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Abstract

Additional to the interannual variability, the Placiregion experiences climate
fluctuations on decadal and longer time scalds.bt clear whether Tropical Pacific decadal
variability is internal to Tropical Pacific, or wtieer the midlatitudes exhibit independent
decadal variability that affects the tropics or EIN&ariability. Available observational data
are insufficient to determine the true causes @ipibal Pacific decadal variability. Internal
and remote forcing from subtropics are investigatethis study. This is done with state of
the art global circulation models (coupled and wpded).

The leading mode of Tropical Pacific decadal vdlitgbin the ECHAM5-MPIOM
model, isolated in the tropical cells (TC) index tmgans of SSA, has a period of about 17
years. The associated SST spatial structure isacteized by a horseshoe-like pattern with
maximum explained variance in the central-westeyuaéorial Pacific and off the equator,
therefore resembling the signature of the obsedeshdal climate variability in the tropical
Pacific. The mechanism for decadal variability ime tmodel involves coupled ocean-
atmosphere processes over the western tropicah 3®atific, in the region of the SPCZ.
Strong positive TCs are associated with periodas@kased ENSO variability and vice versa,
contributing to the decadal modulation of ENSOatti

The influence of the remote subtropical forcing wssdied in more detail with
tailored experiments performed with the ocean-aphese-sea ice coupled model
ECHAMS/MPI-OM. In these sensitivity experiments,etitoupled model is forced with
idealized sea surface temperature anomalies (S2Al) sea surface salinity anomalies
(SSSA) in the subtropics of both hemispheres. Thues,relative impact of the subtropical
North and South Pacific Oceans on the tropical aienmean state and variability can be
estimated.

The largest impact on tropical mean climate andhbdity was simulated in the SSTA
experiments. Subtropical South Pacific thermalif@ydiad more impact on equatorial ocean
sea surface temperature than the subtropical NRatfific. In response to a°€ warming in
the subtropical South Pacific, the equatorial RF@@ST increases by +0.88, being about
65% larger than the change in the North Pacificeerpent. The results show that the
subtropics affect equatorial SST mainly through taemospheric bridge for the South
Pacific experiments and through the,oceanic bridige‘the North Pacific experiments. This

explains the different timescale of the responsiéntwo experiments. Although the tropical



Pacific surface response to an enhanced warminigfigom the subtropics is to first order
linear, we found that the negative thermal forcivas a stronger impact on the equatorial
thermocline.

Similar sensitivity experiments conducted with tA&CM ECHAMS showed that
both air-sea interactions and ocean dynamics areiatrfor the generation of simulated
tropical climate response to the subtropical serf@arming/cooling.

We found that the statistics of ENSO exhibit sigi@ht changes in amplitude and
frequency in response to a warming/cooling in thétepical South Pacific: a°€
subtropical South Pacific SST warming can redueertean ENSO standard deviation by
28%, while a 2C subtropical South Pacific SST cooling can inceei'e mean ENSO
standard deviation by 21%. The simulated changethenequatorial zonal SST contrast
between the eastern equatorial Pacific and the vgaroh region are the main contributor to
the modulation of ENSO variability in our South PRiac sensitivity experiments. The
simulated intensification/weakening of the annugcle in response to an enhanced
warming/cooling in subtropical South Pacific magalead to a weaker/stronger ENSO. The
subtropical North Pacific thermal forcing did nblamge the statistical properties of ENSO.

The main results of this study suggest that sultabBouth Pacific climate variations
play a dominant role in tropical Pacific decadatiafaility and in the decadal modulation of
ENSO activity.



1. Introduction

1.1 Motivation

Additional to the interannual changes, the Pacifégion experiences climate
fluctuations on decadal or longer time scales. rAt®76 the tropical Pacific Ocean has been
warmer than in preceding decades while the centndl western North Pacific Ocean have
been colder and atmospheric pressure has been towerthe midlatitude North and South
Pacific Oceans. In the early 1940s the climatehef Pacific went through a shift in the
opposite direction. These characteristics of Padifecadal Variability were described in
several papers (Graham, 1994; Trenberth and H1198K; Zhang et al., 1997; Mantua et al.,
1997; Garreaud and Battisti, 1999).

Pacific decadal climate fluctuations have importzorisequences for the climate over
the nearby continental regions. Mantua et al. (1®@¥e shown that when the tropical Pacific
is warm (e.g. after 1976), winters are warm acrosst of North America, but cold in the
southeastern United States. The winters are aiso tran average over midlatitude North
America, but wetter in the southwestern United &tand Mexico. In the midlatitudes of the
North Pacific, the changes are apparent not onthénsea surface temperature over virtually
the entire North Pacific, but also in low frequentypdulation of phytoplankton and fish
population (Venrick et al., 1987; Mantua et al.9719Miller et al., 2003) as well as period of
extended above normal/below normal rainfall oveiitéth States (Latif and Barnett, 1994,
1996). Interdecadal northeastern Australian rdirdaomalies were shown to be highly
correlated to interdecadal fluctuations in the izapPacific (Latif et al., 1997b). In a recent
study, Meehl et al. (2006) connected the megadtsuighthe Indian Monsoon Region and
Southwest North America to the decadal Pacific 88dmalies

Tropical Pacific variability associated with ENSMdergoes changes on decadal
timescales as well. Using the entire instrumenggbrd, many studies have pointed out a
change in ENSO statistics over the past 100 yéaeckjding a decadal scale modulation in
ENSO amplitude (Gu and Philander, 1997). As thezeewmotable changes in ENSO statistics
before and after 1976 climate transition (Fedonog Rhilander, 2000), some studies suggest

that the low-frequency modulation of ENSO and therdecadal fluctuation may be linked.
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Decadal variations of ENSO have also been assdcigitt decadal variations in Australian

climate (Power et al., 1999; Power et al., 2006 #me strength of the Indian monsoon
(Kumar et al., 1999; Krishnamurthy and Goswani, ®0®owever, more recent studies cast
some doubts on the linkage (Deser et al., 2004;arehKirtman, 2004).

1.2 Mechanisms for Pacific decadal variability

Although the decadal ENSO-like pattern in the TeapiPacific and its relation to the
North Pacific decadal variability has been exteslgistudied using both observational and
modeling data (Nitta and Yamada, 1989; Trenbertth Haorrel, 1994; Zhang et al., 1997,
Barnett et al., 1999; Pierce et al., 2000; Desat.e2004; D’Arrigo et al., 2005), the physical
mechanisms responsible for the decadal Pacificatémariability are still controversial. It is
not clear whether the decadal variability is intdro Tropical Pacific, or whether the
midlatitudes independently undergo decadal vaitghwl affect ENSO variability.

One of the leading theories is represented by tbanection between the
subtropics/extratropics and tropics at decadaldtoakes. Various distinct hypotheses based on
a hierarchy of models have been proposed to explensubtropical-tropical connections,
often with contradicting results.

On the one hand, the mean advection mechanism i@uWPhilander, 1997) assumes
that the subtropical sea surface (SST) anomaliesfiest subducted into the thermocline.
These are then advected to the equator within thewface branch of the subtropical cell
(STC, McCreary and Lu, 1994), and finally upweltedthe surface in the eastern equatorial
Pacific, where they affect the cold tongue. Recstutdies, however, indicate that the
temperature anomalies subducted into the pycnoclitiee subtropical North Pacific may not
reach the equator with any appreciable amplituddri8ider et al., 1999; Nonaka and Xie,
2000). These anomalies, although important for geimg subsurface variability in the
subtropical gyre (Deser et al, 1996; Zhang et2001), can either be strongly dissipated,
dispersed in the form of planetary-scale oceanigeewaor become obscured by the wind-
forced variations at low latitudes (Schneider etE)99a, 1999b; Nonaka and Xie, 2000).

On the other hand, the subtropical anomalies cdoce changes in the overlying
atmospheric circulations that could result in chengf the subtropical cells (STC) strength.
The tropical climate can thus be changed due toainging amount of the equatorward cold
water transport. Using an intermediate coupled maxtnsisting of a 3-1/2 layer shallow

water model coupled with a statistical atmospheraxiel, Kleeman et al. (1999) have shown
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that decadal variations of tropical SSTs are pripaelated to changes in wind stress and
subduction rates in the subtropics (poleward of °»2&mploying an OGCM forced by
observed winds, Nonaka et al. (2002) found thattarial winds (8S-5°N) are as important
as extraequatorial winds (poleward 6 for the decadal modulation of equatorial SSTs Th
mechanism of tropical decadal variability proposgdKleeman et al. (1999) was supported
by the observational studies of McPhaden and Zk§28@2, 2004). They presented evidence
that the warming and cooling events and mass toahapomalies seem to be related over the
last 40-50yr.

In addition, Lysne et al. (1997) suggests a wavehaeism, in which the thermal
anomalies propagate from the central North Patifithe western boundary as long Rossby
waves, southward along the coast as coastal Kelsires and westward along the equator as
equatorial Kelvin waves. However, this wave mechi@anidoes not exclude the ventilated
thermocline dynamics as an important link betweebtrspics and tropics at decadal
timescale.

The subtropical/midlatitude climate can also aftlettropics through the atmospheric
teleconnections. Barnett et al. (1999), argued amatmalous winds related to a midlatitude
decadal mode in the North Pacific may extend toettpgatorial region and thus bring about
low-frequency wind variations there that affect thguatorial thermocline and modulate
ENSO. Pierce et al. 2000 also found that the se&snlink between Tropics and midlatitudes
on decadal timescales is communicated near-sinadtesly via changes in surface wind
stress.

In the last decade, the potential influence of N&&cific ocean-atmosphere processes
on tropical Pacific decadal variability has domeththe literature, probably also due to the
sparse observational data in South Pacific souttB®E. More recently, a number of
observational (Luo and Yamagata 2001, Giese @082, Bratcher and Giese 2002, Holland
et al. 2006) and numerical modeling studies (Luale®003, Luo et al. 2005) have shown
pronounced subsurface signals moving from SoutlfiPag the equatorial region. This is not
surprising, since the South Pacific Ocean conteibuabout 70% to the water mass in the
Equatorial Undercurrent (Lindstrom et al. 1987, Me&y and Lu 1994), and much of the
water from the South Pacific can reach the equaraugh the interior pathways of the STC
due to the absence of a potential vorticity barmethe South Pacific. A potential vorticity
barrier exists in the North Pacific being relatedrte Intertropical Convergence Zone (ITCZ).

Despite this rich variety of potential mechanisims tauses of tropical Pacific decadal

variability are still unclear. Regardless of thealify of observational record, the data record

7



is too short to unambiguously determine the medmasiresponsible for Pacific decadal
variability. Additionally, the increase in greenlseugasses is making more difficult to
distinguish between the natural climate variabifitym externally forced climate variability.
Thus, long-term simulations performed with statexdf fully coupled atmosphere-ocean
models are essential tools for identifying the pty/sesponsible for decadal variability in the
climate system.

As described above, the research emphasis for dededescales has been on
investigating the connections between the Tropacel North Pacific Ocean, with very few
recent studies dealing with the interactions betwB8euth and Tropical Pacific. Hence, an
important question to be address: What are théivelaoles of North and South subtropical
Pacific in the decadal modulation of tropical SSAsidther important question emerges from
literature and international research programs.,(eCd.IVAR): Does/Will anthropogenic

climate change influence the characteristics ohdatPacific climate variability?

1.3 Scientific objectives

In this study, we employ a state-of-art ocean-aphese coupled model to investigate
how the projected changes in the subtropical Racliimate mean state under global warming
scenarios will affect the mechanisms responsibledézadal subtropical-tropical interactions
in the Pacific Ocean. Furthermore, the relativetgoations of North and South subtropical
Pacific Ocean variations to the tropical Pacifiongte and interannual variability will be

estimated as well as the linearity of the respdmgke strength and sign of the forcing.

Therefore, several research questions will be addkin the present study:

 What are the mechanisms governing the interactawden subtropical and
tropical Pacific at decadal timescales?

* What is the climate response of the equatorialfleagystem to the variations
in the subtropical surface climate?

» Are the subtropical-tropical interactions via tlemospheric bridge” or via the
“oceanic bridge™? What is the role of air-sea cgland ocean dynamics in
these interactions?

* Have the North and South subtropical Pacific clengariations a similar

impact on the tropical Pacific mean state and amteual variability?
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* Is the impact of subtropical climate variationshn in strength and sign?
« How do ENSO characteristics respond to enhancedfi®asubtropical

warming/cooling?

1.4 Outline of the thesis

In this thesis, we will first investigate the menlsn responsible for the tropical
Pacific decadal variability in an unforced integratof the new coupled ECHAM5/MPI-OM
ocean-atmosphere-sea ice model. We then go to erathie connections between the
subtropical and tropical Pacific on decadal timésausing specifically designed
experiments. In these sensitivity experiments,cigpled model is forced with idealized sea
surface temperature anomalies (SSTA) and sea sudalinity anomalies (SSSA) in the
subtropics of both hemispheres. Thus, the relathact of the subtropical North and South
Pacific Oceans to the tropical climate mean stated a&ariability can be estimated.
Additionally, SSTA integrations with the stand-adoatmospheric model are performed with
the purpose to separate between the role of ocgsamndcs and ocean-atmospheric coupling
in subtropical-tropical interactions. The experinarsetup of the sensitivity experiments
performed with the coupled ECHAM5/MPI-OM model astdnd-alone ECHAMS model are
described at the beginning of Chapter 4.

The thesis is organized as follows: Chapter 2 gavdescription of the coupled model
ECHAM5/MPI-OM, together with a short presentatiom wopical Pacific interannual
variability in the model and of the SSA statistioathod. Chapter 3 is focused on identifying
the mechanism that causes internal tropical Pavditability at decadal timescales in the
model and its affect on ENSO activity. Chapter 4aascentrated on the impact of subtropical
thermal and salinity variations onto the mean staHtdropical Pacific Ocean, while the
modulation of ENSO variability by the subtropicahdffic thermal forcing is explored in
Chapter 5. Conclusions and an outlook of futurekwame given in Chapter 6 and Chapter 7.
Please note that the references of all chaptetbwijather together in a references list at the

end of the thesis.
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2. Model description and statistical methods

2.1 ECHAM5/MPI-OM model description

The coupled atmosphere-ocean-sea ice model ughdsistudy is the state-of-the-art
ECHAM5/MPI-OM model developed at the Max Plancktituse for Meteorology (MPI). It
consists of the atmosphere GCM model ECHAMS (EChAMburg) and the ocean model
MPI-OM (Max Planck Institute Ocean Model). A 1008ay control integration of the
ECHAMS5/MPI-OM model is used for the study of Pacitiecadal variability in this thesis.
The same model is also used to perform the seitgigxperiments described in chapter 4.
This version of the ECHAM5/MPI-OM model was usedstady the impact of the tropical
Indian and Atlantic Oceans on ENSO (Dommenget .et28I06) and of the tropical Pacific
variability on the mean North Atlantic Thermohalicieculation (Semenov and Latif, 2006),
while Bader and Latif (2005) analyzed the Northaftic Oscillation response to anomalous
Indian Ocean SST.

