up and -down of the
cells leading to anomalies in the equatorward transport and upwelling strength of cold
subsurface water and (2) due to the advection of temperature anomalies from the subtropical
subduction areas by the mean flow. These two mechanisms are often referred to as (1) v’ T and
(2) v T' mechanism, respectively.

The first mechanism was suggested by Kleeman et al. (1999yom analysis of the tropical
decadal variability smulated by a 3 1/2 layer ocean model coupled to a statistical atmosphere.
Further supporting model studies were performed by Klinger et al. (2002and Solomon et al.
(2003)using the same ocean model and by Nonaka et al. (2002)ho used an OGCM forced
with observed wind stresses. Merryfield and Boer (2004, submittedpalyzed a coupled

general circulation model (CGCM) simulation and found the v’ T mechanism to be the



dominating oneMcPhaden and Zhang (2002), using lydrographic data and obsed/ SST
reported that the arming of the tropical &ific in the last decadesas associated with a
decrease in the strength of the STCs.

The second mechanismaw described bu and Philander (1997) using a simple box
model, byZhang et al. (1998) analyzing the Létus data and biese et al. (2002) using an
OCGM. Shneider et al. (1999), havever, suggest from OGCMxperiments that the subducted
temperature anomalies from the subtropics do retiathe equatorial SSThis is supported
by Hazeleger et al. (2001) who did not ind ary propagtion of temperature anomalies to the
equator in a combined model and obs#ional studyYang and Liu (2004, submitted) find
both mechanisms of importance in their CGCipperimentsin a recent studyBoccaletti et
al. (2004, submitted) proposed that a heat loss in higher latitudes leads via wave propagation to

changes in the depth of the thermocline and thus to a heat gain at low latitudes.

In the tropical Atlantic Ocean the SST is dominated ly twain modes ofariability, the
meridional or ,dipol* mode (e.gMoura and Shukla, 1981) and an ENSO-li& mode (e.qg.
Zebiak, 1993).

Only very fewv studies consider an loénce of the STC onto the SSariability. Goes and
Wainer (2003) find a strengthening (weaking) of the (sub)suate currents during phases of
cold (warm) equatorial SST using an OGCM forced with the NCEP reanalyszar. et al.
(2001) describe the propagjon of temperature anomalies from the subtropics to the tropics
using an Atlantic OGCM.

Comparing the mean STC in the Atlantigyire 2) to that in thedific (figure 1) shas
that while in the Bcific the cells are symmetric, only a southern SkGts in the Atlantic.
Model studies suggest that the northern STC is canceled out due to the strong thermohaline
overturning circulation (e.dg=ratantoni et al., 2000). A TC, havever, seems toxast also in the
northern hemisphere.

The strength of the Atlantic cell is rehagily weak (12 Sv in the NCEP forced OGCM
integration).Zhang et al. (2003) suggest from obseations a transport of 10 Sv within the
pycnocline branch, of which about half is concentrated in the western boundary current (North

Brazil Undercurrent).
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Figure 2: Mean Atlantic meridional overturning streamfunction in the MPI-OM model
integration forced with the NCEP reanalysis (see chapter 2), averaged over the length of
the run (1948-2001). Red (blue) lines represent clockwise (anticlockwise) flow. The
contour interval is2 Sv (1 Sv= 108 m¥s).

In this study the ariability in the tropical Bcific and Atlantic Ocean connected to the
subtropical (STCs) and tropical (TCs) cells igasticated. Special attention isvgin to the
Nifio4 region and the decadal timescale.

The work is oganized as follas: An overview over the data on which the study is based is
given in chapter 2. In chapter 3 and 4 the results for #o#i® and Atlantic Ocean are

discussed respewetly. The main conclusions and an outlook akegiin chapter 5.



2. Data

In this chapter the obsations and model inggations, on which this study is based, are

shortly described.

The obsered SST is ta&n from the Hadle Centre Ice and Sea Sade Emperature
(HadISST1.1) dataset encompassing the years 1870 to R&@®( et al., 2003).

To get insight into the dynamics of the obsenSST wariability a 54 year ingration of the
ocean general circulation model MPI-OM forced by the NCEP/NCAR reanalalisaf/ et
al., 1996) for the years 1948 to 2001 is analyzed. The MPI-OM model, descriliddrisiand
et al. (2003), is a n&v version of the Hamlrg Ocean Primitie Equation model HOPE using a
C-grid and orthogonal curvilinear coordinatesr Ehe intgration used in this study the poles
are located at 39V and 88 north and south respeatly. The horizontal resolution amounts to
2.5° to 3 in the tropical rgions. The grid has a meridionalirefment at the equator with a
resolution of 0.8 between about P& and 16N. Vertically, 23 levels were used, of which nine
are in the upper 250 meters. The soef heatflux &s not takn from the NCEP reanalysisjtb
calculated according to Bulk formulae (9darsland et al., 2003). Initial conditions were
obtained from anx@ended-range inggation with climatological forcing.

Six ensemble membersgist for an intgration with a diferent horizontal andertical
resolution (about 1%horizontally without equatorial rielement and 40ertical levels of
which 13 are in the upper 250 meters). The initial conditions for each ensemble member were

taken from the state simulated at the end of theipus member

To separate the ffct of the equatorial and feéquatorial winds onto the TC and STC
variability, two wind sensitiity experiments were performed taking the MPI-OM model set-up
of the third ensemble membén the ,no equator'xperiment the wind stress forcing from the

NCEP reanalysis is set to the climatological annyelecbetween % and 8N. In the ,only



equator* &periment climatological wind stress forcing is prescribedvpatd of % latitude.
Both experiments contain transition zones betweartd & latitude in which the anomalies
(from the climatological annuai/cle) change linearly

Additionally, two existing wind sensitiity experiments are used in which climatological
wind stress forcing and climatological forcingcept wind stress respeatily are applied
globally. These rperiments (plus the control run) were performed with a model set-up with a

horizontal resolution of 3

Apart from the MPI-OM intgrations forced with the NCEP reanalysis results from a 300
year intgration of the coupled general circulation model ECHAM4/OPYC3 are analyzed. The
atmosphere model is ECHAM®dgeckner et al., 1996) with 19 \ertical levels and a horizontal
resolution of T42 corresponding to about®&.8. The OPYC model@berhuber, 1993) is
an isopycnal ocean model based on the priveitequations and has an embeddecethiayer
model. The OGCM has a horizontal resolution of 2v&h a gradual meridional refinement in
the subtropical/tropical ggon up to about 0%in the equatorial gion. The intgration was
run with 11 \ertical density layers, and the outpuasainterpolated onto #d depth leels, 48
for the meridional werturning (17 in the upper 250 meters) and 10 for the otlr@bles (5 in
the upper 250 meters). The ECHAM4/OPYC3 grt&tion was performed usingux
correction.

Some of the analyses were additionally performed with the output (last 70 years) of a
coupled intgration of the MPI-OM model (1%horizontal resolution and 4@stical levels)
with the atmosphere model ECHAMS5 (horizontal resolution of T63 or alcan®31 ertical
levels). This intgration runs withoutl@ix correction and a wind stress adaptation taking into
account the ocean sade currents. In contrast to coupled gragions without wind stress
adaptation, thea&eific and Atlantic STCs are represented more realistically (due to a reduction

of the temperature bias in the equatorigion).

To investicate the behaour of the TCs and STCs under greenhouse conditions the results
of a 240 year long greenhousamming simulation Roeckner et al., 1999) of the ECHAM4/
OPYC model are analyzed. The increase in the, C@hcentration is prescribed from
obsenations from 1860 up to present and falothe IPCC 1992a scenario until 210@yfe
25a).

Additionally, the control and 1% inggations (1% increase in the G@oncentration per

10



year) from the coupled model intercomparison project (CMIP2) were used. These integrations
have a length of 80 years (corresponding to a doubling of the CO, concentration) and the
output was averaged over 20 year intervals. For the Pacifc (Atlantic), meridional overturning
data are available from 10 (13) models.

All data used in this study (except the results from the CMIP2 integrations) are monthly
values with the mean annual cycle removed. Especially the northern TC in the Pacific shows a
pronounced seasonal cycle related to the shift in the Intertropical Convergence Zone (ITCZ),
being strongest (weakest) in the boreal winter (summer).

11



12



3. Pacific Ocean

3.1. Obsewed variability in Nino4 SST

Obsenations indicate that the decadal SSiFiability is particularly strong in the western
central equatorial &ific (e.g.Trenberth and Hurrell, 1994, Graham, 1994). Therefore the
Nifio4 region (16E - 15FW, 5°N - 5°S) is chosen to lggn the analysis of the decadal
variability. Furthermore, the ihfence of the tropical (TCs) and subtropical (STCs) cells is

larger in the western tropicabEific than in the Nifio3 ggon (see chapter 3.2).

Figure 3 sharis the obserd sea suate temperature anomalies (3SYaveraged wver the
Niflo4 region from 1870 onwards. The timeseriexleibits rather strong decadahtuations
with strong interannualariability superimposed. In order to highlight the decadabwility a
five year running mean (red ceivis also shen. It is interesting that the relaély strong
change in the mid 1970s is not unusual in the sbwfethe last 130 years. It is also notethy
that there is a rather strong trend in the Nifio4/A&SJuring the last f& decades.

The monthly Nifio4 SSA timeseries is decomposed by means of a singular spectrum
analysis (SSA). The reconstructed Nifio4 88Tsing theifst two SSA modes (pairs) are
shawvn in figure 4. The leading temporal mode, accounting for about 25% dditl@ce of the
Nifio4 ind«, has a quasi-decadal timescaigufe 4a). It closely resembles thevipass
filtered cure (five year running mean) sia in figure 3. The second most egetic mode
(figure 4b) corresponds to the well-kmo interannual &riability associated with the EI Nifo/
Southern Oscillation (ENSO) phenomenon.Xpkins about 20% of theaviance. It is
notevorthy that the varming trend in the western equatorialcHic seen inifjure 3 projects
only onto the decadalubnot onto the ENSO mode. Further discussion of toditweseries is
given inLohmann and Latif (2004, submitted).

13
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Figure 3: Timeseries of the observed Nifio4 SST anomalies and the anomadogshsaf the
tropical cells (TCs) ta&n fom the MPI-OM model intgation forced with the NCEP
reanalysis. Br definition of the cell stngth see te¢ (chapter 3.2). Shown amonthly values
with the annual cycleemored (bla& for SSTgreen for TC) and five year running meaadr
for SSTblue for TC). The dashed line shows the Nifio4 SST anomalies (withye&r

running mean applied) dm the NCEPeanalysis.

Next, the spatial structure associated with the temporal modses@mputed by means of
linear rggression. The decadal modg(re 5a) is El Nifio-like, as described in other papers
(e.g.Zhang et al., 1997 However, there are important differences to the canonical El Nifio
structure. The regression pattern for the decadal mode is broader in the meridional direction
and stronger in the western than in the eastern equatorial Pacific. Near the dateline, the
regression coefficients amount to about°@.per standard deviation of the decadal mode
timeseriesThe associatedxplained \ariance (fgure 5b) shws a horseshoe-l&kstructure,
with maximum \alues in the western equatoriadHic and of the equatqrbut low explained
variances in the Nifio3 geon. It should be noted that thedast eplained \ariance must occur
in the Niflo4 rgion, since the corresponding S5fimeseries was used in the SSA. The
equatorial horseshoe-kkstructure is also seen in the correlation pattern between the Nifio4
SSTAs and the strength of the (S)TCs (figure 10, 20).

The r@gression pattern for the interannual or ENSO mode (netrshshavs the typical El

14
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3.2. Relation of the obseared Nifno4 SST to the TCs and STCs

In this chapter the relationship between the olexbdecadal SSTaviability in the Nifio4
region and the ariability of the Rcific TCs and STCs desed from the MPI-OM model

integration forced with the NCEP reanalysis is discussed.

Indices for the strength of the TCs and the STCs were defined by taking for each timestep
PSinax(5°S to 5°N, upper 250m) - psiin(5°Sto 5°N, upper 250m) and psi may(10°N, upper
250m) - psi,+n(10°S, upper 250m) respectively, wherpsi is the Pacific meridional overturning
streamfunction (the overturning is negative for the southern cell). The STC index is defined at
10° latitude to be outside the range of the TCs. Furtlegendance on latitude is discussed
belown. To account for thedlct that the suaice branch of the cells is spinning-up andasdo
quicker than the ycnocline branchlu, 1998, Klinger et al., 2002, Merryfield and Boer, 2004,
submitted), the decadal TC and STC strengéniability discussed in this chapter is determined
from overturning data to which a fwear running mean has been applied.

In figure 3, the TC indeis shavn in addition to the Niflo4 SAT The lov-pass filtered TC
and Niflo4 SST timeseries as well as thve-pass filtered STC and Nifio4 SST timeseries (not
shawvn) are strongly anticorrelated, so that anomalouslymvNiiio4 SST goes along with
anomalously weakwerturning cells. Br the TCs, the correlation cdiefent amounts to -0.7,
with the orerturning leading by a ve months (solid line inifure 9). The time lag indicates
that the wariability of the TCs is indeed diing the decadal SSTuctuations in the Nifio4
region. Considering the northern and the southern hemispheric TC sepainatédyg is about 2
month for the southern and 7 month for the northern cell. The reason forféherdifag is not
clear but the fict that the northern cell is weakthan the southern one (figure 1) might play a
role.

Considering the STCs, the largest correlation coefficient between the low-pass filtered cell
strength index and Nifio4 SSTAs amounts to -0.6 (long dashed line in figure 9), which is lower
compared to the TCs but statistically significant at the 95% level (threshold value -0.44
according to a t-test). The changes in the STC strength lead the changes in SST by about 15
months. Compared to the TCs the lag is increasing, indicating that the STCs spin-up and -
down slower than the narrow TCs. The lag is consistentNuatiaka et al. (2002) who found a
lag of about 2 years between the equatorial temperature anomalies simulated by an ocean

model forced with no equatorial winds and those from an ocean model forced by only

17



equatorial winds. Therefore one can suggest that the STCs have an influence on the (western)
equatorial SST. Also the cross-correlation function between the low-pass filtered Nifio4
SSTAs and indices of the decadal STC strength computed from different latitudes (short
dashed and dashed dotted line in figure 9) has been determined. With increasing distance from
the equator the correlation coefficient decreases and the lag between STC and SST anomalies
increases. However, poleward of°l&titude, the correlation drops to a value close to the
significance level. The fact that the trend in the STC strength vanishes at abtatitt8e

might contribute to the low correlations. Also figure 11a does not show a signal in the
overturning poleward of Patitude during phases of anomalously warm (cold) Nifio4 SST.

The spatial correlation patterngire 10) between the decadal TC strengthxraied the
monthly obsergd SSTs as well as between the decadal STC strengthandehe monthly
obsered SSTs (not shin) closely resembles the equatorial horsesh@eslikucture shen in
figure 5b in the tropical &ific, indicating that the imfience of the STCS is higher in the

western than in the eastern equatoradific.

Sv

1950 1960 1970 1980 1990 2000
time

Figure 6: Timeseries of the anomalous strength of the TCs taken from the MPI-OM
model integration forced with the NCEP reanalysis: northern hemispheric cell
(red), southern hemispheric cell (green) and combined index (black, corresponding
to the blue curve in figure 3). For definition of the cell strength see text.
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Figure 7: Timeseries of the anomalous strength of the STCs taken from the MPI-OM
model integration forced with the NCEP reanalysis. For definition of the cell
strength see text.

The most striking feature in the OGCM simulation is the spinrdof the TCs {fure 3)
and STCs (figure 7)ver the last 50 years which goes along witheanaing of the Nifio4 SST
This decreasing trend is seen in both the northern and southern hemispheiigucelb(for
the TCs).Wu and Xie (2003) call for caution in studies of the tropicahétfic climate
variability based on ocean model igtations forced with the NCEP reanalysis due to
differences in NCEP and @OS (comprehense ocean and atmosphere dataset) winds. This
trend, havever, has been also found McPhaden and Zhang (2002) using lydrographic data.
They determined the corrgence of the ycnocline transports at about Btitude to obtain a
measure of the strength of the STCs and found a decrease of about 12 Sv between the 1960s
and 1990s. The trend in the strength of the STCs in the OGCM simulation is of comparable
order (figure 7).

Furthermore, the trend is simulated in each widlial member of an ensemble of
integrations with the MPI-OM model, run with a coarser horizontat (ligher \ertical) model
grid resolution, in which the initial conditions weraried (fgure 8). It is therefore unlély

that the strong denward trend seen in the model simulations forced with the NCEP reanalysis
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Figure 8: Timeseries of the anomalous strength of the TCs taken from the MPI-OM
model integration forced with the NCEP reanalysis. The black curve corresponds to
the blue curve in figure 3, the coloured curves are six ensemble members from an
integration with a different grid resolution. For definition of the cell strength see
text.

arises from problems associated with the initialization of the OGCM. Figure 8 aiss ttad
different resolutions of the model grid lead tofeiences in the amplitude of the cell

variability.

Figure 11a shws the pattern for the geession of the &cific meridional werturning
streamfunction onto the decadal Nifio4 SST moder@é 4a). It shas a rather broad pattern
indicating that not only the TCsubalso the STCs ka some irftience onto the decadal SST
variability. This is in contrast to the interannual Niflo4 SST moidei@ 4b) for which the
overturning rgression pattern is limited to abotI&titude (figure 18a). Aajn, this indicates
that the STCs need more time to spin-up anvrdihan the TCs. Figure 11a also suggests an
influence from both hemispheric cells. Note that for the southern hemisphere the mean
overturning is ngative, i.e. positte anomalies correspond to a weaikg. The slightly weak
values for the northern hemisphere might be partly due toatttettiat the werturning is
wealer in the mean (25 Sv compared to 40 Sv for the southern hemisphere, figure 1yvst follo

from the r@ression pattern that a change of about°G.2standard deation of the decadal

20



Nifio4 SST mode) goes along with a change of the cells by about 15 -20%.

To further irvestigate the dynamics of the decadal Nifio4 SSiFiability, various
atmospheric and oceanielfls from the MPI-OM model intgation forced with the NCEP
reanalysis are geessed onto the decadal mode timeserigaréf 4a). The gression patterns
are shwn in figure 11.

A warming (cooling) in the Nifio4 ggon goes along with a weaking (strengthening) of
the trade winds\er nearly the whole tropicalaRific domain (ectors in igure 11b). The
changes are of the order of 0.01 to 0.02 Aer one standard dation change in the decadal
Nifio4 SSA. In the following, all described changes in the atmospheric and oceanic fields are
per standard deation change of the decadal $Sihdex, even if this is not statedxelicitly.
Furthermore, only the arming case is described.