2.1.1 Atmosphere model - ECHAMS

The ECHAM model was adapted for climate applicatimm the spectral weather
prediction model of the European Center for MediRange Weather Forecast (ECMWEF).
ECHAMS is the latest version of the model. The migatures of the model will be only
briefly described, further details can be foundRoeckner et al. (2003) and in the special
issue of Journal of Climate dedicated to the newiER5/MPI-OM model (Roeckner et al.,
2006; Wild and Roeckner, 2006).

The ECHAM5 model employs a spectral dynamical cei#h vorticity, divergence,
temperature and the logarithm of surface air preskaing represented in the horizontal by a

truncated series of spherical harmonics. The matletes a semi-implicit leapfrog time-
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differencing scheme. A hybrid sigma-pressure caowidi is used in the vertical direction. A
flux-form semi-Lagrangian scheme (Lin and Rood, @)98 used for passive tracer transport
of water components (vapor, liquid, solid) and cluaisubstances. The cloud scheme
consists of prognostics equations for the watersgbabulk cloud microphysics (Lohmann
and Roeckner, 1996), and a statistical cloud ceebeme with prognostics equations for the
distribution moments (Tompkins, 2002).

The ECHAMS version we employ here is the troposghenodel resolving the
atmosphere up to middle stratosphere (10 hPaasItl® irregularly distributed vertical levels,
with the highest vertical resolution in the atmaspt boundary level. The horizontal spectral
resolution is T31 (a triangular truncation at wavenber 31), corresponding to approximately
3.75 degrees.

2.1.2 Ocean model — MPI-OM

The ocean model MPI-OM (Marsland et al., 2003) gdadal version of the Hamburg
Ocean Primitive Equations (HOPE) model (Wolf et 4B97). The model is a z-coordinate
global general circulation model with 40 uneverpased vertical levels (20 levels located in
the upper 600m) and is based on the primitive égpsfor a hydrostatic Boussinesq fluid on
a rotating sphere. It includes parameterizationssub-grid scale mixing processes like
isopycnal diffusion of the thermohaline fields, &G and McWillimas style eddy-induced
tracer transport and a bottom boundary layer stmpevection scheme. The model employs a
free surface and the grid is based on an ArakawadC(Arakawa and Lamb, 1977).

A dynamic, thermodynamic sea ice model is embedu#te ocean model (Legutke et
al.,, 1997). The dynamics of sea ice are formulaigdg a viscous-plastic rheology (Hibler,
1979). The thermodynamics relate sea ice thickokearges to a balance of radiant, turbulent
and oceanic heat fluxes.

An orthogonal curvilinear grid allows for an arhity placement of the model’s poles.
The configuration used in this study places thetiN&ole over Greenland (89, 3C°W),
while the South Pole is shifted to the center ofaictic continent (805, 30W) (Figure 2.1).
This approach not only removes the numerical sariigs associated with the convergence
of the meridians at the geographical North Pole,aso results in higher resolution in the
deep-water formation regions near Greenland andhén Weddell Sea. The horizontal
resolution of this model version is aboltd@ average and varies between a minimum of 20

km in the Arctic to a maximum of about 350 km ie ffropics.
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Figure 2.1Grid of the ocean model MPI-OM.

2.1.3 OASIS - coupler

The atmosphere and ocean model are coupled by noéa@sean-Atmosphere-Sea
Ice-Soil (OASIS) coupler (Valcke et al., 2003). Témupler exchanges the momentum, heat
and freshwater fluxes from the atmosphere to tlEoa@nd performs the interpolation onto
the ocean model’s grid. The ocean model passess¢hesurface temperature, sea ice
concentration, sea ice thickness, snow depth, &ed dcean surface velocities to the
atmospheric model. River runoff and glacier calviage treated interactively in the
atmospheric model and the respective freshwatgedluransferred to the ocean as part of the
atmospheric freshwater flux field. The land hydgylanodel includes a river runoff scheme
(Hagemann and Dumenil, 1998; Hagemann and Dimeatg<; 2003), but the mass balance
of glacier ice sheets is not accounted for in tlwleh This climate model does not employ
any flux adjustment.

2.2 Tropical Pacific interanual variability in ECHA M5/MPI-OM

The EI Nifio-Southern Oscillation (ENSO) phenomern®rthe dominant mode of

interannual climate variability in the tropical Hfac ENSO is a coupled ocean-atmosphere
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mode that influences almost all regions of the gldim the following, we will give a brief
description of the ENSO characteristics in our ¢edpnodel and compare them with the
observed ENSO characteristics. The observatiortal ulsed in this study are from Kaplan et
al. (1998), and are a reconstruction of historl88IT anomalies on a°5X 5° grid for the
period 1856-2003. Monthly mean sea surface temperanomalies (SSTA) were computed
with respect to the period 1950-1980.

The leading EOF (Empirical Orthogonal Function)tité monthly mean SSTA over
the tropical Pacific for both the model and obstoves are shown in Figure 2.2a and b.
Please note that the EOF spatial patterns areagisglin the standardized form: the units are
degrees Kelvin per one standard deviation of thecjpal component (PC). The dominant
simulated interannual signal has a spatial patteahis broadly similar to the observed one.
Nevertheless, there are several differences betweemodeled and the observed ENSO.
First, the simulated ENSO variability is larger nhthe observed one. For example, the
monthly Nifio3-SSTA index standard deviation is 1® compared to only 0°€ for the
observations. Nifio3-SSTA index - a common meastiEeNSO variability — is computed as
an area averaged SSTA over the Nifio-3 region °@590°W, 5°N-5°S). Second, the
modeled ENSO pattern is more equatorially confiaed extends too far westward compared
to the observations. The coupled model has a tieai®lSO period with maximum variance
at a period of about 3 years (Figure 2.2c). Howeivecontrast to the observed broad spectral
peak between 2-7 years, the model spectral peakoissharp, indicating far too regular
variability. The ENSO dynamics seem to be simitathie observed one, with a slow eastward
propagation of heat content anomalies in the s@dserand a standing SST pattern (not
shown).

The above-mentioned differences between the maud@ladserved tropical Pacific
interannual variability represent typical systemagrrors of coupled models (Latif et al.,
2001) also unflux corrected. Like many other codpheodels, ECHAM5/MPI-OM suffers
from a cold bias in the Tropics and a too westwaxténsion of the equatorial cold tongue.
Meehl et al. (2001) related the high ENSO amplitasheulated in the quasi-biennial band to
the mean state of the model, with a shallow mearnibcline favoring large ENSO
amplitude. Since the zonal mean of the equatdneiniocline depth is relatively shallow in
the model (103m), this may be one explanation fee high ENSO variability in
ECHAMS5/MPI-OM.
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Figure 2.2 Spatial patterrof the dominant EOF mode of sea surface temperauooenalies in the

tropical Pacific basin for the observatiof@® and for the ECHAM5/MPI-OM modglb).

interval is 0.1°C in (a) and 0.3°C in (b). (c) Power spectra of Nifio3-SSTA for the observations
(black line with diamonds), and ECHAM5/MPI-OM mod@lue line with diamonds). The 95%
confidence level (dotted line) is calculated basadhe theoretical spectrum of an AR1 (red noise)

process fitted to the data (thin solid line). Tloevpr spectrum is estimated using a Bartlett window.
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2.3 Tropical Cells/Subtropical Cells in the model

The mainly wind-driven subtropical cells (STCs) atellow meridional circulation
cells in which water flows out of the tropics withthe surface layer, subducts in the
subtropics, flows equatorward within the thermoejiand upwells in the eastern equatorial
ocean (McCreary and Lu, 1994; Liu et al., 1994) Eiguatorial upwelling is partly balanced
by downwelling within the tropics forming the reialy narrow recirculation cells known as
tropical cells (TC) (Lu et al., 1998).

Mean Paocific meridional overturning streamfunction in model

50m

100m

Depth

150m

200m

30°s 20% 10°S o* 10°N 20°N 30°N

Figure 2.3 Mean Pacific meridional overturning streamfunctionthe ECHAM5/MPI-OM model.

Red (blue) lines represent clockwise (anticlockvisew. The contour interval is 5 Sv (1 Sv =°10

me/s).

Figure 2.3 shows the mean meridional overturnimgashfunction for the upper
subtropical-tropical Pacific in the ECHAMS5/MPI-OMadel. The strength of the cells in our
model is 45 Sv (1Sv = £on®) for the southern cell, respectively 35Sv for treethern cell.
These values are comparable with those suggested @bservations and other model
integrations (Nonaka et al., 2002; McPhaden andngh2002; Capotondi et al., 2005).
However, the meridional extension of the tropicallsis slightly greater than the observed
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one, probably due to the coarser resolution ofdbean model. The tropical cells index is
defined as pgsix(7.5°S-7.5N, upper 250m) - pgin (7.5°S-7.5N, upper 250m), where psi is
the Pacific meridional overturning streamfunctiBtease note that the overturning is negative
for the southern cell. The subtropical cells iniexrefined in a similar way by pgi (L0°N-
30°N, upper 250m) - pgin (10°S-3C’S, upper 250m).

2.4 Statistical method: Singular-Spectrum AnalysigSSA)

Singular-Spectrum Analysis (SSA) is designed tgasttinformation from short and
noisy time series and thus provide insight into ah&nown or partially known dynamics of
the underlying system that generated the series ¢Gal., 2000).

Colebrook (1978) applied a form of SSA to biologicaeanography and noted the
duality between the principal component analysi€AP in the space and time domain.
Broomhead and King (1986) applied the “method dag of dynamical system theory to
estimate the dimension of and reconstruct the Lorattractor using singular-value
decomposition on the trajectory method formed bygéal copies of a single time series
obtained from the system. Vautard and Ghil (19&3)lized the formal similarity between
classical lagged-covariance analysis and the metfiatlays. They exploited the similarity
further by pointing out that pairs of SSA eigenmodeorresponding to nearly equal
eigenvalues and associated temporal principal coens that are nearly in phase quadrature
can represent efficiently a nonlinear, anharmosiiliation.

The SSA expansion is an EOF expansion in whichfitld contains values at the
same location but at different time lags. The Iegdigenvectors (known as Time-EOFs or
T-EOFs) of the corresponding covariance matrix @sent thus the leading time patterns of
field. The principal components associated witlséh&-EOFs are called Time-PCs or T-PCs
and can be interpreted as moving averages of tiglnak time series, the averages being
weighted by the coordinates of the T-EOFs.

In SSA analysis, any oscillatory behavior presarthie original time series stands out
as a pair of nearly equal eigenvalues. Their aagatiT-EOFs and T-PCs have a similar time
scale of oscillation, but are out of phase by apipnately 17v2. Several objective criteria have
been developed by Vautard et al. (1992) to extilaese oscillatory pairs. The portion of
variability in the original time series that is asgted to a given oscillation captured by a pair
of modes can thus be isolated by restricting th& 8$pansion to the T-EOFs and T-PCs
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corresponding to that pair of modes. In this waya&a reconstruct the original time series
using only the two SSA components of interest.

SSA has been applied extensively to the studyiofaté variability and to other areas
in the physical and life sciences. For example ctimate applications include the analysis of
paleoclimatic time series (Vautard and Ghil, 1988cadal-interdecadal climate variability
(Ghil and Vautard, 1991; Lohmann and Latif, 2005) waell as interannual oscillations
(Rasmusson et al., 1990; Ghil et al., 2000). A mdetailed description of the statistical
method is given by Ghil et al. (2000).
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3. Unforced tropical Pacific decadal climate variabity

3.1 Introduction

Decadal climate variability can be caused by eserand internal forcing
mechanisms. Among the natural external forcing raeidms, variations in the incoming
solar radiaton and the volcanic activity have bpesposed as major sources of decadal-
interdecadal varibility (Labitzke, 1987; Lean et 4995; Cubash et al., 1997; Robock and
Mao, 1995). Decadal-interdecadal variability casparise from the interactions between and
within different sub-components of the climate ewst the most important being the
atmosphere and ocean.

In this chapter we will investigate the mechanisiwidg internally generated tropical
Pacific decadal climate variability in the ECHAMS5MAOM model. The proposed
mechanisms for explaining tropical Pacific decadalability fall into three main categories:
(1) tropical-extratropical interactions (Gu and IRhder, 1997; Kleeman et al., 1999), (2)
purely tropical processes (Knutson and Manabe, ;19882001) and (3) purely extratropical
processes teleconnected to the tropical Pacifian@aet al., 1999; Pierce et al., 2000).
Despite this wealth of suggested mechanisms, ikare consensus on the causes and origins
of tropical Pacific decadal variability. In this apter, we will first briefly describe the
observed Pacific decadal variability. We then gotoranalyze the mechanisms of decadal
variability in the coupled model. Due to insuffinteobservational data for these timescales

coupled models are essential tools.
3.2 Pacific decadal variability in observations

The first EOF of low-pass-filtered SSTAs (Figurd&. shows the pattern of observed
decadal climate variability in the Pacific regid®5{S-60°N, 120E-80°W). The observed sea

surface temperatures are from Kaplan et al. 1988sdathat is described in chapter 2.2. Prior
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Figure 3.1 (a)Spatial pattern, an(b) the normalized time coefficient of the dominantfFE@ode of
observed sea surface temperature anomalies inatticPbasin. The SSTAs are low-pass filtered to

retain the variability longer than 7 years. Contimterval is 0.05C/ 1o of the principal component.
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to EOF analysis, the monthly SSTAs were low-pal$sréid using a Fast Fourier Transform
(FFT) to retain the variability longer than 7 yhd&first EOF explains about 41% of the total
decadal variance. The spatial pattern has a braadyular shape in the tropical Pacific basin
(Figure 3.1a), which is similar to the “ENSO-likeahdal” mode of Zhang et al. (1997). It
resembles the interannual ENSO pattern, but hasader meridional extension and with the
maximum loading (0.4C per standard deviation of the principal compohefftthe equator
in the tropical eastern Pacific, instead of equatd?acific. The temporal evolution of this
mode is characterized by decadal-bidecadal fluctustand a clear warming SST trend
starting in mid 1970s (Figure 3.1Db).