Wealer trade winds will lead to a reduced Ekman transpudmgince in the ocean which
will in turn decrease the equatorial upwelling of colder sulaserfnater (fgure 11c). The

strongest ertical \elocity changes occur in the centrakRic, where the wind stress changes

-0.10

-0.20

-0.30

—0.40
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—0.50

—0.60

-0.70

lag / month

Figure 9: Cross-corelation function between the decadal
observed Nifio4 SSTidtire 3, yeas 1948-1998) and the
strength of the TCs and STCs (atfeliént latitudes) ta&n
from an ocean model foed with the NCEPeanalysis: TC
(solid line), STC at 1Dlatitude (long dashed line), STC at
17.%° latitude (short dashed line) and STC af2atitude
(dashed dotted line).df defnition of the cell stength see
text. The 95% significanceMel accoding to a t-test is -0.44.
A positive (ngative) la indicates that the Nifio4 SST is
lagging (leading).
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Figure 10: Correlation pattern between the anomalous strength of the TCs taken from the
MPI-OM model integration forced with the NCEP reanalysis (blue curve in figure 3) and the
monthly observed SST. For definition of the cell strength see text.

are lagest. In the Nifio4 @gon, a reduction of up to 50 cm/day or about 25% of the mean
upwelling is simulated. This is consistent with the studiloPhaden and Zhang (2002) who
describe a strong decrease in the upwelling from the 1970s to the 1990stethefethe
(off)equatorial wind stress onto thanability of the TCs and STCs is discussed Welo

A wealening in the trade winds will not onlyfatt the \ertical welocity, but will also
wealen the wind-dwen horizontal circulation. Figure 11lee@tors) shas a weakning of the
South and North Equatorial Currents (SEC, NEC) of the order of 10 cm/s. Close to the equator
relatively strong meridionalelocity anomalies are simulated, which reflect the we&kman
divergence during anomalouslyanm Nifio4 SSTIf one considers the mean horizontal SST
gradients in the tropicalaific (figure 12), the current anomalies will @iv water from the
warm pool area zonally wards the east and also meridionally into the equatorial cold tongue.
The horizontal temperature agbtion by the anomalous currents (cotsbhaded in figure 11e)
is determined fromu' dT/dx -v' dT/dy, where the horizontal current anomalies areakom
the corresponding gegession pattern @ctors in figure 11e), and the mean temperature
gradients from the obsertt SST data (figure 12). This horizontal echion contrilotion of the
anomalous currentxkibits the strongestavming tendengin the rgion of the SEC. Splitting
the adection of the mean temperature up into the zonal and meridional part (figure 11f and g)
reveals the same order of magnitude for the t@mponents in the Nifio4gen (up to about
3x108Ks™).

For comparison, an estimate of thertical adection by the anomalougstical \elocity has

been calculated according 4o’ g5, (Tsyrface” Toom)/90m. At model level 65 meterthe
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upwelling anomalies reach their maximurat kalues of about 25 cm/day are simulatedido

to a depth of 90 metefhe \ertical temperature gradient is estimated from thetus data to

be 1 to 1.5 I€lvin over the upper 90 meter in thewwn pool area, which ges (takingw' ggy, =

25 cm/day) a @lue of about 4x18 Ks™. This \alue is quite similar to the estimate of the
horizontal adection of the mean temperature by the anomalous horizontal currents in the
Nifo4 area.

The subsudce circulation weans also during periods of anomalousigrm Nifio4 SST
(figure 11h). The Equatorial Undercurrent (EUC) is reduced by the order of 10 crmis Sho
are the horizontal current anomalies at 150 meter depth, i.e. the core depth of the EUC in the
central Rcific. Goes and Wainer (2003) found in an OGCM intgration forced with the NCEP
reanalysis similar reductions for the Atlantic Ocean. The EUC and SEC transports decrease
(increase) for an anomaloushamn (cold) equatorial Atlantic SST& may be noteorthy that
the western boundary currents shaon contrast to the interiorygnocline transport, a
strengthening during phases of anomalousymvNino4 SSTThis is consistent withee and
Fukumori (2003) who also describe an anticorrelation between #nations of the boundary
currents and those of the interigrepocline transport.

In addition to the ocean dynamics, the agd heattix can change the SSFigure 11i
suggests a dampingfeft of the healtix onto the SSTwer most of the equatoriabEific. In
the northern hemispheric part of the Nifiodiom, havever, the heattix contrikutes to the
warming.

The wind stress curl anomalies are alsonshim figure 11b (coloushaded). A wind stress
curl anomaly &ouring Ekman upwelling (according ta, ~ curlt / f) is simulated between
about 18 and 1% latitude in both hemispheres during phases of anomalousiy Wifio4
SST In the southwest, the gative anomalies are due to a shift in the Soudltifrc
Corvergence Zone (SPCZ), as is clearly seen in thgeession pattern for the precipitation
(figure 11j). The déct of the of-equatorial wind stress curl anomalies is also visible in the
vertical welocity (figure 11c) and the depth of the thermoclingyfe 11d). Anomalous
upwelling and a shoaling of the thermocline are found at abdlutol05’ latitude during
anomalously wrm Nifio4 SSTCapotondi et al. (2003), using an OGCM forced with fles of
momentum, heat and freshter based on the NCEP reanalysis for the period 1958 to 1997,
describe strong thermoclinanability along 18S and 18N and suggest that it is associated
with long frst-mode baroclinic Rossbyawes. The changes in the depth of the thermocline
might contrilute to the spin-den of the STCsMerryfield and Boer (2004, submitted) suggest
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i) surface heat flux [W/m?]
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Figure 11 Linear regression of various atmospheric and oceargtd$ fom the
MPI1-OM model intgration forced with the NCEPeanalysis onto the observed
decadal Nifio4 SST modeg(ire 4a). Theiélds are monthly values with the
annual cycle emwed. All values a per standat deviation of the SST inde
(0.21K). (a) Rcific meridional @erturning steamfunction (in Sv), (b) wind efs
(vectors, in Nm?) and wind stess curl (contous, in 10° Nni®), (c) vertical
velocity at model el 65 metes (in cm/day), (d) depth of the thermocline (in m),
(e) horizontal velocity at the surface (vecépin cm/s) and horizontal
tempeature advection (contost in 10° Ks1), (f) zonal temperture advection
(in 10° Ks1), (g) meridional tempeatture advection (in 18 Ks'1), (h) horizontal
velocity at model kel 150 mete (in cm/s), (i) downwalrnet surface healuix
(in Wni?), (j) precipitation (in mm/month)

a controlling of the pycnocline transport changes due to the wind stress curl. Apart from the
weakening of the off-equatorial downwelling, the shoaling of the thermocline in the west will
decrease the zonal slope of the thermocline, which itself might reduce the equatorward flow
within the thermocline. Timeseries of the tilt of the thermocline at about 10° latitude show a
decreasing trend consistent with the decreasing strength of the STCs. Correlation coefficients
between the anomal ous thermocline depth and the STC strength at 10° latitude as well as
between the anomalous wind stress curl and the STC strength amount to about 0.7 for the

northern and to about 0.6 for the southern hemisphere.
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Figure 12: Mean observed SST (in °C) taken from the Hadl SST1.1 dataset encompassing the
years 1948 to 1998.

To investigate the effects of the equatorial and off-equatorial wind stress variability onto the
variability of the TCs and STCs, the results from two wind sensitivity experiments with the
MPI-OM model forced with the NCEP reanalysis have been analyzed. In the two experiments
climatological wind stress forcing is prescribed between 5°S and 5°N or poleward of 5°
latitude respectively. Indices have been calculated for the decadal strength of the TCs and the
STCsin the same way as described for the control run at the beginning of this chapter.

Figure 13a shows the results for the TCs. Nearly all variability of the cell strength seen in
the control run (black curve) is simulated with wind stress variability restricted only to the
equatorial region (green curve). The off-equatorial wind stress fluctuations (blue curve) do not
significantly affect the TCs.

In contrast, the variability of the strength of the STCs (figure 13b) is generated mostly by
wind stress (curl) fluctuations poleward of 5° |atitude (blue curve compared to the black one).
This indicates that the off-equatorial winds have an influence on the equatorial SST in the
western tropical Pacific. The STC strength has been calculated at 10° |atitude but similar
results are obtained for 15° and 20° latitude. It is noteworthy that for the variability of the
STCsthe effect of the equatorial and off-equatorial wind stress are adding up linearly (the sum
(red dashed curve in figure 13b) of the STC indices from the two wind sensitivity experiments
resembles the index from the control integration).

Indices for the strength of the TCs and STCs have aso been calculated for MPI-OM model
integrations with only wind stress and only heat/freshwaterflux forcing variability respectively.
The results clearly show (figure 14) that the variability of the cell strength simulated in the

control run (black curve) is driven by the wind stress forcing variability alone (red curve).
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Figure 13: Timeseries of the anomalous strength of (a) the TCs and (b) the STCs
taken from MPI-OM model integrations forced with the NCEP reanalysis:
control run (black), climatological wind stress forcing poleward of 5° latitude
(green) and climatological wind stress forcing between 5°Sand 5°N (blue). The
red dashed line is the sum of the blue and the green curve. For definition of the
cell strength seetext.
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Figure 14: Timeseries of the anomalous strength of (a) the TCs and (b) the STCs
taken from MPI-OM model integrations forced with the NCEP reanalysis:
control run (black), climatological heat/freshwater forcing (red) and
climatological wind stress forcing (green).
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Apart from the western equatoriahétfic, a strong correlation between the decadal TC as
well as STC wariability and the monthly obsexd SST is found &fequatorial in the eastern
Pacific (figure 10). The correlation isyen higher than in the western equatoriatifc. The
cross-correlation function between the decadal strength of the cells and theedi&S8iiv
averaged wver the rgion 150W to 9W and % to 15’ latitude shws that, as for the Nifio4
region, the cell ariability is leading the SST fluctuations, indicating that also thecpfatorial
SST \ariability is driven by the ariability of the (S)TCs.

The warming (cooling) of the d¢fequatorial easternaeific during phases of weak (strong)
cells should mainly be caused by horizontal temperaturectidn. The rgression pattern for
the decadal easternfaquatorial SST indeclosely resemblesgure 11e. The anomalously
weak (strong) Ekman transport will aebt anomalously less (muchpater from the equatorial
cold tongue polards. fer the southern hemisphere also a strong zonal temperature gradient
exists (figure 12). During phases of weak (strong) cells, the eveak(strengthened) SEC will
adwect anomalously less (much) coldeater from the east wesands.

The relationship between the tropical SST and the strength of the TCs and STCsveight gi
rise to some predictability at decadal timescalesigré 15, the potential predictabiljty
defned by decadalariance drided by total ariance, of the obseed SST in the tropical
Pacific is shavn. While the potential predictability is close to zero in the typical EN§@me
the eastern and central equatoriacHc, it is signiicant in some parts of the western
equatorial Bcific and of the equatarThese are basically thegiens, in which the decadal

mode a&plains most of theariance (figure 5b). Furthermore, classical predictability studies

Figure 15: Potential predictability for decadal observed SST defined by variance of decadal
means divided by total variance. Sgnificant values according to an F-test are shown in
color.
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with a coupled general circulation model in which the MPI-OM model is used as the ocean
component, confirm the results of the potential predictability analysis andpsedictive skill

in exactly the same geons Pohlmann et al., 200X,

In the follonving, shortly the relationship between the obsdrifio4 SST and the strength
of the TCs on interannual timescales is discussed. Sincélimger et al. (2002have shavn
that the sudce limb of the cells is spinning-up andwapquicker than the returddw within
the pycnocline here only the relaély narrav TCs are considered. Furthermore, thggression
of the interannual Nifio4 SST modeg(ire 4b) onto the &cific meridional werturning
streamfunction shws an influence onto the SST mainly from the TCs (figure 18a).

In figure 16 the monthly Nifio4 S8% and the anomalous strength of the TCs aresho
The timeseries va been detrended and a one year running mean has been applied (so that the
correlation becomes more clear). Also on shorter timescales the Nifio4 SST and the strength of
the TCs are correlated with a correlation éieednt of about -0.75 which is comparable to
what is found on decadal timescales (solid lineigurfe 9). Aguin, the cell ariability is
leading, i.e. indeed diing, the SST anomalies (figure 17).

As for the decadal timescale, th@mession onto the interannual Nifio4 SST modgi(é
4b) shavs a contrilntion to the Nifio4 SSAs not only from changes in the strength of the
upwelling (fgure 18b) It also from horizontal temperature adtion by anomalous currents
(figure 18c). Havever, the net sudce heatflux (not sknn) has a damping fefct over the entire

Nifio4 area.

scaled anomalies

1950 1960 1970 1980 1990 2000

Figure 16: Timeseries of the observed Nifio4 8§STblak) and the anomalous singth of
the TCs (geen) talen from the MPI-OM model inggation forced with the NCEP
reanalysis. Both timeseries have beenatated and a one year running mean has be
applied. for definition of the cell séngth see 4.
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Figure 17: Cross-corelation function between the
two timeseries in figer16. The 95% significance
level accoding to a t-test is -0.28. A positive
(negative) lagy indicates that the Nifio4 SST is
lagging (leading) the séngth of the TCs.

In the west, a wind dren eastwrd (westvard) fowing equatorial jet is simulated during
phases of wrm (cold) Nifio4 SSTDue to this jet and a strengthening (wex@kg) of the North
Equatorial Countercurrent (NECC), the horizontal temperaturectidw (colourshaded in
figure 18c) contribtes, in contrast to figure 11e, to arming (cooling) in the west north of the
equator The reason for this ddrence is at least partly the strong trend in the mid-1970s which
is not seen in the interannual SSA modgufle 4b). If the decadal SSA mode (as well as the
simulated elocities) are detrended prior to thgmession analysis, an equatorial jet in the west

is found on decadal timescales too.
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Figure 18: Linear regression of various fieldsdim the MPI-OM model inggation forced

with the NCEP eanalysis onto the observed irdanual Nifio4 SST modegfire 4b).

The felds ae monthly values with the annual cycemored. All values a per
standad deviation of the SST inde(0.20K). (a) Rcific meridional oerturning

streamfunction (in Sv), (b) vertical velocity at modekle65 metes (in cm/day), (c)
horizontal velocity at the surface (vecsprin cm/s) and horizontal tempure

advection (contous; in 10° Ks'1)
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3.3. Simulations with a coupled general circulation model

In this chapter the decadanability in the tropical Bcific as simulated by a 300 year long
integration of the coupled ocean/atmosphere general circulation model ECHAM4/OPYC is

described.

Figure 19 shass the lav-pass filtered (applying a Bwear running mean) model timeseries
of the Niflo4 SSAs and the maximum strength of the TCs dedifrom Rcific meridional
overturning streamfunction data with adfiyear running mean applied (as described in chapter
3.2). The lgel of the simulated SSTawviability is of the order of the obse one (fure 3).
However, no strong trend is found in the control igitation with the coupled model. The
fluctuations of the TCs and the STCs (notvampare comparable to those from the MPI-OM
model intgration forced with the NCEP reanalysis, in the feilog denoted as MPI-OM,
before and after 1975. M@ver, a change of the cell strengthdikhe one which occured in the

mid-1970s is not found in the coupled modelgn&tion. This is in accord witklerryfield and
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Figure 19: Timeseries of the Nifio4 SST anomalies and the anomal@ngstrof the TC:
taken fom the ECHAM4/OPYC modelodefnition of the cell siength see t¢. Shown
are only values with a five year running mean applied {or SS;Tblue for TC).
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Figure 20: Correlation pattern between the anomalous strength of the TCs (blue curve in

figure 19) and the decadal (five year running mean applied) SST from the ECHAM4/OPYC

model. For definition of the cell strength see text.

Boer (2004, submitted) who also found lessypnocline transportariability in their coupled
control intgration thanMcPhaden and Zhang (2002) estimated from ydrographic
obsenations. It should be mentioned viver, that the mean strength of the cells is vezak
ECHAM4/0OPYC than in MPI-OM (30 Sv compared to 40 Sv for the southern and 11 Sv
compared to 25 Sv for the northern hemispheric TC).

Also for the coupled integration, the low-pass filtered Niflo4 SST and timeseries of the
strength of the TCs and STCs (not shown) are anticorrelated. For the TCs, the maximum
correlation coefficient amounts to -0.7. The same correlation is found for the decadal observed
Nifio4 SSTAs and STC strength anomalies from MPI-OM. However, in ECHAM4/OPYC the
maximum correlation is found at lag zero. This lag is influenced from both hemispheric cells.
While the northern TC is leading the SST by about 6 month, no such lag is found for the
southern TC. The reason for this is not yet clear.

Considering the decadal strength of the STCs, the strongest (anti-) correlation amounts to
about -0.45 (figure 21), which is weaker than for MPI-OM, but still statistically significant at
the 95% level (threshold value -0.21 according to a t-test). The fact that the cells are weaker
compared to MPI-OM might contribute to the lower correlation, although the correlation is
similar if the TCs are considered.

The r@gression patternifure 24a) of the &ific meridional @erturning streamfunction
onto the decadal Nifilo4 SST modi(fre 23) also suggests a weaknfluence from df
equatorial rgions than in MPI-OM, en if the lag between the ST@nability and the SST is

taken into account. As in MPI-OM, the strongest (anti-)correlation is found if the strength of
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the STCs is leading the Nifio4 SST by about one year (figure 21). Thus, the couplediante
supports the notion that thenldrequeng variability in the strength of the STCs is important
in driving western equatorial andfedquatorial SST anomaliesoFthe STCs, the lag is
similar for both hemispheric cells.

A secondary reme is found in the cross-correlation function, when the NioAS Sile
leading the strength of the STCs. This suggests that changes in the SSTiteofvialchanges
in the trade winds) to changes in the cell strength. Such a feedback is not seen in the uncoupled
OGCM intgyration (long dashed line in figure 9). It is foundwieeer, if the MPI1-OM model is
coupled to the atmosphere model ECHAMS as seen from the cross-correlation function (figure
22).

The correlation pattern between the decadal SST in the trogicdicRand the TC inde
(figure 20) as well as the STC indénot shavn) shavs a horseshoe-l&structure with
maximum correlation in the western equatoriatifc and dfthe equator also for the coupled

model intgration, resembling the pattern shoin figures 5b and 10.