3.3 Tropical decadal variability in ECHAM5-MPIOM mo del

The decadal scale climate variability in the trapiPacific has been analyzed using a
1000yr long control integration of the coupled ac@@mosphere-sea ice general circulation
model ECHAM5-MPIOM forced with constant greenhogss concentration at pre-industrial
levels. In the following, we limit our analysis tee last 500yr of the coupled experiment to
avoid the influence of any possible model drift.drder to focus our analysis on decadal
variability, a 5-yr running mean is applied to thenthly model data.

As discussed in the previous section, one mechafisntropical Pacific decadal
variability is tropical-extratropical interactionSeveral recent observational (McPhaden and
Zhang, 2002) and modeling studies using ocean mmd#édihger et al., 2002; Nonaka et al.,
2002; Solomon et al., 2003) or coupled generalutaton models (Kleeman et al., 1999;
Merryfield and Boer, 2005; Lohmann and Latif, 20@&)ggest the influence of STCs/TCs
(subtropical/tropical cells) on decadal climateiafitity in the tropical Pacific. Figure 3.2
shows the time evolution and the power spectrurthefanomalous 5-yr running mean TC
(tropical cell) index for our model simulation. Asown in Figure 3.2a and b, the decadal
activity of the TC index varies from decade to dkcwith a typical period of about 17yr. The
17yr spectral peak is statistically significant @% confidence level and suggests the
existence of a coupled ocean-atmosphere mechah&tradts at decadal timescales.

Next, the relationships between variations in trapcell strength and the sea surface
temperature over the tropical Pacific Ocean is stigated by means of linear regression.

Figure 3.3 displays the simultaneous linear regvassoefficient between TC index and

21



TC index 1n control integration

5yrRM yearly values
20 T T T T I T l T [ T I T T [ T

[
I
|

(=]
I
|

&
TC index (Sv)
(9]

=

_ L I 1 I 1 | L I 1 I 1 l 1 I 1 i 1 l 1
lO0 50 100 150 200 250 300 350 400 450 500

YEAR

Spectrum of yearly TC mdex in the control mtegratlon

1000. U'
17yr
100.0 _
b) '
10-0 _ _..‘ "'..I ip__gsu}ro |
L 5 AR(1)
1.0 g

0.001 0.010 0.100 1.000

frequency [cpy]
Figure 3.2 (a)Time evolution, andb) the power spectrum (thick solid line) of the antona strength
of the Tropical Cells (TC) from the control integiom. For the definition of the cell strength pleas
see the text. The plotted values(&) have a 5-year running mean applied. The 95% cenée level
is plotted as the dotted black line, and the ARAcess fitted to the data as solid green line.
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Figure 3.3Linear regression dhesea surface temperature anomalies (shadé@)iover the tropical
Pacific regressed on the anomalous strength of @gefrom the control integration. A 5-year running
mean low-pass filter was applied to the monthly malies before the regression analysis. The
explained variance of the regression is plottedh witntour lines. The contour interval is 5 %.
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Figure 3.4The lead-lag correlation function between the NdASSTA and the anomalous strength of

the TCs from the control integration. The 95% digance level according to a t-test is —0.195. A

positive (negative) lag indicates that Nifio-4 SS3Aeading (lagging).
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tropical Pacific SST and the associated explairegthuce. The regression coefficient reaches
a maximum of -0.38C per standard deviation of TC index in the centrastern equatorial
Pacific. The associated explained variance is charaed by a horseshoe-like pattern, with
maximum values in the central-western equatoriaififa extending to the northeast and
southeast into the subtropics. This horseshoedtkecture resembles the signature of the
observed decadal climate variability in the tropiPacific (Latif et al.,1997; Lohmann and
Latif, 2005; see also Figure 3.1a). The cross-tatiom between the TC index and Nifio-4
SSTA (sea surface temperature anomalies) amourt8.79 with the meridional overturning
leading by 3-4 months (Figure 3.4). The correlatioefficient is statistically significant at the
95% level according to a t-test (the threshold @asu—0.195). Therefore, an anomalous warm
Nifio-4 SST goes along with an anomalous weakeninigeotropical cells, while the time lag
suggests that the variability of the tropical ceiés driving the low-pass-filtered SST
fluctuations in the Nifio-4 region.

We decomposed the monthly TC index time series bama of singular spectrum
analysis (SSA). The reconstructed TC index timeeseusing the first two SSA modes is
plotted as a red line in Figure 3.5a, while witladK color is represented the original TCA
time series. The leading temporal modes that adcsdon 22% of the TC index variance, has
a quasi-decadal timescale. The first two T-EOFshiixa pronounced decadal variability with
a period of about 17yr (Figure 3.5b). It is wortlemtioning that this pair of SSA modes
represents the only oscillatory pair isolated & data by means of SSA. In the following, we
will use the reconstructed TC index (hereafter Td® investigate by means of linear
regression the spatial structures of decadal olimatiability in tropical Pacific. Please note
that all the regression coefficients hereafter wiiscribe changes in the atmospheric and
oceanic variables per one standard deviation oT®éec index (1.44 Sv). Furthermore, only
the strengthening TC case will be described.

Figure 3.6 shows the pattern for the regressiom©flec index onto the tropical
Pacific SST. An increase by one standard deviationCdec index is accompanied by a 0.2-
0.25°C decrease in tropical Pacific SST, with maximurtuea in central-western equatorial
Pacific and off-equatorial South Pacific. The pattef associated explained variance is
similar to the horseshoe-like structure seen irufgig3.3, but with smaller values in both
equatorial and off-equatorial Pacific. The antietation between the TC strength and Nifio-4
SSTA is also maintained at the decadal timescat¢é ghmown). The largest correlation
coefficient amounts to —0.4, which is weaker thanHFigure 3.4, but still statistically
significant at the 95% level.
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Figure 3.5 (a)Reconstruction (red solid line) of the anomalousrsith of the TCs (in Sv) from the
Singular Spectrum Analysis using mode 1 and 2. diginal anomalous strength of the TGs
represented by the black solid lirffp) T-EOFs of the SSA mode 1 (black) and 2 (red).
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Figure 3.6Linear regression dhesea surface temperature anomalies (shadé@)iover the tropical
Pacific on the anomalous strength of the TCdec:-y&& running mean low-pass filter was applied to
the monthly anomalies before the regression armlyhie explained variance of the regression is
plotted with contour lines. The contour intervabi%b.
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Figure 3.7 (a) Linear regression of the anomalous upper Pacifieridional overturning
streamfunction (in Sv) on the anomalous strengthhef TCdec(b) The explained variance of the
regression pattern. Contour levels(a) are 0.1, 4.3, 0.5, 0.7, 1, +1.2, and_4.5 Sv. Contour

interval in(b) is 5 %.
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The regression pattern of the Pacific meridionarawning streamfunction upon the
TCdec index suggests a stronger influence of tlhson tropical cell on the decadal mode
and a very weak contribution of the off-equatoniabions (Figure 3.7). The maximum
regression coefficient amounts to 1.5Sv for thettseun tropical cell and explains 30% of its

variance, compared to 0.7Sv and 15% explainedveifor the northern tropical cell.

Wind stress regressed on TCdec
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Figure 3.8 (a) Linear regression of the anomalous wind stresst¢ve, in N/m) on the anomalous
strength of the TCdec. The reference vector is®ROT. (b) Linear regression of the anomalous
ocean vertical velocity (shaded, in cm/day) on @hemalous strength of the TCdec. The explained

variance of the regression pattern is plotted Witttk contour lines. Contour interval is 5 %.

In our model, a spinning up of the tropical celaiscompanied by a strengthening of
the trade winds over the central-western equatéaific and tropical South Pacific, with
maximum changes of about 0.005 N/that accounts for 22% of the low-pass-filtered dvin
stress variability (Figure 3.8a). In response torgjer trade winds, the Ekman transport

divergence in the ocean is intensified and thid \e&d to an increase in the equatorial
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upwelling. In this study, we are using the vertioa¢an velocity at 52m depth as a measure of
the equatorial upwelling. Figure 3.8b shows that thiggest vertical velocity changes
(5cm/day) occur in the central-western Pacific, ragping the area where the wind stress
changes are the largest. Consistent with the sminop of the tropical cells, the vertical
velocity regression pattern displays an intensiflednwelling between®and 10 latitude in
both hemispheres. As it can be seen in Figure 3i8a,regression pattern for the total
precipitation amount exhibits a North-South diplke- structure over South Pacific,
indicating a southward shift in the South Pacifion@ergence Zone (SPCZ). This
displacement of the SPCZ appears to be the causavofd stress curl anomaly which drives
the Ekman downwelling, that is simulated betweé&B-50°S in western tropical Pacific
(Figure 3.9b). A similar, although weaker, pre@pun pattern is found over tropical North
Pacific, and it resembles a northward shift in tH&€Z. The effect of off-equatorial
anomalous wind stress curl favoring Ekman downwelitan be easily identified in Figure
3.10, which displays the regression pattern forttfeemocline depth (represented here by the
depth of the 2TC isotherm-Z20). A deepening of the thermoclindoisnd between $10°
latitude in both hemispheres of the western trdgRaific west of 150°W during phases of
anomalous strong TCdec. There is also a thermod@pth change in the subtropical North
Pacific, but we found it not related to the tropi€acific and therefore, it will not be
discussed.

The above-mentioned changes in trade winds with &lsve an effect on the wind-
driven horizontal circulation. A strengthening detSouth Equatorial Current (SEC) of the
order of 2 cm/s is simulated in the western equatdtacific and tropical South Pacific,
accompanied by a weaker reduction of the North Exizh Current (NEC) (Figure 3.11).
Due to a strengthened SEC, the horizontal temperatdvection will bring cold water from
the cold tongue region into the warm pool area smathern tropical Pacific, contributing to
the decrease in SST of the decadal mode. A simaitaulation pattern is evident from the
regression of subsurface currents (horizontal viglat 100m depth), but with only half the
amplitude (not shown).

The net surface heat flux changes associated witings TC are in opposite sign to
SST anomalies over the western equatorial Paaificteopical South Pacific, and hence damp
them in these regions. However, the surface haatdontributes to cool SST in the eastern
equatorial Pacific. The cold SSTA in the tropicsasated with the decadal mode induce an
anomalous anticyclonic circulation in the South if@adilted in the southeast-northwest

direction (Figure 3.12b). A weaker Aleutian lowsimulated in the North Pacific due to the
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Figure 3.9 (a)Linear regressiorof the anomalous total precipitation amount (shadlednm/month) on the
anomalous strength of the TCdec. The explainechnee of the regression pattern is plotted with bolzantour
lines. (b) Linear regressionf the anomalous wind stress curl (shaded, in3ém the anomalous strength of the
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Figure 3.10Linear regression of the anomalous thermoclinerdégtaded, in m) on the anomalous strength of
the TCdec. The explained variance of the regregsadtern is plotted with black contour lines. Thoaour
interval of the explained variance is 3 %.
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Ocean surface velocity regressed on TCdec
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Figure 3.11 Linear regression of the anomalous ocean surfat@itye (vectors, in cm/s) on the anomalous

strength of the TCdec. The reference vector is Bcm
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teleconnection from the cold tropical Pacific SSTe#so with much less explained variance
compared with observations (Alexander et al., 2002)

Since the thermocline processes are likely to glayimportant role in the tropical
variability at decadal timescales, we further exaadithe behavior of the tropical thermocline
depth associated with the decadal mode. The leadelgression maps between the depth of
the thermocline and the TCdec index are plottedrigure 3.13 at various time lags,
representing one life cycle of the decadal modea$d note that a positive (negative) lag
indicates that the thermocline depth is laggingdieg). At zero-lag (Figure 3.13e), besides
the deepening of the thermocline over the westepidal Pacific, a deeper thermocline is
simulated in the central South Pacific betweeiS130°S, accompanied by an elevated
thermocline at the same latitudes in the eastetthS®acific. As the time progresses (Figure
3.13 f-i), a clockwise propagation pattern of thertnocline depth anomalies in the tropical
South Pacific is emerging. The eastward movemetit@Z20 anomalies along the equator is
followed by the development of thermocline deptbraalies of the same sign in the eastern
tropical Pacific near the South American coast,clwhwill propagate westward along the
20°S-30°S till about 160W and then farther, northwestward, towards the wpoal area.
From the lead-lag regression pattern we can alfr ia 16-17yr period of the decadal
thermocline variability that is consistent with theriod of our decadal mode.

This mode’s evolution is such that when the trojpeedls are spinning up and lead to a
negative sea surface temperature anomaly in theat@guatorial Pacific, a positive sea level
pressure anomaly is developed over the southemictio Pacific via the atmospheric
teleconnection. Associated with the anomalous weltaic circulation, a positive wind stress
curl anomaly is induced with a SE-NW orientatioonfr about 20S-120W to 5°S-150E.
The corresponding downward Ekman pumping anomall} edause the local oceanic
thermocline to deepen and thus generate warm dabsutemperature anomalies. The
anomalous warm subsurface signal will further edterestward and northward towards the
equatorial western Pacific. After reaching the wastequatorial Pacific, the positive
temperature signal will move eastward along theagau where it will replace the original
negative temperature anomaly and weaken the tlopédks owing to a reduced equatorial
upwelling. A similar evolution, but with an oppasisign, will subsequently follow for the
second half of the decadal mode’s cycle.