Also for the coupled infgration, a singular spectrum analysis (SSA) of the monthly Nifio4
SSTAs is performed. In contrast to the obsahSST the leading SSA mode of the coupled
model has an interannual timescale representing the ENSO mode, while only a lgsScener

mode (modes 5 and 6 or modes 3 and 4 depending on thememnlgth) has a quasi-decadal
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Figure 21: Cross-corelation function

between the decadal Nifio4 SSé&d(icurve

in figure 19) and the sémgth of the STCs
taken fom the ECHAM4/OPYC modebi~

defnition of the cell stength see td¢. The

95% signiicance leel accoding to a t-test
is -0.21. A positive (m@tive) lag indicates

that the Niflo4 SST isdging (leading).
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Figure 22: Asfigure 21 but for the ECHAMS/
MPI-OM model. The 95% significance level
according to a t-test is-0.39.

timescale (Qure 23). This might be due to thact that the coupled model simulates an El
Nifio period of only tw years and slightly too strong ENSQ@riability. If the SSA is
calculated from annuaklues rather than from monthlglues so that the ENSO frequgns

not fully resoled, the decadal mode turns out to be the leading one. The decadal SSA mode
closely resembles the SST anomalies withey®ar running mean applied (red @i figure

19). As for the obseed SST (fyure 5a) the decadal Nifio4 SST mode is El Nifie-(igure

241).

Again, \various atmospheric and ocean@ds are rgressed onto the decadal Nifio4 SST
mode. The rgression patterns dead from the coupled simulatiorigéire 24) are similar to
the ones devied from MPI-OM (fgure 11)in many aspects. There are, however, significant
differences which will be discussed beldivone talkes into account the dérent standard
deviations of the decadal Nifio4 SST modes (BCL&r ECHAM4/OPYC compared to 0.2
for the obsered one), the gression coditients hae the same order of magnitude. Note that
the scale inigure 24 is diferent to that inigure 11 and that in both cases thgression
coeficients are gpressed per standardvigtion of the SST inde Again, only the case of

anomalously warm Nifio4 SST is described.

The wealkning of the sudce wind stress @ctors in figure 24kgs well as the upwelling fa-
vourable curl at about £0atitude (contours ifigure 24t during an increase in the Nifio4 SST
are confined to the western part of the basin. This is also the case, if the SST index is averaged

over the entire width of the Pacific. In MPI-OM, the dominating change is the relatively strong
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trend in the mid-1970s (e.g. figure 3). If the observed Nifio4 SST index as well as the wind stress
(curl) from the NCEP reanalysis are detrended prior to the calculation of the regression coeffi-
cients, also the regression pattern for MPI-OM shows a weakening of the trades between about
15°S and 18N as well as an upwelling favourable curl at abo@tlaftude only in the western

part of the Pacific. According to the wind stress pattern in ECHAM4/OPYC (vectors in figure
24b), the maximum equatorial upwelling anomalies are simulated in the west gémirehere

the mean vertical velocity is relatively small.

Considering the horizontal surface circulation during phases of anomalously warm Nifio4
SST (figure24¢ the weakening of the South Equatorial Current (SEC) is quite strong in the
east. This is at least partly due to the fact that the mean SEC is relatively strong in the east in
the ECHAM4/OPYC model (70 cni'scompared to 50 cni‘sin MPI-OM). In the west, a wind
driven equatorial jet is simulated by the CGCM, flowing eastwards during anomalously warm
Nifio4 SST. Due to this jet and the strengthening of the North Equatorial Countercurrent
(NECC), the horizontal temperature advection (contours in figdeecontributes, in contrast
to MPI-OM, to an increase of the Nifio4 SST north of the equéta.strong NECC during
phases of warm Nifio4 SST (and weak cells) might reflect the fact that the intertropical conver-

gence zone weakens the northern hemispheric cell by providing a potential vorticity barrier
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Figure 23: Reconstruction of the ECHAM4/OPYC monthly Nifio4 SST
anomalies fom singular spectrum analysis using mode 5 and 6.
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which prevents the subductedater to flav to the equator in the interior ocedru@nd Mc-

Creary, 1995, Johnson and McPhaden, 1999). As for the wind stress pattern, the difference be-
tween the two simulations seems to be due to the relatively strong trend found in the MPI-OM
simulation. If the observed Nifio4 SST index as well as the simulated horizontal velocities are
detrended prior to the regression analysis, the regression pattern for MPI-OM shows an equato-
rial jet in the west too.

For the subsurface circulation (figukgh) it should be mentioned that the Equatorial
Undercurrent (EUC) is reduced over the whole width of the basin. Since the EUC core rises
towards the east, the changes in the east are visible in the regression patterns for model levels
50 and 100 meters (not shown).

The net surface heat flux (figuggj) in ECHAM4/OPYC also contributes to the warming
in the north western equatorial Pacific, although this contribution is confined to the region west
of of the dateline.

Considering the changes in the depth of the thermocline during anomalously warm Nifio4
SST (figure24d), the shoaling of the thermocline in the western and central part is much
weaker in ECHAM4/OPYC than in MPI-OM. In contrast, the deepening of the thermocline in
the east is more pronounced in the CGCM simulation. As discussed before, the main reason for
the difference between the two simulations is the relatively strong trend found in MPI-OM.
Timeseries of the depth of the thermocline at aboftdfxude in the western and central
tropical Pacific in MPI-OM show decreasing trends of 50 to 80 meters in the 1970s. Such a
signal is not found in the ECHAM4/OPYC control simulation. Again, if the observed Nifio4
SST index and the simulated thermocline depth are detrended prior to the calculation of the
regression coefficients, the regression pattern for MPI-OM also shows much weaker shoaling
of the thermocline in the western and central parts and stronger deepening of the thermocline

in the area of the cold tongue.

As a summary it can be said that the coupledgiratgon (using also a ddrent ocean

model) supports the results described in theipus chapter for the uncoupled igtation.
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Figure 24: Linear regression of various atmospheric and oceaiatd$ fom the
ECHAM4/0OPYC model inggation onto the decadal Nifio4 SST mode (8d28).
The felds ae monthly values with the annual cyctemoved. All values a per
standad deviation of the SST inag0.13K). (a) Bcific meridional awerturning
streamfunction (in Sv), (b) wind s8s (vecta, in Nrﬁ2) and wind stess curl
(contouss, in 10° Nnmi®), (c) vertical velocity at modelvel 65 metes (in cm/
day), (d) depth of the thermocline (in m), (e) horizontal velocity at the surface
(vectoss, in cm/s) and horizontal tempeure advection (contost in 10° Ksb),

(f) zonal tempeature advection (in 19 Ks1), (g) meridional tempeture
advection (in 18 Ks1), (h) horizontal velocity at modehel 150 metex (in cm/
s), (i) horizontal velocity at modelvel 50 metes (in cm/s), (j) downwalr net
surface heatltix (in Wm?), (k) precipitation (in mm/month), (I) sea surface
tempeature (in K)
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3.4. Greenhouse gas simulations

In this chapter a scenario integration of the ECHAM4/OPY C model is analyzed to study the
sensitivity of the TCs and STCs to greenhouse warming. The integration is forced by observed
greenhouse gas concentrations from 1860 to present and the concentrations follow the IPCC
1992a scenario until 2100 (figure 25a).

Asfor the control integration, indices for the strength of the TCs and STCs are computed in
the same way as described at the beginning of chapter 3.2. Additionally, an STC index at 15°
latitude is calculated. Figure 25b shows the timeseries of the strength of the TCsin the scenario
integration. The strength of the TCsis increasing under greenhouse conditions. The increaseis
about 15% for a doubling of the CO, concentration. Such a trend is not seen in the control
integration (blue curvein figure 19). Considering the strength of the STCs, the model simulates
a decreasing trend poleward of 10° latitude. Thisis seen clearly at 15° latitude (figure 25c),
where the transport weakens during the 21st century by about 10%.

If one calculates the trend in the Pacific merdional overturning streamfunction over the last
110 years (where the CO, concentration approximately doubles, figure 25a), a quite complex
response of the tropical circulation to global warming is found (figure 26a). While the TCs
intensify, the off-equatorial and deeper parts of the overturning spin-down. The latter is
consistent with Merryfield and Boer (2004, submitted) who found a decrease of the pycnocline
transport at 10° latitude under global warming conditions.

The trend in the SST (figure 26b) shows an increase in temperature over the entire tropical
Pacific. However, the warming trend is smaller in the western than in the eastern tropical
Pacific. Since the influence of the TCs onto the SST (stronger cells leading to colder SST) is
largest in the west (figure 20), the increase in the strength of the TCs might contribute to the
pattern in the SST trend.

Additionally to the scenario integration of the ECHAM4/OPY C model, the response of the
TCs and STCs to global warming in the 1% integrations (1% increase of the CO,
concentration per year) of the coupled model intercomparison project (CMIP2) is analyzed.

Figure 28 shows the timeseries of the strengths of the TCs and the STCs at 15° latitude for
the different models. Note that for the meridional overturning streamfunction in the CMI1P2

integrations only output averaged over 20 year intervals is available. Since partly also the



control integrations show atrend in the strength of the cells and to account for the quite
different mean strength of the cells in the different models (figure 27) the strength of the
(S)TCs is expressed as the difference between the strengths in the 1% and the control
integration divided by the mean strength of the cells in the control integration (between 5°S
and 5°N and at 15° |atitude respectively).
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Figure 25: (a) Increase in the CO, concentration in the scenario integration of the
ECHAM4/OPYC model and timeseries of the strength of (b) the TCs and (c) the STCs at
15° |atitude as simulated in the scenario integration. For definition of the cell strength
see text.
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Figure 26: Trend in (@) the Pacific meridional overturning streamfunction and (b) the SST
in the scenario integration of the ECHAM4/OPYC model. Unit is (a) Sv and (b) °C over
the last 110 years of the run (1990-2100). Note in (a) that for the southern hemisphere the
mean is negative, i.e. negative (positive) values correspond to a strengthening (weakening)
of the overturning.

Within the different CM1P2 models no uniform response of the cell strength to an increase
in the CO, concentration is found neither for the TCs nor for the STCs. Furthermore, many
models simulate only a rather weak trend, especially in the strength of the STCs. The latter is
shown at 15° latitude (as in figure 25) but a similar picture is obtained at 10° and 20° latitude.
For the TCs it should be mentioned that they are not simulated in some of the models (figure
27, e9. IAPand GFDL).

The different response shows that a prediction of the (S)TC sensitivity to an increase in the
CO,, concentration is difficult from the CMIP2 model integrations.
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Figure 27: Mean Rcific meridional werturning steamfunction in diérent models of the
coupled model inteomparison poject (CMIP2), aveaged over the 80 year long corar
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Figure 28: Timeseries of the strength of (a) the TCs and (b) the STCs at 15° latitude in
the different CMIP2 models. For definition of the cell strength see text. The cell
strength is expressed as timeseries of the 1% run minus timeseries of the control run
divided by the mean of the control run. Note that only 20 year means of the
overturning from the CMIP2 integrations are available and that for the MRI model
no overturning is calculated south of 10°S.
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4. Atlantic Ocean

4.1. Relation between TC/STC and tropical SST

Also in the Atlantic Ocean a (southern hemispheric) subtropical (STC) and tropical (TC)
cell exists (figure 2). In the follaving the \ariability of these cells and their relation to the

tropical Atlantic climate ariability is investicated.

Figure 29 shas the obsemd SST anomalies (tak from the HadISST1.1 dataset) in the
equatorial Atlantic in the last 130 years. Tlagiability is wealer compared to theaRific
(figure 3 for the Nifio4 ggon). As in the western equatoriad¥ic the leading SST mode from
a singular spectrum analysis has a quasi-decadal timesgale 30), closely resembling the
timeseries with theife year running mean applied (red aim figure 29). In the tropical

Atlantic there has also been an increase in ST the last decades.

The decadalariability of the strength of the TC tak from the MPI-OM intgration forced
with the NCEP reanalysis is shio in figure 31 (blue cum). Here the (southern hemispheric)
TC strength indeis defned by taking for each timestepsi;,(5°S - 0°, upper 150m) where
psi is the Atlantic meridionalerturning streamfunction with a &wear running mean applied
(note that the mearverturning is ngative for the Atlantic TC). As for thedeific TC ind&, a
five year running mean is applied to account for #ut that the suaice branch of the cells
spins-up and -den quicler than the ycnocline branch (e.dklinger et al., 2002).

The anomalies in the strength of the TC (as well as the mean strength) are mueh weak
compared to thedeific (figure 3, note that here the inde based on both hemispheric cells).
Also no strong trend, as simulated in tlaeifc TCs in the mid-1970s, is found in the Atlantic
TC variability. The simulated cellariability is similar in the indiidual members of an

ensemble of inggrations with the same ocean model, run with a coarser horizontal and higher
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Figure 29: Observed SST anomalies (taken from the Hadl SST1.1 dataset) averaged over
the equatorial Atlantic Ocean (5°Sto 5°N, whole Atlantic basin width) for the last 130
years. Shown are monthly values (with the annual cycle removed, black) and five year
running mean (red).

vertical resolution (figure 32). As for the Pacific (figure 8), the amplitude of cell strength

variability is different for the different model set-ups.
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Figure 30: Reconstruction of the monthly observed SST anomalies in the equatorial
Atlantic (black curvein figure 29) from singular spectrum analysis using mode 1 and 2.
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In figure 31 the decadal observed SST variability in the eastern equatorial Atlantic is shown
together with the TC strength anomalies from the MPI-OM model integration forced with the
NCEP reanalysis. The SSTAs are averaged over the region 5°Sto 5°N and 20°W to 10°E. This
index has been chosen because the correlation pattern between the TC index and the observed
SST shows higher correlation in the eastern tropical Atlantic (figure 33).

In contrast to the Pacific, however, the cross-correlation function between the TC and SST
timeseries does not show an influence of the cell variability onto the SST anomalies (figure
34). The maximum correlation coefficient of -0.6 is found with the SST leading the TC index
by about 15 months. If the SST timeseries is detrended prior to the calculation of the cross-
correlation function the maximum correlation amounts to -0.75. This suggests that changesin
thetropical SST can have (viachangesin the trade winds) an effect onto the strength of the TC.

Considering an index for the strength of the (southern hemispheric) STC, defined by taking
for each timestep -psi(10°S, upper 150m), no correlation between the Atlantic STC and SST
anomaliesis found in the NCEP forced integration. Thisis also true if the STC index is
calculated at 15°S or 20°S.
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Figure 31: Timeseries of the observed SST anomalies (taken from the HadlSST1.1
dataset) in the eastern tropical Atlantic Ocean (averaged over the region 5°Sto 5°N,
20°W to 10°E) and the anomal ous strength of the southern hemispheric TC taken from
the MPI-OM model integration forced with the NCEP reanalysis. For definition of the
cell strength see text. Shown are monthly values with a five year running mean applied
(red for SST, blue for TC).
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Figure 32: Timeseries of the anomalous strength of the TC taken from the MPI-OM
model integration forced with the NCEP reanalysis. The black curve corresponds to
the blue curve in figure 31, the coloured curves are six ensemble members from an
integration with a different resolution of the model grid. For definition of the cell
strength see text.

On interannual timescales, Goes and Wainer (2003) suggest from an OGCM forced with the
NCEP reanalysis that years of warm (cold) eastern tropical SST go along with a decrease
(increase) in the South Equatorial Current (SEC) and the Equatorial Undercurrent (EUC).

Figure 35 shows the composite differences for warm minus cold monthly observed eastern
equatorial SST for various atmospheric and oceanic fields from the MPI-OM model integration
forced with the NCEP reanalysis. The composite difference is calculated to take into account
only stronger warm and cold events since the correlation between the SST index and the
strength of the TC islow (figure 36). As athreshold value for the composites one standard
deviation of the SST index has been taken. The positive (warm) and negative (cold) composite
patterns are very similar with the opposite sign for the cold years.

During years of warm (cold) eastern tropical SST (figure 35f), the TCs are weakened
(strengthened). Interestingly this signal is seen in both hemispheric cells (figure 35a). While an
STC exists only in the southern hemisphere, a TC can be found also north of the equator
(figure 2). Note that for the southern cell the mean overturning is negative, i.e. positive

anomalies correspond to a weakening of the cell. The change in the strength of the TCs
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between years with warm and cold eastern equatorial SST is about 20% of the mean strength
of the cells.

The decrease (increase) in the strength of the TCsis aso seen in the vertical velocity (figure
35d). The equatorial upwelling is reduced (enlarged) during phases of warm (cold) eastern
tropical SST, while anomalous upwelling (downwelling) is found at about 5° latitude
respectively.

The changes in the strength of the cells (and the vertical velocity) go along with changesin
the trade winds (figure 35b). During years of warm (cold) SST index , weaker (stronger) trades
are found in the western part of the basin on the equator and in the southern hemisphere
leading to a reduced (enlarged) Ekman transport divergence (seen in figure 35c close to the
equator). Upwelling (downwelling) favourable curl isfound at about 5° |atitude.

The changes in the trade winds also lead to changes in the zonal currents (vectorsin figure
35c and €). The decrease of the SEC and the EUC by the order of 10 cm/s between years with
warm and cold eastern equatorial SST is in agreement with Goes and Wainer (2003). The
changes in the currents also contribute to the increase (decrease) in the SST by horizontal

temperature advection (colour-shaded in figure 35c).
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Figure 33: Correlation pattern between the anomal ous strength of the TC from
the MPI-OM model integration forced with the NCEP reanalysis (blue curve
in figure 31) and the decadal (five year running mean applied) observed SST
(taken from the Hadl SST1.1 dataset). For definition of the cell strength see
text.
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The net surface heatflux (figure 35g) acts to damp the SST over most of the region. Only at

the northern edge the heatflux contributes to the warming (cooling).

The cross-correlation function between the SST index and the monthly strength of the TCs
(figure 36) suggests that on interannual timescales changes in the strength of the TCs are
leading changes in the eastern equatorial SST. Here the TC index is calculated by taking for
each timestep psi jyax(5°S - 5°N, upper 150m) - psimin(5°S - 5°N, upper 150m) where psi is the
monthly Atlantic meridional overturning streamfunction assuming that the TCs are narrow
enough to spin-down (or -up) at the same time. Southern as well as northern TC are considered
because figure 35a suggests an influence onto the SST from both hemispheric cells. The
correlation is quite low although statistically significant. One reason might be that the SST
variability isrelatively low. The highest variability is found in boreal summer (figure 37). If
only the SST anomalies from june and july are considered the correlation coefficient amounts
to -0.6.