Now we will try to find out the cause for the prgadéion of the subsurface
temperature signal in tropical South Pacific arehglequatorial Pacific. In an observational

study, Luo and Yamagata (2001) speculated thdtemiestern Pacific, the northwestward
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Figure 3.13Lead-lag regression of the anomaldlusrmocline depth (shaded, in m) and wind stresig(black contours, in N/f) on the anomalous strength of the TCdec. Lags ane(af
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and northward propagation of subsurface temperatnoenalies could be a result of Rossby
wave propagation and/or of the mean flow advecf®a and Philander, 1997). Based on the
analysis of OGCM data, Capotondi and Alexander 2@D03) have shown that the tropical
centers of thermocline variability at ®and 13N are associated with first-mode baroclinic
Rossby waves forced by anomalous Ekman pumpindy, tvé most important forcing factor

- the zonal coherence of the Ekman pumping - bemgnmore pronounced at decadal
timescales. A recent study by White et al. (2008ppses a tropical decadal mode involving
a westward propagation of Rossby waves alorfg ¥om Tahiti to western boundary near
Australia in about 5 years. To test whether theptami Rossby wave propagation is active in
our model at decadal timescales, we plotted in réidi114 the low-pass filtered anomalies
(5yr running mean applied) of the thermocline deplbng the 285 for 50 years of our
simulation. The propagation is quite fast; takifmpuat 2-3 years for the thermocline depth
anomalies to propagate from £20 to 150E. Therefore, the propagation of subsurface signal
is not due to the propagation of coupled Rossbyewayenerated in the eastern subtropical
South Pacific.
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Figure 3.14Hovmoller diagram of the anomalous thermocline gpt m) in the Pacific Ocean along

20°S for a period of 50 years of the simulation.
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Next, we investigate the behavior of the equatodakan heat content (OHC)
associated with this decadal mode by means of le@adinear regressions. The ocean heat
content used in our study is defined as the vdiyiGveraged temperature over the upper
500m of the water column. Figure 3.15a shows thd-lag regression between the low-pass
fitered OHC averaged between IS51.5N along the equatorial Pacific and the TCdec
index, while Figure 3.15b displays the lead-lagesgion of 15¢tE-14C°W zonally averaged
OHC and the TCdec index. Please note that a ped#ityindicates that the OHC is lagging.

The regression pattern in Figure 3.15a indicates tifle decadal mode is associated
with an east-west seesaw and a slow eastward patpagof the equatorial heat content
anomalies. At lag zero, a positive OHC anomaly guattdevelops in the central-western
Pacific, while east of 150V, a weaker negative OHC anomaly leads the positigstern
anomalies by 1 year. After about 5 years, the pesiwestern anomalies are connected with
eastern OHC anomalies of the same sign, suggestimgistward propagation that leads to the
opposite phase. The pattern and the time evolatidhe oceanic heat content associated with
the decadal mode suggest that the ENSO rechargeddgee mechanism proposed by Jin
(1997) for the tropical Pacific interannual varighimight operate at the decadal timescales
in the model.

The propagation of the subsurface signal in thettSdacific is too fast to be
explained solely by the mean advection or the Ros&ve propagation. Instead, the local
ocean-atmosphere interactions in the western Tabplacific seem to play an important role
in the fast westward and equatorward movement efstibsurface temperature anomalies.
The maximum variability of the OHC at the decadalescales is located around®80and
7°N in western-central tropical Pacific (Figure 3.15bhe local OHC fluctuations center in
the tropical South Pacific is stronger than the ionthe tropical North Pacific, and both lead
the equatorial OHC by 1-2 years. The OHC fluctusio the tropical western Pacific require
a local atmospheric forcing: the variations in Ekmaumping velocity generated by the
atmospheric teleconnections from the central eqatdacific lead the heat content
variations by about 1-2 years (not shown).

Our results are in accordance with recent obsemaki and modeling studies.
Analyzing the mechanisms responsible for ENSO-lilezadal (7-35 years) variability in
observations, Luo and Yamagata (2001) argued tietSouth Pacific acts as an external
thermal source to discharge/recharge the tropicabio and therefore, inducing the decadal
fluctuations of the ENSO-like phenomenon. They ps#pa 14 years period for the decadal
phenomenon and underline the role of western tedbdouth Pacific, where the SPCZ is
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located, as a key region for ENSO-like decadalality. Investigating a coupled ocean-
atmosphere model, Luo et al. (2003) found thatdlar mechanism can explain ENSO-like

decadal variations in their model.
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Figure 3.15Lag-regressiomf anomalous Pacific Ocean heat content (OHCChon the anomalous
strength of the TCdec from —10yr to 10yr. A postifnegative) lag indicates that TCdec is leading
(lagging). In(a) the OHC is averaged between °B5L.5N. In (b) the OHC is zonally averaged
between 15¥E-140W. Contour interval is 0.03C in(a) and 0.02C in (b).
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3.4 ENSO decadal modulation

We will now investigate whether the decadal modehef model is associated with
changes in ENSO characteristics. To test this Ihgsi$, we computed composite maps of
SST standard deviation for periods of strong pesi(iTCdec > 1 std) and strong negative
(TCdec < -1std) values of the decadal mode indee. domposites for strong positive events
and the composites for strong negative events @arguted separately, and then subtracted.
Figure 3.16 shows that periods of strong positiveddc are associated with periods of
increased ENSO variability and vice versa, andefioee contribute to the decadal modulation
of ENSO activity. A positive TCdec period is assded with an intensified zonal SST
contrast and a deepening of the thermocline inwhstern tropical Pacific. According to
Zebiak and Cane (1987) and Meehl et al. (2001setolanges in the mean background state
are expected to accompany an enhanced ENSO ac#vityore detailed discussion about the
affect of decadal changes in the mean backgrousié sf the equatorial Pacific Ocean on
ENSO variability will be given in the Chapter 4tbk thesis.

SST composites for TCdec (°C/ 1 stddev TCdec)

120€ 140E 160E 180 160W 140W 120W 100W 80W

Figure 3.16 Composite difference mafor strong positive minus strong negative TCdedhaf SST

standard deviation (iiC). The threshold value for the composite is ormadard deviation of the

TCdec index. Contour interval is 0.06.
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4. Sensitivity to density perturbations in the subiopics —

impact on the mean state

4.1 Introduction

In this chapter we use ECHAM5-MPIOM coupled ocetmesphere-sea ice model to
study the mechanisms responsible for subtropiogital interactions in the Pacific region at
decadal timescale. To investigate the climate mespmf the equatorial Pacific system to
density variations in the subtropical surface ctenand to estimate the relative contributions
of North and South Pacific to the subtropical-to@iconnections, we carried out a number of
sensitivity experiments. In these experiments idedlsea surface temperature anomalies and
sea surface salinity anomalies were added oveminedomains in the North and South
Pacific. Additionally, similar uncoupled integrati® with the AGCM ECHAMS5 model were
performed.

In the following we will mainly focus on the impaof the Pacific subtropical sea
surface temperature anomalies on the mean statieeobcean and atmosphere. The mean
climate adjustment to the sea surface salinity a@lonly briefly discussed. The impact of
subtropical Pacific on tropical climate variabilitwith an emphasis on ENSO modulation,

will be analyzed in the next chapter of the thesis.

4.2 Experimental setup of the coupled experiments

The Pacific equatorial climate response to seaasartemperature and sea surface
salinity variability in the subtropical Pacific examined by prescribing idealized SST/SSS
anomalies over North Pacific, respectively Soutttifita subtropics. Two domains were
selected, one in the subtropical North Pacific €heafter NPac) between 17%0-125°W,
23°N-31°N and the second one in the subtropical South eati€reinafter SPac) between
135°W-75°W, 23S-3I°S. The two selected domains (Figure 4.1) corresptmdthe

subduction areas proposed by Gu and Philander J189%electing the size of the forcing
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domains, the relative coarse horizontal resolutbthe coupled model was also taken into

consideration.

North Pocific sensitivity experiment

South Pacific sensitivity experiment

Control run
climatological SSJ +2°C
climatological SSSY0.5psu

Control run
climatological SST_+2°C

605

: —
0 60E 1208 180 1208 0w 0 6IE 120E 180 1208 60w [

SST= sea surface SSS= sea surface
temperature salinity
a) b)

Figure 4.1 Selected domains of the individual sensitivity expents: (a)North Pacific experiment
(NPac),(b) South Pacific experiment (SPac).

We have imposed a homogenous two degree warmirlgigamn the top of the mean
seasonal cycle of the control run over the NPac@Pac domains. The SST anomalies were
kept constant for 200 years. Figure 4.2a showsSB& response in both NPac and SPac
domains, for a global warming experiment performagtth the same coupled climate model.
This integration represents a CO2 sensitivity eixpent in which a “1% CO2 concentration
increase per year to quadrupling” is imposed ferfttst 140 years, and then, the CO2 forcing
is kept constant at 4xCO2 level for about 750 yeBnerefore, the prescribed@ anomaly is
beyond the range of intrinsic coupled variabilkiyt is within the range of the expected global
warming change in the subtropical Pacific in thedelqFigure 4.2a) and in literature (Kerr,
2004; Lea, 2004). The negative 1€ SST sensitivity experiments were performed iteor
to study the equatorial response to an idealizedirgp in the subtropical Pacific. To assess
the linearity of the equatorial response to thenaalyg strength, we have also conducted
experiments with half of the forcing: %@ /-1°C.

Similar sensitivity simulations were performed irspw a_9.5 psu and 8.25 psu sea
surface salinity anomaly forcing. The imposed $gfiforcing is also within the range of sea

surface salinity change in the above-mentionedallalarming experiment for both NPac and
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The SST response for a global warming experiment (1% CO2 increase until 4xCO2)

5 T I T [ T l T I T " T I T " T | T I T | T I T I
— NPac SSTA index
4 —— SPac SSTA index
2 5
a) Z
&)
8
5 2
L
°
=
g1
w
0
I A L I O T S Y OO
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
YEAR
The sea surface salinity response in a global warming experiment (1% CO?2 increase until 4xCO2)
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Figure 4.2 Evolution of the anomalous annyal) SST andb) SSS response averaged over the NPac
(blue line) and SPac (red line) domains during @bagl warming experiment. The anomalies are

computed relative to the mean of the control ird&gn.

SPac domains (Figure 4.2b). The full forcing (Opsea surface salinity experiments were
conducted for 70 years and the half-forcing expents for only 30 years. A longer
integration for the sea surface temperature exmarisncompared to sea surface salinity
experiments was required in order to assess tliststally significant changes in tropical
Pacific interannual variability. Such changes opical Pacific interannual variability were
not simulated in the sea surface salinity experisien
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4.3 South Pacific sensitivity experiment (SPac+2)

In the following part we will discuss the %2 experiment in the South Pacific (SPat3R
The response of the coupled experiment is compasea difference between the mean of a
variable over the whole 200 years of the experinagwt the mean of the control run for the
same period. Only the response that exceeds thes@§ifificance level according to a two-
sided Student’s t-test is plotted.
Figure 4.3 displays the simulated response of seface temperature in the SPag€2
experiment. The mean SST response exhibits an @tplatvarming, which reaches a
maximum of 0.9C in the central-eastern equatorial Pacific. Themuag represents 45% of
the SST forcing. This SST pattern will lead to dueed zonal SST gradient between West
and Central-East Pacific, which in turn will influse ENSO variability. This aspect will be
discussed in the next chapter.

Tropical Indian and Atlantic oceans also experiesceSST warming of about 0@ -
0.3°C (not shown). A dipole-like pattern can be notiseaith of Australian continent with a
0.8°C SST cooling in the southwest and ‘@€ 1SST warming in the southeast. In the North
Pacific, a warming of 0 along the western coast of Canada and Gulf okdaand an

even higher 0.3C warming near Kamchatka are simulated (Figure 4.3)

SST response for SPac+2C experiment (in degree Celsius)
TON

> ﬁﬁ: ég\:}\\?\
— -'\,. / r :
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———5T 5 - = /@

120€ 140E 160E 180 160W 140W 120W 100W 80w 50w
at the 95% confidence level

Figure 4.3 Anomalous Pacific Ocean SST (i€) response in the SPac€ experiment. Contour

interval is 0.2C. Please note that values in the range {€1.20.2C) are not plotted.
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Equatorial SST response for SPac+2C(in degree Celsius)
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Equatorial thermocline response for SPac+2C
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Figure 4.4Mean climate changes (a) SST (in°C) and(b) the thermocline temperature in SPat32
experiment, averaged in &N - 5°S equatorial strip of Pacific Ocean. (b), the dashed gray line
represents the mean depth of théQ@&otherm in the control integration. The contlawels in(b) are
-1.5C, -1.2C, -1.0C, -0.8C, and -0.6C, followed by a 0.1C contour interval.
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Surface wind response for SPac+2C experiment(in m/s)
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Zonal wind stress response for SPac+2C experiment(in N/m2)
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Figure 4.5Anomalous Pacific Ocegf) surface winds (in m/s) ar{®) zonal wind stress (in N/in
the SPac+ZC experiment. The reference vector of surface wsrim/s. The contour interval {b) is
0.003 N/m. Anomalous atmospheric meridional mass streamifomdh the SPac+Z experiment
(black contours) and the mean atmospheric meritlimaas streamfunction of the control integration
(shaded, in 19Kg/s) are plotted iffc). Contour interval ir(c) is 0.1x 16°Kg/s.
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These changes in the surface climate can be obtéimmeugh both the “atmospheric
bridge” (AB) and “oceanic tunnel” (OT). As it care Iseen from Figure 4.4a, the mean SST
change averaged in 8Nb-5°S equatorial strip of Pacific reaches a maximumvbenh 150W
and 130W, where it exceeds 8. In figure 4.4b, the mean change of the Pacifi-5°S
averaged equatorial thermocline temperature igguof he thick black dashed line represents
the position of the depth of the ZDisotherm in the control integration. The fastfiaspheric
bridge” is not very effective in changing the equel subsurface temperature, due to the
strong equatorial upwelling that inhibits the dovamd/ penetration of the surface atmospheric
heat flux forcing. In the equatorial ocean, the gpemture anomaly decreases downward
towards the subsurface till about 75m in westeraiflfaand till about 50m in central and
eastern Pacific. A negative subsurface temperatnoenaly that reaches —3Gat 180E and
150 m depth is simulated along the mean upper theme (Figure 4.4b), leading to an
enhanced overall vertical temperature gradients Tynamic response of the ocean will be
discussed latter in the chapter. The negative stdrmitemperature anomaly weakens slightly
over the period of the simulation. This maybe tRsuit of the equatorward oceanic
subduction process in OT.

The mean state changes in the tropics resulting filee subtropical warming are
consistent with the changes in the atmospheric éyadlells and oceanic meridional
overturning circulation. We have plotted the anamual Pacific Ocean surface winds and
zonal wind stress in Figure 4.5a and b. The sostbdg trades over the South Pacific Ocean
are significantly weakened and the northeasterdds strengthened. This is due to a
decreased South Pacific and an increased NortHi®awéridional sea surface temperature
contrast. As a result of above-mentioned changesaite winds, the atmospheric Hadley
circulation is southward displaced (Figure 4.5c).

The local atmospheric response (Figure 4.6a) toSXSB&A in the subtropical South
Pacific displays a linear baroclinic response witburface low (2hPa at the sea level) and an
upper level high (40m in the geopotential heiglspanse at 250hPa). In addition to the local
changes, the sea level pressure response exhibitanamalous high associated with
anticyclonic circulation over the western North éwlth tropical Pacific. It reaches 1.6 hPa
near the southeastern coast of Australia. A renmdek@mote feature is the deepening of the
Aleutian Low in the North Pacific. This appears b@ a result of the atmospheric

teleconnection from the tropics (Figure 4.6b). Tbeal vertical air temperature response
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shows a strong warming of up to 5at 250hPa (Figure 4.6a). All three tropical osean
present an anomalous increase in the verticaleanpérature that extends southward up to
60S (not shown). This vertical warming response owertropical oceans is intensified with

the altitude and reaches 08at 250 hPa.
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Figure 4.6 (a) Anomalous Pacific Ocean vertical air temperatuteaded, in°C) and geopotential
height (black contours, in m) at & latitude in the SPac%@ experiment. The contour interval is 2m
for values less than 10m, and then, the contoueldeare 15m, 20m, 30m, 40m and 50(n)

Anomalous sea level pressure (in Pa) responseiSBac+2C experiment.
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Figure 4.7 Anomalous Pacific Ocedia) vertical velocity at model level 50m (contourscim/day) andb) wind

stress curl (in 19 N/m3) in the SPac+Z experiment. The contour interval for positiveues is 1 cm/day, while

the contour levels for negative values are —3;7%5;10, -15, -20 cm/day.
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Figure 4.8 Anomalous Pacific Ocean depth of thermocline (inimyhe SPac+Z experiment. The
contour levels are -25, -20, -15, -12, -10, -7;35-1,1, 3,5, 7, 9, 10, 12, 15, 20, 30, 40 50an.
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Weaker equatorial trade winds will lead to a redluequatorial Ekman divergence in
the ocean, which in turn will decrease the equaltarpwelling of the colder subsurface
waters. This is clearly seen in the anomalousaartielocity at 52 m depth (Figure 4.7a). The
strongest vertical velocity changes appear in #m@ral equatorial Pacific, between 260/
and 120 W, where the wind stress changes are the lar§égré 4.5b). In this area of the
equatorial Pacific, a reduction of 20 cm/day orwtli2b% of the mean upwelling is obtained.
An upwelling favorable wind stress curl is simuthteetween % and 10 latitude in the
central-western tropical Pacific of the both herheses (Figure 4.7b). In the south this shifted
eastward and southward (B330°S) towards the forcing area. The off equatorialngjes in
the wind stress curl are visible not only in thetieal velocity response, but also in the depth
of the thermocline changes. A shoaling of the tleaime can be found between°Nand
20°S in the western tropical Pacific with a maximunomualy of 25m between°S-15S
(Figure 4.8). Furthermore, a deepening of the tleilime appears between about’MOto
25°N in the tropical North Pacific (Figure 4.8).

Pacific meridional overturning response for SPac+2C(in Sv)
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Figure 4.9 Anomalous Pacific Ocean meridional overturningasirinction (in Sv) in the SPac*2

experiment. Contour levels are -1, -0.5, -0.3, 0,2, 3, 4, 5, 6, 7 and 8 Sv.
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The above-mentioned changes in equatorial upwetimgj tropical downwelling are
associated with a weakening of the Pacific tropoedls (Figure 4.9). The tropical cell index
(see Chapter 2.3 for a definition of TC and STAdas) shows a decrease of about 8 Sv (1Sv
= 10® m¥s), which is equivalent to a 10% reduction in Ti&sgth relative to the control
integration (the red curve in Figure 4.27a). Thekening of the TC comes primarily from a
slowing of the southern cell (Figure 4.9), whichhixts a 17% reduction in strength
compared to only 2% for the northern cell. Thersgth of southern Pacific subtropical cell is
decreasing, while the strength of the northern fRasubtropical cell is increasing. The
simulated changes in the depth of the thermoclilghtralso lead to changes in the slope of
the thermocline, and thus contribute to the chang#e strength of tropical/subtropical cells.
The shoaling of the thermocline in the west wiltdmse the zonal slope of the thermocline
that itself will reduce the equatorward flow wittthme thermocline and slow down the tropical
cells and the southern subtropical cell. On thetreoy, the deepening of the thermocline
between 1EN-25°N will increase the zonal slope, leading to aneased equatorward flow
within the thermocline and to a speed up of theh®on subtropical cell.

The changes of equatorial trade winds will alsduerice the wind-driven horizontal
circulation. Figure 4.10a shows a weakening ofSbath Equatorial Current of the order of 8
cm/s as a result of weakened southeasterly traddswiOn contrary, the North Equatorial
Current has strengthened by up to 6 cm/s due tmtaesification of the northeasterly trades.
Relative strong meridional velocity anomalies anmutated close to the equator and in
western tropical South Pacific, which reflect theaker Ekman divergence. Considering the
mean zonal temperature gradient in the tropicaifieathe horizontal current anomalies will
advect warmer water from the warm pool area zortallyard the east and also meridionally
into the cold tongue area. In the tropical Nortltiffg the westward horizontal currents
anomalies will bring colder water from the easteapics into the warm pool. This will lead
to a much reduced warming betweeriN®20°N. The anomalous mean barotropic
streamfunction suggests a strengthening and soudhaigplacement of the subtropical gyre
in the North Pacific (Figure 4.10Db).

In addition to ocean dynamics, changes in net sarfeeat flux will also affect sea
surface temperature. The response in the net suhieat flux displays a local damping effect
on the sea surface temperature of up to 60 3figure 4.11a). This anomalous surface heat
flux is mainly due to an intensified evaporatioreothe forcing area (not shown). This is not
surprisingly, since the latent heat flux is the dwant term in the air-sea heat exchange. The

fresh water flux (P-E) changes (Figure 4.11b) mtflaostly the changes in precipitation. An
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Surface currents response for SPac+2C(in cm/s)

50N
40N':{/
30N B
14 o
20N - %
s W —
10N+ i
Wf/ﬁ—"
B o
R Gm a2/ 77 7 7
108 +7 : o, ; /. //
. . =
205+ g
308 /
405 - " )7 ;r
S0300E 140 160E 180 160W  140W  120W  100W 80w 60W

—_—

5

Horizontal barotrophic streamfunction response forSPac+2C (in Sv)

50N

40N

30N

b)

10S 1

20s4

=

N
=

308 4 ; 8 ?‘
7 )
405 4 R
~—
505 " *—— =2 ’
120E 140E 160E 180 160 140W 120W 100W sow 60W

at the 95% confidence level

[ T 1
-60-50-40-30-25-20-15-10 -5 5 10 15 20 25 30 40 50 60 70

Figure 4.10 (a) Anomalous Pacific Ocean surface current velocity ¢m/s) in the SPac®g

experiment. The reference vector of surface vetdsit cm/s(b) Anomalous horizontal barotrophic

streamfunction (black contours,

in Sv) in the SRAC+ experiment and the mean horizontal

barotrophic streamfunction in the control integyat{shaded, in Sv). The contour interval is 1 Sv.
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Net surface heat flux response for SPac+2C(N/m2)

P—E response for SPac+2C experiment(in mm/months)
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Figure 4.11 Anomalous Pacific(a) net surface heat flux (in NAn and (b) fresh water flux

(precipitation-evaporation, in mm/month) in the &P&AC experiment.
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Figure 4.12Anomalous Pacifi¢a) surface salinity (in psu) an@) upper level density (in Kg/fpin

the SPac+ZC experiment. The anomalous upper level densitysagputed as the anomalous ocean

density averaged over the upper 50 m.
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increase in the total precipitation of about 50 movith has been simulated over the area with
a positive sea surface temperature anomaly indhaterial Pacific and tropical eastern South
Pacific. In the tropical North Pacific, between°ll0Oand 20N, a reduction in the total
precipitation of about 35 mm/month is simulateddécrease in precipitation, but of a smaller
scale, appears in the western subtropical Soutlifi®aln the tropics increases in latent
heating are typically associated with local deaeds sea level pressure. This is consistent
with the sea level pressure changes in our expetimigne area of increased precipitation
exhibits a reduction in the sea level pressureleathie decreased precipitation areas overlap
regions with anticyclonic circulation (i.e. higheskevel pressure).

In Figure 4.12a we plotted the surface salinitypogse. An increase of 0.2 psu in the
surface salinity is simulated betweerfIEB0°N over the North tropical Pacific, as a result of
reduced precipitation and horizontal advection obrensaline water from the eastern
subtropical North Pacific. The South Pacific sajimiesponse shows a 0.6 psu increase in
salinity over the forcing domain, and a 0.2 psusliening of the surface waters in the warm
pool area. As a result of the described changes@nsurface salinity and temperature, we
found a significant response in the density of wggerth and South Pacific Ocean. Figure
4.12b shows a change in the ocean density aveagedhe upper 50m: a decrease in density
in the tropical South Pacific due to a combineceffof warmer temperatures and lower
salinity; this is accompanied by a reduction in Ha@th Pacific ocean mainly due to changes

in salinity.

4.4 North Pacific sensitivity experiment (NPac+2C)

We turn now to the description of the sensitivikperiment in which a two degree sea
surface temperature anomaly was imposed over timeaitoin subtropical North Pacific
(NPac+2C). Figure 4.13 shows the mean response in seacsutémperature over the whole
length of the simulation relative to the controteigration. The spatial structure of the sea
surface temperatures response displays a warmitigeitropical Pacific between I%9-3C°N.
Relative to the forcing domain, the SST warmingrdases westward and southwestward
toward the warm pool region. The equatorial SSTmwvag reaches 0°® in the western
Pacific and 0.3C in the cold tongue area leading to a slightlyrease in the zonal
temperature contrast (Figure 4.14a). As a conseguehthe warming in the tropical Pacific,
a 0.2C-0.3C SST warming is simulated in the tropics of Indéama North Atlantic Ocean.
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SST response for NPac+2C experiment (in degree Celsius)
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Figure 4.13Anomalous Pacific Ocean SST (i€) response in the NPac*2 experiment. Contour
interval is -0.2C. Please note that values in the range {€0.20.2C) are not plotted.

The North Pacific subtropical warming has also @#d the equatorial Pacific
thermocline temperature (Figure 4.14b). In the &apiel upper ocean, a positive subsurface
temperature anomaly is found till about 200m deytlere it reaches (*8. In the far western
equatorial Pacific, a negative temperature anomplyo —0.4C is simulated between 50m
and 450m depth.

As shown in Figure 4.15a, the local response tathxropical North Pacific warming
exhibits a linear baroclinic pattern: an anomaleum-low response downstream of the
forcing area at the surface (1.2 hPa in the sedl essure) and a warm-ridge response in the
upper levels (a 30m geopotential height change5ét f#Pa). An anomalous anticyclonic
circulation of about 1.2 hPa in sea level presgistmulated in the South Pacific, close to the
Antarctic continent (Figure 4.15b). This anomal@aungicyclonic circulation overlaps an area
with increased sea ice cover. A negative surfacdeanperature anomaly of about <6
accompanies the change in sea ice, suggestinghthainticyclonic response is a result of the
positive sea ice-albedo feedback.

The above-mentioned changes in the sea level peesan also be seen in the surface

wind and zonal wind stress changes, and are & wfsulodified meridional temperature
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Equatorial SST response for NPac+2C(in degree Celsius)
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Figure 4.14 Mean climate changes ifa) SST (in °C) and (b) the thermocline temperature in
NPac+2C experiment, averaged in &\b- 5°S equatorial strip of Pacific Ocean. (o), the dashed
gray line represents the mean depth of th&C23otherm in the control integration. The contour

interval is 0.05C.
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Air temp(C)/ geopot height (m) response at 27N folPac+2C
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SLP response for NPac+2C experiment(in Pa)
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Figure 4.15 (a)Anomalous Pacific Ocean vertical air temperatuteadgd, in°C) and geopotential
height (black contours, in m) at 2¥ latitude in the NPac+Z experiment. The contour interval is 2m
for values less than 10m, and then, the contowldeare 15m, 20m, 30m and 40(m) Anomalous sea

level pressure (in Pa) response in the SP4C€Xperiment.
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Surface wind response for NPac+2C experiment(in m/s)
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Figure 4.16 Anomalous Pacific Oceaf@) surface winds (in m/s) ar{®) zonal wind stress (in N/t

in the NPac+2C experiment. The reference vector of surface Wsrmal9 m/s. The contour interval in
(b) is 0.003 N/mM. Anomalous atmospheric meridional mass streamifmcin the NPac+ZC
experiment (black contours) and the mean atmosphegridional mass streamfunction of the control

integration (shaded, in 1%g/s) are plotted irfic). Contour interval if{c) is 0.1x 16°Kg/s.
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gradient (Figure 4.16a and b). The southeasteaaties strengthen in the tropical South Pacific
oceans due to an intensified meridional thermaltresty while the northeasterly trades
weaken as a consequence of a decreased meridimralal contrast in the tropical North
Pacific. The anomalous low, which spans almost wiele North Pacific Ocean, is
responsible for the warming found along the westst@f North America. The anomalous
southerly warm air advection has raised the aifasertemperature in the northeastern North
Pacific by about 0.4 -0.6C. On the contrary, the anomalous northerly cotdadivection
prevents the surface warming in the northwesterrtiNBacific and leads to a slight cooling
near Kamtchatka (Figure 4.13).

As a consequence of the changes in trade windsH#uey circulation is shifted
northward (Figure 4.16c¢). The resulting anomaloascdnding motion between °B320°S
leads to a decrease in precipitation of about 1&&0month in all three tropical oceans. The
anomalous ascending motion, which enhances theecting activity, leads to an increase in
precipitation between®Bl-5°S. The biggest precipitation changes are simuletdde South
Pacific Convergence Zone (SPCZ) and the warm pegibn of West Pacific (Figure 4.17hb).
Another area that exhibits an increase in the pi@tion amount up to 25 mm/month is
located in the central tropical North Pacific betwelON-30°N. Changes in the net surface
heat flux can also influence sea surface tempeyafline net surface heat flux response
exhibits a damping effect onto the sea surface ¢eatpre over the forcing area. In the central
tropical Pacific between 2B8I-20°N, however, the net surface heat flux contributethe SST

warming (Figure 4.17a).