As for the Pacific, also the output from the coupled atmosphere/ocean general circulation
model ECHAMA4/OPY C has been analyzed.
If the TC is considered, no significant connection to the SST can be found neither for

decadal nor for interannual timescales. Thisis also true if only the months of highest SST
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Figure 34: Cross-correlation function between the
SST and TC anomalies in figure 31. The 95%
significance level according to a t-test is-0.44. A
positive (negative) lag indicates that the SST is
lagging (leading).
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Figure 35: Composite dferences for warm minus cold observed eastern equatorial SST
5°N, 2°W - 1PE) of various atmospheric and oceanields fom the MPI-OM mode
integration forced with the NCEPeianalysis. SST ingeand fields a& monthly values with th
annual cycle emwed and have been detrded prior to the composite calculation. T
threshold value for the composites is one staddiwiation of the SST inde (a) Atlantic
meridional werturning steamfunction (in Sv), (b) wind efss (vecta, in Nmz) and wind
stress curl (contows, in 10° Nmi3), (c) horizontal velocity at the surface (veatpin cm/s)
and horizontal tempature advection (contost in 10° Ks'1), (d) vertical velocity at mode
level 40 metes (in cm/day), (e) horizontal velocity at modelde150 metex (in cm/s), (f)
observed SST (in K), (g) downwaret surface heat flux (in VYFr)1

variability (March to May in this model integration) are considered. The very low SST
variability (about one half of the observed SST range) as well as the weak cell strength (6 Sv
compared to 12 Sv in the MPI-OM model integration forced with the NCEP reanalysis) might
contribute to this.

However, considering the strength of the STC suggests some influence of the STC onto the
equatorial SST for decadal timescales. The maximum correlation coefficient of -0.5 is found
with the cell strength leading the SST by about 8 months which is comparable to what is found
in the Pacific (figure 21). The correlation pattern shows the highest correlations south of the

equator in the western part of the basin.
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Figure 36: Cross-corelation function between the
monthly observed eastern equatorial SST xnde
(5°S - N, 20°W - 1PE) and the monthly
strength of the TCs tan from the MPI-OM
model intgration forced with the NCEP
reanalysis. Br defnition of the cell stength see
text. The 95% signifance leel accoding to a t-
test is -0.28. A positive (gative) la indicates
that the SST is gging (leading).
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Figure 37: Annual cycle of the standard

deviation of the monthly observed eastern

equatorial SST index (5°S- 5°N, 20°W - 10°E).
It is noteworthy that the analysis of the coupled genera circulation model ECHAMS/MPI-
OM, which simulates more realistical tropical SST variability and cell strength, leads to similar

results.
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4.2. Influence of El Nifio onto the TC/STC

Previous studies (e.gMi et al., 2002 have shavn that the trade windsver the tropical
Atlantic are influenced by the Nifio3 SSPE- &N, 15FW - 9CPW). Since the TCs and STCs
are mainly wind dwen, it will be irvesticated in this chapter if an ioence of the tropical
Pacific onto the Atlantic (S)TC can be found.

Figure 39a shes the composite dérence for varm minus cold obseed monthly Nifio3
SST (threshold alue one standard dieation) of the Atlantic meridional\erturning
streamfunction taén from the MPI-OM intgration forced with the NCEP reanalysis. The
composite difierence is calculated to taknto account only stronger El Nifio and La Nifia
events since the correlation between the Nifio3 SST and the strength of the AtlanticWC is lo
(figure 38). Ier years with a anomalouslyanm (cold) eastern equatoriaadic the Atlantic
(S)TC is strengthened (weaked). Note that for the southern hemisphere the meatuming
is negative, i.e. ngative (positve) anomalies correspond to a strengthening (em@ak). The
change in the strength of the (S)TC between El Nifio and La Nifia years is about 15 to 20% of

the mean cell strengthoFdecadal timescales (Ewear running mean applied) no influence
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Figure 38:Cross-corelation function between the
monthly observed Nifio3 SST irdevith a one
year running mean applied and detided) and
the monthly sength of the southern hemispheric
Atlantic TC talen from the MPI-OM model
integration forced with the NCEPeanalysis. br
defnition of the cell stength see td. The 95%
significance leel accoding to a t-test is -0.28. A
positive (ngative) lay indicates that the Nifio3
SST is lgging (leading).
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Figure 39: Composite dferences for warm minus cold Nifio3 SST
of fields fom the MPI-OM model inggation forced with the
NCEP eanalysis. The Nifio3 SST is leading by four months. All
timeseries a& monthly values with a one year running mean
applied and have been detrded prior to the composite
calculation. The theshold value for the composites is one
standad deviation of the Nifio3 SST inde (a) Atlantic
meridional overturning steamfunction (in Sv), (b) wind s
(vectoss, in Nn¥?) and wind stess curl (contows, in 10° Nnid)

from the tropical Bcific is found.

In figure 39 the Nifio3 SST is leading the Atlanti@durning by four months. This lag is
taken from the cross-correlation function between the Nifio3 SST and the strength of the
southern hemispheric Atlantic TAdfire 38). The latter has been determined from monthly
Atlantic meridional @erturning streamfunction data with a one year running mean applied.
Only the TC inde is considered in the cross-correlation function assuming that thewmarro
TCs spin-up (or -don) at the same time oF the northern hemispheric TC nolugnce from

the Nifilo3 rgion is seen in figure 39a.
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Figure 40: Composite difference for strong minus weak Atlantic
TC index (taken from the MPI-OM model integration forced
with the NCEP reanalysis) of the wind stress (vectors, in Nm?)
and wind stress curl (contours, in 102 Nm™3) from the NCEP
reanalysis. For definition of the cell strength see text. All
timeseries are monthly values with a one year running mean
applied and have been detrended prior to the composite
calculation. The threshold value for the composite is one
standard deviation of the TC index.

The strengthening (weeaking) of the Atlantic (S)TC goes along with a strengthening
(wealkening) of the south easterly trade winds during years with anomaloasig {cold)
Nifio3 SST (igure 39b, here with the Nifio3 SST leading by four monthsthe picture is
similar for lag zero). The north easterly trades, in contrast, areewedKstrengthened) which
is consistent wittWu et al. (2002).

Figure 40 shas the composite dgrence for strong minus weak Atlantic TC ird# the
wind stress tadn from the NCEP reanalysis. Note that the pattern for lag zerovismshat a
similar picture is obtained if the wind is leading the cell ntdg a fev months. The pattern
resembles the wind stress pattern seen &mmaminus cold Nifio3 SST (figure 39b).

To investicate which winds are dring the \ariability of the TC and STC, cell strength
indices hae been calculated for MPI-OM irgeations forced with the NCEP reanalysis with
climatological wind stress forcing within and petrd of the equatorial ggon respectiely.
The cell strength indices are calculated from meridiomaitarning streamfunction data with
a five year running mean applied. As for treeiflic (S)TCs (figure 13) nearly albxability of
the TC seen in the control rungiire 41a, black cue) can be simulated with wind stress
variability restricted only to the equatoriabren (green cur®), while the ariability of the
STC is mainly caused by the wind stress (curl) fluctuationsvanteof % latitude (figure 41b,
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Figure 41: Timeseries of the anomalous strength of (a) the TC and (b) the STC taken
from MPI-OM integrations forced with the NCEP reanalysis: control run (black),
climatological wind stress forcing poleward of 5° latitude (green) and
climatological wind stress forcing between 5°Sand 5°N (blue). For definition of the
cell strength seetext.
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blue cune).

Considering intgrations with coupled general circulation models, no significant correlation
between the Atlantic TC and the Nifio3 SST can be found in the ECHAM4/OPYC model. The
weak strength of the cell in this model might conttébto this.

For the ECHAMS5/MPI-OM intgration, havever, the strength of the TC increases
(decreases) during years with anomalousdym (cold) Nifio3 SST with a lag of about four
months (figure 42), which is consistent with figure 38. The correlatiofia@ert between the
Atlantic TC index and the Nifio3 SST is higher than for the NCEP forcedyrateon. The
change in the strength of the (S)TC between El Nifio and La Nifia years in the ECHAM5/MPI-
OM integration is about 25 to 30% of the mean cell strength.

correlation

lag / month

Figure 42: Cross-corelation function between
the monthly Nifio3 SST indéwith a one year
running mean applied) and the monthly
strength of the Atlantic TC t&h from the
coupled atmosphefocean gneal circulation
model ECHAMS/MPI-OM. & definition of the
cell stength see td. The 95% signi¢ance
level accoding to a t-test is -0.25. A positive
(negative) lag indicates that the Nifio3 SST is
lagging (leading).
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4.3. Greenhouse gas simulations

In chapter 3.4 it has been shown that the strength of the Pacific (S)TCs simulated by the
ECHAM4/0OPY C model changes under greenhouse warming conditions (figure 25). Here the
response of the Atlantic TC and STC to an increase in the CO, concentration is investigated.

Figure 43b shows the strength of the southern hemispheric Atlantic TC in the scenario
integration of the ECHAM4/OPY C model. In this integration the CO, concentration is
increasing according to observations from 1860 to present and the IPCC 1992a scenario
afterwards (figure 43a). The TC index has been calculated in the same way as described in
chapter 4.1.

In contrast to the Pacific TCs (figure 25b), the strength of the Atlantic TC is decreasing in
the ECHAM4/OPY C scenario integration due to a weakening in the south easterly trade winds

over the Atlantic Ocean. The weakening is about 15% for a doubling of the CO, concentration.
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Figure 43: (a) Increase in the CO, concentration for the scenario integration of the
ECHAM4/OPYC model and (b) timeseries of the strength of the southern hemispheric
Atlantic TC from the integration. For definition of the cell strength see text.
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Figure 44: Mean Atlantic meridionaleerturning steamfunction fom diferent models of the
coupled model inteomparison poject (CMIP2), aveaged over the 80 year long coral
integrations. Red (blue) contourlinespresent (anti)clokwise flowContour levels ae 1, 2,
3, 4, 5, 7 and 9 S¥he numbex give the maximum stigth of the cell.