Net surface heat flux response for NPac+2C(N/m2) _P-E response for NPac+2C experiment(in_mm/month)

120E 140E 160E 180 160W 140W 120W 100w 8w 6 =70 120E 140E 160E 180 160W 140W 120w 100w 80w 61
at the 95% confidence level at the 95% confidence level

a) b)

Figure 4.17 Anomalous Pacific(a) net surface heat flux (in NAn and (b) fresh water flux

(precipitation-evaporation, in mm/month) in the MPZC experiment.
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Thermocline depth(Z20) response for NPac+2C (in m)
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Figure 4.18 Anomalous Pacific Oceafa) depth of thermocline (in m)b) vertical velocity at model
level 50m (contours, in cm/day) aife) wind stress curl (in IZON/m?) in the NPac+2C experiment.
In (a) the contour levels are -3, -1, 1, 3, 5, 7, 9, 10,16, 20, 30, 40 and 50 m. The contour interval in
(b) is 1 cm/day.
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The simulated weakening of the trade winds afféoésequatorial upwelling and the
thermocline depth in both the North and South tapPacific (Figure 4.18a,b). Relative to
the control run, the upwelling in NPac2experiment exhibits a reduction of 9 cm/day i th
western equatorial Pacific accompanied by an anmmsalpwelling between°5-1CS in the
western South Pacific (Figure 4.18b). In the céntmapical North Pacific, an anomalous
upwelling is simulated between 20-30°N. The warming in the subtropical North Pacific
induces a deepening of the thermocline of up tenS0ver the central-eastern tropical North
Pacific, accompanied by a 8m deepening of the tbelime in the central equatorial Pacific
and around 2T6 in the western tropical South Pacific (Figure84)1L The simulated changes
in the depth of the thermocline and in the upwgllime accompanying changes in the strength
of subtropical/tropical cells in both North and 8votacific (Figure 4.19). Apart from the
weakening of the off-equatorial downwelling, theedening of the thermocline in the central-
eastern tropical North Pacific will decrease theataslope of the thermocline, reducing the
equatorward flow within thermocline and theref@apinning-down the northern branch of the
subtropical and tropical cell in the Pacific Ocelay about 3 Sv. On the contrary, the
deepening of the thermocline in the western trdg@oaith Pacific increases the zonal slope of
the thermocline, which itself might increase theaqrward flow within the thermocline and
spin-up the southern STC.

Pacific meridional overturning response for NPac+2C(in Sv)
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Figure 4.19 Anomalous Pacific Ocean meridional overturning atmunction (in Sv) in the
NPac+2C experiment. Contour levels are -3.5, -3, -2.5-15, -1, -0.5, -0.3, -0.1, 0.1, 0.3 and 0.5
Sv.
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Surface currents response for NPac+2C(in cm/s)
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Figure 4.20 (a)Anomalous Pacific Ocean surface current velocitycfin/s) in the NPacfZ experiment. The
reference vector of surface velocity is 4 crfs) Anomalous horizontal barotrophic streamfunctiofack
contours, in Sv) in the NPac¥2 experiment and the mean horizontal barotropm&astfunction in the control
integration (shaded, in Sv). The contour intergdl iSv.

Surface salinity response for NPac+2C (in psu)
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Figure 4.21 Anomalous Pacifio(a) surface salinity (in psu) antb) upper level density (in Kg/?h in the
NPac+2C experiment. The anomalous upper level density e@sputed as the anomalous ocean density
averaged over the upper 50 m.
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The horizontal oceanic circulation is also affectgdthe change in the trade winds
(Figure 4.20a). The biggest changes in horizontatents are found in the tropical Pacific
Ocean, where the South and North Equatorial Cwsreveaken by about 4 cm/s. The
meridional velocity anomalies simulated close te déguator, especially in the North Pacific,
reflect a weaker Ekman divergence. The anomalownrarotropic streamfunction changes
(Figure 4.20b) show a weakening of about 5 Sv astightly southward shift of the North
Pacific subtropical gyre circulation.

There is a sea surface salinity response to thelaied changes in freshwater flux
(Figure 4.21a). The intensified precipitation oweost of the tropical and western North
Pacific causes a reduction in sea surface salafigbout 0.1-0.2 psu, with the maximum SSS
reduction in the warm pool area of western Pacificcontrast, over the forcing area, the
surface salinity is increased by 0.2 psu due tensified evaporation. The increase in
precipitation over central-western tropical NortacFic, combined with a warming of the
upper ocean leads to a decrease in the upper tiyesity over the whole tropical North
Pacific (Figure 4.21b).

4.5 Comparison of the impact of South and North subopical

warming/cooling on the tropics

After describing the affect of subtropical positi&ST perturbation on the mean
climate state, we will now try to quantify the ri@@ contribution of North and South
subtropical Pacific to the tropical climate. We Ivalso discuss the impact of subtropical
warming versus subtropical cooling. Figure 4.22ldigs the tropical Pacific response in sea
surface temperature in the following experiment®abt2C, NPac-2C, SPac+2C and
SPac-2C. The simulated changes in the Pacific equatati@rmocline for the same
experiments are shown in Figure 4.23. The equatBaaific SST change, computed as the
sea surface temperature response averaged beti@é&Nsand 120E-8C°FW, is +0.58C in
the SPac+ZC experiment comparing to +0.35in the NPac+ZC or about 65% larger for the
South Pacific experiment. A similar differenceiimglated for the cooling experiments: a2
cooling in the subtropical South Pacific causes62°€ cooling of the equatorial Pacific SST
compared to only 0.3® in the subtropical North Pacific experiment. Rerinore, the
thermal forcing of subtropical South Pacific hasaimum impact on eastern tropical Pacific

climate, while the impact of subtropical North Ra&cis mostly confined to the western
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tropical Pacific (Figure 4.23a compared to Figur234). The subtropical North and South
Pacific oceans also have a different impact onetpeatorial thermocline structure (Figure
4.23).
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Figure 4.22 Anomalous Pacific Ocean SST (i@) response in th@a) NPac+2C, (b) NPac-
2°C, (c) SPac+2C and(d) SPac-2C experiments. In(a) and (c), the contour interval is
0.2°C. In (b) and (d), the contour interval is -0°C. Please note that values in the range
(-0.2°C, +0.2C) are not plotted.
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Equatorial thermocline response for NPac+2C
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Figure 4.23Mean climate changes in the thermocline tempegdtuja) NPac+2C, (b) NPac-2C, (c)

SPac+2C and(d) SPac-2C experiments, averaged in &\b- 5°S equatorial strip of Pacific Ocean.
The contour interval ifa) and(b) is 0.05C, while the contour interval i(d) is 0.2°C. The contour
levels in(c) are —1.8C, -1.2C, -1.0C, -0.8C, and -0.8C, followed by a 0.1C contour interval. The

dashed gray line represents the mean depth offt@@i&otherm in the control integration.

We will now focus on explaining the different impaaf North and South Pacific,
limiting the discussion to the warming experimefi®ac+2C and SPac+Z). Figure 4.24
displays the mean sea surface temperature respongauted for the first 10yr, 30yr and for
the whole 200yr of the experiment, while Figure4shows the simulated mean response in

equatorial subsurface temperature.
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a)

SST response after 10yr for NPoc+2C(|n degree Celsius)

b)

SST response after 30yr for NPac+2C(in degree Celsius)

c)

SST response after 200yr for NPac+2C(in degree Celsius)
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Figure 4.24Anomalous Pacific Ocean SST (i@) after the first 10 yea(s), 30 yeargb) and after 200 yeals) in the NPac+2C experiment. Anomalous
Pacific Ocean SST (ifC) after the first 10 yea(sl), 30 yearge) and after 200 yea($) in the SPac+Z experimentThe contour interval is 0°C. Please note
that values in the range (-0@, +0.2C) are not plotted.
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Equatorial thermocline response after 10yr for NPac+2C Equatorial thermocline response after 30yr for NPac+2C Equatorial thermocline response after 200yr for NPac+2C
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Figure 4.25Mean climate changes in the thermocline tempegatiter the first 10 yearfs), 30 yeargb) and after 200 year§) in the NPac+2C experiment.
Mean climate changes in the thermocline temperatfieg the first 10 year@l), 30 yearge) and after 200 yeard) in the SPac+Z experiment. The contour
interval in(a), (b) and(c) is 0.05C. The contour levels i(d), (e), (f) are -2C, -2.2C, -1.8C, —-1.5C, -1.2C, -1.CC, -0.8C, and -0.6C, followed by a 0.1C

contour interval. The dashed gray line representste tmean depth of the 2D isotherm in the control integration.
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After only 10 years of simulation, the equatoredponse in the SPac¥2experiment
is almost fully developed (see Figure 4.24d in carigon to Figure 4.24e,f). This rapid
increase in the equatorial SST suggests a domnodmtof the “atmospheric bridge” in the
remote impact of subtropical South Pacific. Anornalmorthwesterly trades that reduce the
evaporative heat loss in the eastern tropical SPathific, accompany the enhanced warming
in the subtropical South Pacific. In this way thibtsopical South Pacific warming extends
farther into the eastern tropics. The pattern déciative of the coupled wind-evaporative-SST
(WES) feedback between the atmosphere boundary kayeé ocean (Xie and Philander,
1994). After reaching the equator, the SST anomadie further intensified by the local
coupled ocean-atmosphere feedback. The WES feedizaaknly leads to a very fast change
of equatorial SST, but also forces a delayed adfjest of the meridional overturning
circulation in the upper Pacific (Figure 4.27a).eféfore, the tropical SST change will be
further amplified due to a reduced equatorward eater transport and equatorial upwelling
(Figure 4.7a). The slow ocean connection betweétragpical South Pacific and tropics can
also be accomplished by the equatorward subduofi@amomalous warm water by the mean
circulation (Gu and Philander, 1997) through thierior oceanic pathways that are opened
due to the absence of a potential vorcity barnghe South Pacific. In Figure 4.26 we plotted
the time evolution of equatorial Pacific heat comtanomaly in the SPac%2 experiment,
taken here as an index of the vertically averagexho temperature over the upper 450m. The
positive trend (0.38C/200yr) of equatorial Pacific heat content suggelat ocean tunnel
plays also a role in the South Pacific subtropiogiical connections at multi-decadal
timescale. In the first years of the simulatione itynamical adjustment of the equatorial
thermocline to the zonal wind stress changes amsatiwith the fast “atmospheric bridge”
leads to a warming in the surface accompanied ¢noéing at depth (Figure 4.25d), followed
by a slow warming from below by the “ocean tunreg’the experiment continues.

The equatorial climate change in response to a wgrin subtropical North Pacific is
confined to the westernmost part of the warm paaian during the first 10yr of the
experiment (Figure 4.24a), accompanied by no sganf mean changes in the subsurface
temperature (Figure 4.25a). The very fast incréas®ST over the west Tropical Pacific can
also be attributed to the WES coupled feedback.closonic response in sea level pressure in
the North Tropical Pacific is associated with antmua southwestern trades that will warm
the SST through a reduction in evaporation. Theggation of warmed SST towards the
warm pool region is accompanied by westerly windraalies that will further reduce the

evaporative heat loss and warm the sea surfacar@~#16b). Our results are in accordance
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with a recent study done by Wu et al. (2006). gdinth observations and a coupled ocean-
atmosphere model, they have proposed the WES fekdizaa possible mechanism for the
extratropical-tropical connections in the North ifa@nd suggested that the recent tropical

Pacific decadal climate variability originates frahe extratropical North Pacific.
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Figure 4.26 Time evolution of the equatorial Pacific annuahteontent anomaly (ifC) averaged over°H-
5°S, 140E-8C°W in the SPac+Z experiment. The vertically averaged ocean tentperaver the upper 450 m
is used as a proxy of the ocean heat content. gldipht the low frequency variability, a 5-yr rumgi mean is

applied to the index.
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While the same fast “atmospheric bridge” seemstanaboth North and South Pacific
experiments, the amplitude and the spatial extengfahe response is very different. Even
after 30yr of simulation, the SST warming in theadfPZC experiment is limited to the
western Tropical Pacific between PEO18CE, reaching a maximum of only 0G (Figure
4.24b,c). At the same time, a @8warming appears in the upper equatorial oceandsat
50m-150m and tends to propagate eastward alonthénenocline (Figure 4.25b,c). This SST
warming from below suggests a more important rolettfie “ocean tunnel” compared to the
“atmospheric bridge” in the NPac%2 experiment. Since changes in shallow meridional
overturning circulation are not large in the NP&&2xperiment (Figure 4.27b compared to
Figure 4.27a), due to the quite small changes & dfuatorial zonal wind stress (Figure
4.16b), the dominant mechanism in OT remains tlopyisnal transport of anomalous
temperature signal from the North Pacific throulgh western boundary pathway. A possible
explanation for the weak impact of the subtropiNalth Pacific warming is the so-called
“thermodynamic thermostat” that might control thearmm pool region. Due to this
thermodynamical feedback, the SST will warm formasch as necessary for the upward
surface heat flux to balance the imposed downwlasd(Seager and Murtugudde, 1997).

Since there is no significant atmospheric respo(s& shown) to the salinity
perturbations in the subtropical Pacific Oceanceae see the SSSA experiments as a study of
the “oceanic tunnel”. In both North and South FacBSSA experiments, the slow oceanic
connection between subtropical and tropical Pacicaccomplished only through the
equatorward subduction of anomalous saline watethbymean circulation. In the South
Pacific experiment, the subducted salinity anorsaian reach equatorial Pacific via the
interior pathway, while in the North Pacific expeéant; the water carrying the salinity signals
has to travel first all the way to the western bany and then, equatorward.

A first order linear response is simulated for f#RK) and half-forcing ($K) sea
surface temperature sensitivity experiments in bétinth and South Pacific. Although the
Tropical Pacific climate response to an enhancef@se warming/cooling in the subtropics is
to first order linear, the negative thermal forciagpears to have a stronger impact on
equatorial Pacific thermocline. A°@ cooling in subtropical South Pacific results in a
decrease in equatorial ocean temperature thatnageetill about 100m depth (Figure 4.23d),
in comparison with only 50m depth for the warmingeriment (Figure 4.23c). Besides the
vertical displacement of the thermocline, a biggeange in the vertical mixing (not shown)

may explain the larger subsurface temperature alyonma the SPac-ZC experiment
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compared to the SPac*2 experiment. Similarly, a greater impact of thetsopical cooling
on equatorial thermocline is found in the NorthiRaexperiments (not shown).

The South Pacific contribution to the modulatiortrobical climate is also revealed in
Figure 4.28, which presents the relationship betwbe simulated changes in TC/STC index
and changes in sea surface temperature and e@latpwelling in eastern Pacific for all
South Pacific experiments (SSTA and SSSA forciRgy.the scatter plots in Figure 4.28, we
used the simulated relative changes defined agatiable change divided by the mean of the
control run for the respective variabke strong linear dependence is found between the TC
index and the strength of eastern equatorial upvge(Figure 4.28a), while an inverse linear
dependence is obtained between the TC index aridreasquatorial SST (Figure 4.28b) in
our South Pacific simulations. A similar dependerathough not as strong as for the tropical
cells, is suggested by thegure 4.28d,e for the subtropical cells. As Figdr28c,f shows a
linear dependence exists between TC/STC index apeéruocean density change over the
forcing area for the South Pacific SST experimeWits. could not see a relationship between
the strength of TC/STC and eastern equatorial ieaS®T/upwelling in our North Pacific
simulation. This behavior might be also due to musrhaller changes in the shallow
meridional overturning circulation in our North Hacsimulations (Figure 4.27a comparing
to Figure 4.27D).

Comparing the warming and the cooling experimemtsath North and South Pacific,
we can conclude that the subtropical South Paafjgears to “affect” more to the equatorial
ocean temperature change than the subtropical NRatlific. The larger contribution of the
South Pacific is consistent with observational (&am and McPhaden, 1999) and modeling
studies using an OGCM (Yang et al, 2004) or futygled GCM (Yang et al, 2005;Yang and
Liu, 2005). The partial coupling idealized experteemployed by Yang et al. 2005 show
that the impact of South Pacific extratropical thal forcing (poleward of 3@) on the
tropical climate is 30%-50% larger than the impaicNorth Pacific extratropics. It is worth
mentioning that Yang et al. 2005 investigated dhly affect of extratropical Northern and
Southern Hemisphere warming on tropical Pacifimalie. In our sensitivity experiments, we
found an asymmetric impact of the North and Souwbifie Ocean on the tropical climate not
only in the case of enhanced subtropical warming, dso for an enhanced subtropical

cooling.
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4.6 Relative role of the atmosphere and ocean indpical-subtropical

interactions

To further quantify the role of air-sea interacs@nd ocean dynamics in the simulated
tropical climate response to the subtropical serf@arming/cooling, we performed sensitivity
experiments, similar to the coupled ones, with &8CM ECHAMS. The sea surface
temperature and sea ice monthly climatology ofcihigpled control run were used to force the
AGCM. The AGCM was run under these conditions féryg@ars and the last 30 years of the
integration will constitute our AGCM control run (NR). After allowing a 6 years spin up
period, we have imposed a *2 degree sea surface temperature anomaly over onén N
Pacific (refer to as ANPac+#2), respectively South Pacific domain (refer toA&Pac+2C),
and run the model for 30 years. All the mean cleneltanges are derived as the difference
between the mean of each AGCM experiment and thennoé control run ACTR over the
whole period of the sensitivity run. Only the sttgally significant changes at 95% level
according to a two-sided Student’s t-test are dised here.

Figure 4.29a displays the annual mean geopotdmight change at 1000 hPa for the
ASPac+2C experiment. In contrast to the coupled experimtér@ atmospheric response of
the AGCM experiment to the warming in the subtrapiSouth Pacific is mostly confined to
the Southern Hemisphere and has no response guqtreorial Pacific. Correspondingly, the
change in the surface wind displays a cyclonic aaloos circulation that is limited to the
eastern subtropical South Pacific (Figure 4.30¢ Bleal geopotential height response (Figure
4.29b) to the imposed boundary forcing featuresréase low (15m at 1000hPa or 2hPa in
sea level pressure) beneath the upper level higbrfageopotential height change at 250hPa).
Although the local geopotential height responsknisar baroclinic in both the coupled and
uncoupled experiments, the changes are biggeeifotimer. Besides a large local increase in
evaporation rate (30mm/month) over the forcing aeeompanied by a similar magnitude
reduction in evaporation to the north of it, thétsapical heating also produces changes in
precipitation. An increase in precipitation of up 70 mm/month is found on the western
margins of the heating zone, while a decrease @tipitation of up to 40 mm/month is
simulated to the north and west of the forcing a®a result of reduced evaporation rate due
to anomalous westerlies winds. The SST anomaligsdarsubtropical South Pacific produce

changes that reach the middle and upper troposighetshown).
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SLP response for ASPac+2C(in Pa)
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Figure 4.29 (a) Anomalous sea level pressure (in Pa) responsdénAlSPac+2C experiment.
(b) Anomalous Pacific Ocean vertical air temperatstefed, irfC) and geopotential height (black

contours, in m) at ZB latitude in the ASPac+2 experiment. The contour interval is 2m.
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Surface wind response for ASPac+2C(in m/s)
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Figure 4.30Anomalous Pacific Ocean surface winds (in m/shsnASPac+2C experimentThe

reference vector of surface wind is 2 m/s.

Comparing with the South Pacific experiment, thenagpheric response to the
subtropical warming in the North Pacific is muchaker. The geopotential height changes
(Figure 4.31a) are confined to the Northern Hermesphwhere they exhibit a local surface
anomalous low (7m at 1000hPa or 1hPa in sea leeskpre) without any signal in the upper
troposphere (Figure 4.31b). Similar to ASPa3-2xperiment, significant changes in the
surface wind are restricted to the forcing regioat, are about half magnitude (Figure 4.32).
As a result of the SST damping, the evaporatiom Inas increased over the forcing area by 40
mm/month. Additional features of the local respomstude a reduction in evaporation of up
to 25 mm/month to the south and west of the heatioge and a modest increase in
precipitation in the western margins. The diffeint the atmospheric response to the North
Pacific subtropical warming can be also seen invirtical response, with air temperature

changes limited to the lower troposphere (not shown
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SLP response for ANPac+2C(in Pa)
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Figure 4.31 (a) Anomalous sea level pressure (in Pa) responsdéanANPac+2C experiment.
(b) Anomalous Pacific Ocean vertical air temperatsteaded, irfC) and geopotential height (black

contours, in m) at ZN latitude in the ANPac+Z experiment. The contour interval is 2m.
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Surface wind response for ANPac+2C(in m/s)
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Figure 4.32Anomalous Pacific Ocean surface winds (in m/shsnANPac+2C experimentThe

reference vector of surface wind is 1 m/s.

As it was described in the above paragraphs, thesgheric response to the warming
in the subtropical North and South Pacific foe AGCM experiments is mostly confined to
the forcing’s hemisphere contrary to the globapoese of the coupled experiments. The
local atmospheric response is similar for the AG@kH the fully coupled experiments,
although weaker and with no significant verticapense in the case of North Pacific AGCM
run. The weaker atmospheric response to the thefonaihg in subtropical North Pacific
might also contribute to the smaller impact of Nath Pacific Ocean to the tropical climate.
The reason for this weaker atmospheric respong®etsubtropical North Pacific SST forcing
is not yet clear.

We can conclude that air-sea interactions androdgnamics are very important for

the equatorial Pacific response to the sea sudacmalies in the subtropical Pacific.
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5. Sensitivity to density perturbations in the sulbxopics

-Impact on the tropical Pacific climate variability

5.1 Introduction

While air-sea interactions responsible for EI NBodthern Oscillation (ENSO) are
centered in the equatorial Pacific Ocean, changele tropical convections associated with
ENSO influence the global atmospheric circulatiorhe effect of El Nifio-Southern
Oscillation (ENSO) on the subtropical/extratropiciiate has been extensively studied over
the past decades (Trenberth et al., 1998; Alexasidal, 2002), with a focus on the tropical-
extratropical connection in the North Pacific (Adexler et al., 2002; Deser et al., 2004). In
contrast, our understanding of the influence oftrsydical/extratropical climate on ENSO is
very limited. In this chapter, we will use the itiead experiments described in Chapter 4 to
investigate the impact of subtropical density pddtions on the tropical Pacific climate

variability.
5.2 Subtropical density perturbations impact on EN®

Several paleoclimatic studies show that ENSO hagngone significant climate shifts
in the history in response to a background climatange (Liu et al., 2000; Cole, 2001;
Tudhope et al., 2001; Rosenthal and Brocolli, 20644SO has also changed during the past
decades (Fedorov and Philander, 2000, 2001). Ho8&Ihenomenon is responding to a
background state change is a very actual issue Mdenborgh et al., 2005; Zelle et al.,
2005; Merryfield, 2006; Guilyardi, 2006; Meehl et, 2006b), with major implications on
global warming impact studies. However, the GCMggmtions of the ENSO properties in a
future, warmer climate, reveal different respongesn increased amplitude due to a stronger
thermocline (Timmermann et al., 1999; Collins, 2088 a decreased amplitude due to a
reduced zonal SST gradient (Knutson et al., 1997¢yven no change in amplitude (Meehl et
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Figure 5.1 Time evolution of annual Nifio3-SSTA (I€) in (a) SPac+2C (shaded red curve), afia)
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Figure 5.2 Standard deviation of Nifo3-SSTA (I€) as a function of time ifa) SPac2°C, and(b)
NPac2°C experiments. A low-pass filter in the form ofl@lisg window 10 years wide was used to
compute the standard deviations. Also shown helteeiifio3-SSTA standard deviation in the control
integration (black curve). In both panels, the cadse (blue curve) represents the warming (cooling)

experiment in the respective hemisphere.
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al., 1993; Tett, 1995). ENSO period can also bengbd: a broader meridional pattern of the
anomalous zonal wind stress is associated withelo NSO periods (Kirtmann, 1997;
Capotondi et al., 2006). Merryfield (2006) linkeldbniges in the sea surface temperature with
changes in SST variability: higher mean SST orrgfen SST difference between east and
west equatorial Pacific intensify tropical SST adility.

For the beginning, we will check whether the change the background tropical
climate in our sensitivity simulations have an effen ENSO variability. We have found that
the statistics of the ENSO present extensive ctmimgamplitude and frequency in response
to the warming/cooling in the subtropical Southiff@acRelative to the control simulation, the
time evolution of the annual SST anomaly in thed\#&iregion (150W-90°W, 5°N-5°S) in
the SPac+ZC shows a reduction in amplitude (see Figure 5Q@a)the contrary, the Nifio-3
SST anomalies display an increase in amplituderas@onse to the cooling in the subtropical
South Pacific (see Figure 5.1b). The subtropicatiNBacific has an opposite effect on ENSO
comparing to the subtropical South Pacific: thetsygical North Pacific warming leads to
increased ENSO amplitude, while the subtropicalingdeads to slightly decreased ENSO
amplitude (not shown).

Figure 5.2 shows the standard deviation of the NIf@5T anomaly, computed using a
10-year sliding window, for the SP&*C and the NPac?C experiments. Looking at it we
can now see even more clearly the stronger imdatieosubtropical South Pacific on ENSO
variability. A 2°C subtropical South Pacific SST warming can redtiee mean ENSO
standard deviation by 28%, while &2 subtropical South Pacific SST cooling can inceeas
the mean ENSO standard deviation by 21%. The impiatie subtropical North Pacific on
ENSO interannual variability is opposite: a 14%raase in ENSO variability for the
NPac+2C experiment and a 6% decrease for the NP&ceXperiment. In the following, we
will focus on the ENSO variability changes in theugh Pacific sensitivity experiments, since
the impact of subtropical North Pacific on ENSOiahility is much smaller in our model.

To investigate further the changes in ENSO stasistwe calculated the frequency
distribution of annual Nifio-3 SST anomalies. Theqgfrency distribution for the SPac€
(red color) and the SPac¢@ (blue color) experiments are shown in Figure 5a8al Figure
5.3b, respectively. The control run frequency distion is plotted with the black color in
both histograms. The distribution obtained from wWsming experiment in the South Pacific
is narrower than the one obtained from the conal in accordance with the decrease in

interannual variability. For the SPac€experiment the occurrence of weaker ENSO events
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Figure 5.3 Frequency distribution of annual Nifio3-SSTA durithg (a) SPac+2C (red), and(b)
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Figure 5.4Power spectra of the simulated Nifio3-SSTA in(d#jeSPac+2C (red line with diamonds),
and(b) SPac-2C experiments (blue line with diamonds). For coriguar, the power spectra of Nifio3-
SSTA in the control integration is shown in bladke 95% confidence level is plotted as the dotted

line, and the AR1 process fitted to the data as<blid line.
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increases and the occurrence of stronger ENSO ®vmtreases. The opposite behavior is
simulated for the cooling experiment in the Sou#itific as a confirmation of the increased

interannual variability, with less frequent weallESO events and more frequent stronger
ENSO events. In both South Pacific sensitivity ekpents and in the control simulation, the

distribution of Nifio-3 SST anomalies is almost syetmncal. Therefore, there is no change in
the skewness of ENSO in response to the subtropmath Pacific perturbations.

The remote modulation of the subtropical pertudratican also change the ENSO
period. Figure 5.4 shows the power spectra of Niffnenthly SST anomaly associated with
the subtropical South Pacific warming (red speicidigure 5.4a) and cooling (blue spectra in
Figure 5.4b) experiments. For comparison, we haettga with black color the power
spectrum of Nifio-3 SST anomaly in the control setioh. To compute the power spectra we
have used the whole 200yr length of the sensitivitggrations. The monthly SST anomalies
have the mean seasonal cycle removed. The 95%denik level is plotted with a dotted line
for each experiment, all the main peaks being &mtatell above the confidence level. The
above-mentioned significantly decreased/increasahhility of ENSO in response to the
subtropical warming/cooling is evident in the powpectrum plot. Figure 5.4b also suggests
a shift to a longer period of the ENSO in the codkmate of SPacZ experiment. The
main peak in the ENSO spectrum is located at 42tinsoperiod for the SPac@ experiment
and at 37 months period for the control simulatibnthe warm climate of the SPac€2
experiment, the power spectrum of Nifio-3 SST angraghibits a broadening with increased

energy in the high frequency range (Figure 5.4a).