In the control integration no trend in the strength of the TC isfound (not shown).

Considering the strength of the STC (not shown), no trend is found in the scenario
integration. The fact that the Atlantic STC in the ECHAM4/OPY C integration is quite weak
(about 2 Sv poleward of 5°S) might contribute to this.



In addition to the scenario integration of the ECHAM4/OPY C model, changes in the
strength of the (S)TC in the 1% integrations (1% increase of the CO, concentration per year)
of the coupled model intercomparison project (CMIP2) were investigated.

In figure 45 the strengths of the TC in the different CM1P2 models are shown. The set of
models slightly differs from those of the Pacific (S)TC analysis (figure 28) since some of the
models do not simulate a reasonable Atlantic STC and also for some no Pacific meridional
overturning was available. Note also that the available meridional overturning streamfunction
output has been averaged over 20 year intervals. As for the Pacific the strength in the TC is
expressed as the difference between the strengths in the 1% and in the control integration
divided by the mean TC strength in the control integration (to take into account the different
mean strength of the cells (figure 44) and trends in the cell strength of the control runs).

Also for the Atlantic TC no uniform response to greenhouse conditions is found within the
different CM1P2 models. Furthermore, most models simulate only a rather weak trend. The
same is true for the Atlantic STC (not shown). Therefore, it is difficult to estimate the Atlantic

(S)TC sensitivity to global warming from the CMIP2 models.
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Figure 45: Timeseries of the Atlantic TC strength for different CMIP2 models. For
definition of the cell strength see text. The cell strength is expressed as timeseries of
the 1% run minus timeseries of the control run divided by the mean of the control run.
Note that only 20 year means are available for the meridional overturning
streamfunction in CMIP2.
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5. Summary and Outlook

In this study the decadaésiability of the SST in the tropicalaific is investigated. The
leading SST mode in the western equatoradifit (the Nifio4 rgion) is a decadal mode. The
analysis suggests that the decadaiability is closely connected to thanability of the wind
driven subtropical (STCs) and tropical (TCsedurning cells. Changes in the strength of the
(S)TCs lead the changes in the S¥fie lag becomes Iger with increasing latitude, indicating
that the STCs adjust sler than the narw TCs. The correlation pattern between the xnide
the strength of the (S)TCs and the SST in the tropiaaifi® shavs an equatorial horseshoe-
like pattern, which indicates that thelugince of the cells is lger in the Nifio4 than in the
Nifio3 region.

Different processes play important roles in the connection between (S)TCs afh&$ST
from the anomalous upwelling of colder subaad vater the zonal and meridional &ation
of water from the cold tongue by anomalous currents canésto the changes in SSit the
warm pool area where thentical temperature gradient in the upper layer is raBtiweak,
the horizontal temperature agbtion is of the same order as tlegtical one. The suate heat
flux acts in most ons as a damping. Thus, it is the ocean dynamics that e decadal
SST \ariability in laige reions of the tropical &ific.

In the eastern equatoriaa€tiic, the \ariability of the (S)TCs does nox@ain much of the
SST wariability. The SST in this ggon is mainly determined by the depth of the thermocline.
In the MPI-OM model intgration forced with the NCEP reanalysis as well as in the coupled
ECHAM4/OPYC intgration, correlation co&tients between the eastern tropical SST and the
depth of the thermocline are of the order of 0.8 to 0.9 for interannual as well as decadal
timescales.

The results of coupled model igrations suggest theistence of a coupled feedback loop
between the SST and thd-efjuatorial part of the STCs. One possible feedbgpbkthesis is

described in the follwing. Start the loop with anomalously strong (weak) STCs. These in turn
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will drive colder (varmer) SSTs in the equatoriad#fic that are La Nifia- (El Nifio)-l&k The
SST anomalies will force characteristi¢-efjuatorial wind stress (curl) anomaliegetually

wealening (strengthening) the STCs, which completes the phesesaé

Additionally to the tropical Ecific, the \ariability in the tropical Atlantic connected to the
(S)TC has been westigated. Considering the imfence of the (S)TC onto the equatorial
Atlantic SST no uniform results are found for tBfent models and timescales. Since the
variability in the tropical Atlantic is relately small compared to theaBific, one reason might
be that mainly noise is considered here.

Some infuence from the tropicaldeific onto the Atlantic (S)TC (via changes in the trade
winds over the Atlantic Ocean) can be found. During years with anomalowsisncold)
Nifilo3 SST the strength of the cell increases (decreases). Alsonairvg of the tropical
Atlantic during El Nifio years is described (eLgtif and Groetzner, 2000). An increase in the
strength of the (S)TC (and the equatorial upwelling) will tend to decrease th@I8S€ tw
counteracting infiences might contrilte to the lav correlation between the SST and the
(S)TC in the Atlantic.

In the folloving, some questions whichvyenot been addressed within this study will be

discussed.

The calculation of thed&ific meridional @erturning streamfunction assumes a closed
basin. Havever, there &ists the so-called Indonesian throughf (ITF) which connects the
Pacific and the Indian Ocean at abo38%0 16S. Its strength is of the order of 10 Sv (e.g.
Gordon and McClean, 1999).

Lee et al. (2002) performed tw ocean general circulation model igtations with and
without the ITF respectely. To see using such simulations if the ITHuehces our results
would be interesting. From their analykee et al. (2002) found that if the ITF is bload of
the mean strength of the WeGuinea Coastal Undercurrent (the tropical western boundary
current in the southern hemisphere) is reduced. Theveshariability of western boundary
and interior gcnocline fow, however, is insensitie to the presence of the ITEee and
Fukumori, 2002).
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Wu and Xie (2003) associate the climate shift in the tropical Pacific in the mid-1970s
simulated by ocean models forced with the NCEP reanalysis with differences between the
NCEP and the COADS (comprehensive ocean and atmosphere dataset) winds. Although the
decrease in the strength of the Pacific STCs in the mid-1970s is found also in hydrographic
observations (McPhaden and Zhang, 2002), it would be interesting to determine the strength of
the (S)TCs from an ocean model forced with the COADS or other (e.g. ECMWF reanalysis)
winds.

An integration of atropical Pacific version of the MPI-OM model forced with FSU (Florida
State University) winds, which was done by Heiko Hansen, shows a decrease in the equatorial
upwelling strength in the mid-1970s comparable to the decrease in the upwelling in the MPI-
OM model integration forced with NCEP winds which is used in this study. However, the
integration forced with FSU winds shows very large variability in the upwelling around 1970
and in the 1990s.

Concerning the trend also the question how the strength of the Pacific (S)TCs will develop
in the future is interesting. Will it stay at about the level of the 1980s and 1990s, will it
decrease further or is the shift part of alonger timescale oscillation?

A integration of the MPI-OM model forced with the NCEP reanalysis up to 2003 (not 2001
as the integration used in this study) shows an increase in the strength of the cellsin the last
years. The strength, however, is still much smaller than before 1975. In a recently published
paper, McPhaden and Zhang (2004) suggest from observations a strengthening of the Pacific
STCsduring the period 1998 to 2003.

The sensitivity of the Pacific and Atlantic (S)TCs to an increase in the CO, concentration is
still controversial between different models of the coupled model intercomparison project
(CMIP2). Therefore, future CMIP integrations will be of interest. A simulation with the
coupled general circulation model ECHAMS/MPI-OM, in which the CO, concentration is
increased by 1% per year, shows a decrease of the strength of the TCs (and nearly no trend off-
equatorial) in the Pacific, contradicting the results of the ECHAM4/OPY C scenario
integration. The simulation with the ECHAMS5/MPI-OM model, however, has a cold bias of
about 1°C in the central tropical Pacific which (via stronger trade winds) leads to relatively
strong (S)TCs. Therefore, under global warming conditions the strength of the cells may

reduce.
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Wind sensitvity experiments hae shavn that the ariability of the TCs is dvien by the
equatorial winds while theaviability of the STCs can be reproduced without the equatorial
winds. These sensiity experiments could be used to furthevesticate the (df-equatorial
influence onto the Nifio4 SSTaxiability. Since the SST is not free in these uncoupled
integrations (the hedtfx is calculated according to Bulk formulae), the seaaserheight or
the heatcontent of the upper ocean could be used instead.

The of-equatorial sensitity experiment allevs wind \ariability everywhere poleard of %
latitude. Havever, Nonaka et al. (2002) found no influence of the winds palard of about 2%

latitude onto the equatorial SST

Another interesting analysis is tovestigate the influence of the decadal Nifio4 SST
anomalies onto the atmosphere, e.g. byidlgi an atmosphere model with SSTs obtained by
the obsered decadal modeiglure 4a) and the pattern from itgression onto the obsed
SST (figure 5a).

Considering the influence onto precipitation, contradicting results are found for the tropical
North Racific between the MPI-OM model impeation forced with the NCEP reanalysis (figure
11j) and the ECHAM4/OPYC inggation (figure 24Kk).

Also in the Indian Ocean a shalloneridional @erturning circulation is found. In contrast
to the Rcific and Atlantic (S)TCs , kever, the averturning cell is cross-equatorial and wiso
a pronounced seasonanability (Schott et al., 2002, Miyama et al., 2003). Lee (2004)
suggests from satellite obsations a weadning of the shalle overturning circulation in the
Indian Ocean during the last decade. Therefore, it could be interestirtptal ¢he study

described in this thesis to the Indian Ocean.
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