5.3 Background state changes associated with chasga ENSO

We will try now to identify the changes in the mesate that might lead to changes in
the statistics of interannual variability for the@ush Pacific sensitivity experiments. The
tropical Pacific interannual variability can beeaffed by changes in several factors: the mean
state near the surface, the strength of the aiceepling, and the structure of the thermocline.
Liu et al. (2002) proposed the annual cycle’s mt&on with ENSO through the nonlinear

frequency entrainment process as another mechawmistrolling the amplitude of ENSO.
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Equatorial Pacific SST response in SPac+2C
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Figure 5.5 Anomalous sea surface temperature°@ in (a) the SPac+Z (red curve), angb) the
SPac-2C experiments (blue curve). The anomalies are ctedpas the spatial average betweés 5
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Figure 5.5 shows the changes in the equatoriall 28& contrast between the western
and eastern Pacific for the South Pacific experisieim response to an enhanced warming
(cooling) in the subtropics of South Pacific, tlmmal SST contrast has decreased (increased)
by 0.55C (0.4C). A decrease in the zonal SST contrast betweerwtdrm pool and cold
tongue area could favor a reduction in the varitghif ENSO. Our findings are in accordance
with Merryfield (2006) and Knutson et al (1997) tHaund a decrease in ENSO variability
under the global warming conditions due to a redutbme-mean zonal SST gradient. A
recent study by Sun et al. (2004) used a simplifieglan-atmosphere coupled model to study
the effect of an enhanced subtropical surface wgain ENSO. Their results suggest that an
enhanced cooling in the subtropics results in amregwith stronger ENSO. Through the
“ocean tunnel” (Gu and Philander, 1997), the stesngubtropical cooling decreases the
temperature of the water feeding the equatoriaktowrent and therefore, results in a colder
upwelling water in the eastern equatorial Pacifite subsequent SST cooling in the eastern
equatorial Pacific strengthens the equatorial z@&falI' contrast, triggering a regime with
stronger ENSO. In our SPaf experiment, the change in the Hadley circulatietermines
the tropical wind change, which in turn changesrtieidional overturning circulation in the
upper Pacific. The spinning up of the STC in theutS8oPacific and the TC cells in both
hemispheres will reduce the temperature of the limgewater in the eastern equatorial
Pacific (Kleeman et al., 1999), resulting in anrgased zonal SST contrast and therefore, a
stronger ENSO variability.

Changes in the mean equatorial trade winds canpatstuce changes in the equatorial
thermocline structure that may alter the interahnaiability. Figure 5.6 displays the
thermocline depth and zonal wind stress anomalissocated with the SPazZ*C
experiments, spatially averaged betweé8 &nd BN. The slackening/intensification of the
equatorial trade winds in response to the warmouliiag in subtropical Pacific goes along
with a shoaling/deepening of the thermocline in experiments. The thermocline changes are
mostly confined to western and central equatoriatifit. According to the idealized
modelling study of Fedorov and Philander (2001) rammease in the depth of the equatorial
thermocline is stabilizing the tropical interannuadriability. This is in contrast to our
findings: the deepening of thermocline in SPaC-2experiment is accompanied by an
increased ENSO variability, while in the SPat@2xperiment a shoaling of the thermocline

goes along with a weakening of ENSO.
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Figure 5.6 (a)Anomalouszonal wind stress (in N/fhin the SPac+Z (red curve), and the SPate2
experiments (blue curvelh) Anomalous depth of thihermocline (in m) in the SPac*2 (red curve),
and the SPac®Z experiments (blue curve). The anomalies are ctedpas the spatial average
between 5S and 5N.
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The situation is further complicated by the fadttthe depth and the sharpness of
thermocline can change simultaneously with eitle@rforcing or counterbalancing effects on
ENSO variability. A sharper thermocline with a weaklope is stabilizing because it inhibits
entrainment across the thermocline, and also becduesvertical movements of thermocline
are less effective (Fedorov and Philander, 20013hArper/less sharp and less steep/steeper
equatorial thermocline in response to the subtedpBouth Pacific warming/cooling could
lead to the reduced/enhance ENSO variability oleskia our experiments (Figure 5.7). An
explanation of simulated changes in ENSO period rbayalso obtained in the above-
mentioned linear framework: a deepening of therttoetine, as observed in our SPEE2
experiment, can suppress the high-frequency SSTermotavor of a delayed oscillator mode,
causing the period of ENSO to increase (FedorovRimiander, 2001).

Thermocline sharpness response for SPac+2C(in m)
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Figure 5.7 Anomalous sharpness of the thermocline (inm{g) the SPac+ZC, and(b) the SPac-ZC
experiments. The sharpness of the thermoclinefisatkas the difference between the depth of the
16°C isotherm and the depth of the°@2isotherm. The contour levels () are 4, 12, +3, 4, 45,

+6, 18, and 4.0 m. The contour levels {iv) are+1, +2, +3, +4, 45, 46, 48, +10, +12 and 45 m.
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5.4 Explanation in terms of feedback changes

Changes in relevant positive/negative feedbackemgeéed by the change in the mean
state will impact ENSO amplitude. We have estimdteristrength of the atmosphere-ocean
coupling using scatter plots and regression aralgkiSST Nifio-3 anomalies against zonal
wind stress, thermocline depth, and net surfacd flea anomalies. One cause for the
decrease in ENSO variability in response to an ecéd warming in subtropical South
Pacific might be the reduction in central Pacifimal wind stress sensitivity to eastern Pacific
SST. As shown in Figure 5.8, the atmospheric seitgits reduced by about 10% in the
SPac+2C experiment. The atmospheric sensitivity has Hiighcreased in the case of SPac-
2°C experiment (not shown). The SST-thermocline feelbis increased (decreased) by
about 1-2 nflC in the central-eastern Pacific for the SPa€+ZSPac-2C) experiment
relative to the control integration (Figure 5.9)dathus, consistent with changes in the
thermocline depth.For example, in the SPac*2 experiment, the shallower equatorial
thermocline will lead to an enhancement of the tiwaline feedback, which in turn will
increase ENSO variability — in contrast to our firgs (Figure 5.2a). We have foumb
significant changes in the eastern SST-net surfee flux feedback in both sensitivity

experiments (not shown).
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Figure 5.8 Scatter plot of Nifio3-SSTA versus the wind stressnaalies over the central equatorial
Pacific (120E-15C0W, 2°S-2N) for (a) the control integration (black), an@) the SPac+ZC
experiment (red).
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Figure 5.9 Linear regression of thermocline depth and seaasarfemperature ifa) the SPac+ZC,
and (b) the SPac-ZC experiments relative to the control integratiédl. values are in nfIC and
represent the difference between the regressidfigert of the respective sensitivity experimenta

the one in the control integration. The contouelival is 1 miC.

Although the changes in the atmospheric sensitodtytribute to the changes in ENSO
variability, they cannot explain the magnitude bé tvariability changes observed in our
sensitivity experiments. According to the lineaedhy framework (Fedorov and Philander,
2001), a relative shallow thermocline favors thghkirequency local modes (SST-mode) in
which SST changes depend on wind-induced upwedlimdjadvection. Since our model has a
rather shallow zonal mean thermocline (103m), wigest that the zonal temperature gradient
changes are the main contributor to the modulatioBENSO variability in our South Pacific
sensitivity experiments.

Our study shows that the SST perturbations in thigtrgpical South Pacific can
modulate ENSO variability, the remote influencenirohe subtropical North Pacific being
much weaker. The change in the background stateiofodel in response to an enhanced
warming/cooling of subtropical South Pacific isMfio/La Nifia-like, and therefore, we can
see this work also as a contribution to the stutdghanges in ENSO variability under the
global warming scenario. Hence, we analyze thealalarming experiment described in the

subchapter 4.2 to see whether ENSO variability efilnge due to the greenhouse warming in
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our model. Indeed, the trend in the Pacific sedasartemperature (Figure 5.10a) that
decreases the zonal temperature contrast betweematm pool and the cold tongue areas is
accompanied by a substantial reduction in ENSCatbdity (Figure 5.10b).
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Figure 5.10 (a)The linear trend of anomalous sea surface anom@he€C) in the global warming
experiment(b) Standard deviation of Nifio3-SSTA (I€) as a function of time in the global warming
experiment (red curve) and the control integraiiolack curve). A low-pass filter in the form of a

sliding window 10 years wide was used to compueestndard deviations.
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5.5 Changes in the annual cycle and their effect dBNSO

ENSO variability can be also influenced by the iatéion with the equatorial Pacific
annual cycle through the nonlinear frequency emtnaint process (Liu, 2002; Timmermann et
al., 2006). We will first check if there are anyadlges in the equatorial annual cycle in our
SPac®°C experiments. Then, we will investigate whetha¥sth annual cycle changes can
help explaining the simulated changes in ENSO it

One important element for the generation of eqistannual cycle is the northern
location of the annual mean ITCZ and the associatedidional temperature asymmetry
around the equator. Figure 5.11 shows the annwud ©f the sea surface temperature, wind
stress and thermocline depth in the control intégmaand anomalous annual cycle for the
SPac+2C experiment. In the control integration, the thecime anomalies are quite small
(Figure 5.11a) and suggest that the annual cycl&ST in the eastern Pacific does not
primarily involve thermocline dynamics (Xie, 1994). response to an enhanced subtropical
South Pacific warming, an intensification of thenaal cycle is simulated (Figure 5.11b). The
anomalous fall cooling around 138-115°W in the equatorial Pacific is a result of
anomalous equatorial easterlies in August and Sdme and will lead to a weak
intensification of the annual cycle. The strongdadrsummer warming around T28-100°W
is also due to surface processes, specificallyviéekening of equatorial easterly winds in late
spring and early summer.

Several studies have produced observational anetlimgdevidence that the strength
of ENSO can be anti-correlated with the strengthihef annual cycle in eastern equatorial
Pacific (Gu and Philander, 1995; Guilyardi, 2006 (2002) used a conceptual model to
study the effect of an external periodic forcing the amplitude of ENSO and found that
nonlinear frequency entrainment enables the exXtéoneing, such as the annual forcing, to
suppress ENSO significantly. For a weak annual egydENSO will maintain its
eigenfrequency; while for a very strong annual ey&@NSO'’s frequency will be completely
entrained into the forcing frequency and the inmtatel variability weakened. Our results are
consistent with the above-mentioned theory: in sesp to an enhanced warming in the
subtropical South Pacific, the annual cycle in ¢lae@atorial Pacific intensifies and therefore,

leads to a weaker ENSO. The opposite is validHerSPac-ZC experiment (not shown).
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Figure 5.11Hovmoller diagram of the seasonal cycle of Pa@&tjaatorial sea surface temperature
(shaded, irfC), wind stress (vectors, in Nfinand thermocline depth (contours, in m) climagi@s in
(a) the control integration anth) the SPac+Z experiment. The contour interval is 1m. The &fee

vector in(b) is 0.01 N/m.
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6. Conclusions

In this study, connections between the tropical anbdtropical Pacific on decadal
timescales are investigated using an unforced rateg and specifically designed
experiments performed with the state-of-art ocdamsaphere-sea ice coupled model
ECHAMS5/MPI-OM. The main findings are that subtragiSouth Pacific climate variations
play a dominant role in tropical Pacific decadaliafaility and in the decadal modulation of
ENSO activity. Since the available observationahda insufficient for these timescales, the
research in this study focused on model analysis.

In Chapter 3, the origin of the tropical Pacificcddal climate variability was
investigated by analyzing the output of an unforcedegration of the coupled
ECHAM5/MPI-OM ocean-atmosphere-sea ice model. Tekadihg mode of decadal
variability, isolated in the tropical cells indey means of SSA, has a period of about 17yr.
The associated SST spatial structure is charaeterlzy a horseshoe-like pattern with
maximum explained variance in the central-westequatorial Pacific and off the equator,
therefore resembling the signature of the obsedemhdal climate variability in the tropical
Pacific. The mechanism for decadal variability ime tmodel involves coupled ocean-
atmosphere processes over the western tropicah &adific, in the region of the SPCZ. It is
as follows: anomalously strong tropical cells gatera cold SSTA over the western-central
equatorial Pacific, due to increased equatorial allmg. Through the atmospheric
teleconnection from the central equatorial Paciie,anomalous anticyclonic circulation is
induced in the tropical South Pacific. The anomsalainds will lead to a southward shift in
the SPCZ and thus, to a SE-NW tilted anomalous v&trdss curl that favors Ekman
downwelling. Due to the anomalous Ekman downwellthg local thermocline deepens and a
warm subsurface temperature anomaly is generatin iwestern tropical South Pacific along
10°S. The anomalous subsurface signal propagates amekstmnd then equatorward. After
reaching the equatorial Pacific, the positive sulase temperature signal moves eastward
along the equator, where via atmospheric respanSST changes weakens the tropical cells
and complete the phase reversal. Lag-regressidgsiaetween the ocean heat content and
the decadal TC index suggests that the rechargbatige mechanism proposed for ENSO

(Jin, 1997) may also operate in the model at dddadascales. It is interesting to note that
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our coupled model results seem to reproduce thadd¢wariability characteristics described
by the observational study of Luo and Yamagata 120MHowever, the equatorward
propagation of the South Pacific subsurface tentperasignal in our model cannot be
attributed to the mean flow advection or to the Shgswave propagation as suggested by their
study. Changes in ENSO characteristics associaitédtme decadal mode of the model were
also investigated. Strong positive TCs are assettiatith periods of increased ENSO
variability and vice versa, contributing to the ddal modulation of ENSO activity.

The impact of subtropical Pacific density pertuidnad (salinity and temperature) on
the tropical Pacific mean climate was studied inafbr 4 using idealized experiments
performed with the coupled model ECHAM5/MPI-OM amdgth the stand-alone AGCM
ECHAMS. The largest impact on tropical mean climaiel variability was simulated in the
SSTA experiments. Subtropical South Pacific therfoading had more impact on equatorial
ocean sea surface temperature than the subtroNimdh Pacific. In response to a°€
warming in the subtropical South Pacific (SP&&)2 the equatorial Pacific SST increases by
+0.58C, being about 65% larger than the change in thethN®acific experiment
(NPac+2C). While the same fast “atmospheric bridge” se&mact in both South and North
Pacific experiments, the amplitude and the spadiénsion of the response differs: the
thermal forcing of subtropical South Pacific hasaximum impact on eastern tropical Pacific
climate, while the impact of subtropical North Fec8ST variations is mostly confined to the
western tropical Pacific. A possible explanationtfte weak impact of the subtropical North
Pacific warming is the “thermodynamic thermostdtatt may control the warm pool region
and thus, prevent the amplification of SSTA througk local coupled ocean-atmosphere
feedbacks in the western tropical Pacific.

The subtropical South and North Pacific SSTA hawempletely different impact on
the equatorial thermocline structure. The enhameaaning in the subtropical South Pacific
forces a fast dynamical adjustment of the equdt®dific thermocline, through changes in
the trade winds. As a result, the surface layemvirag is accompanied by an anomalous
cooling along the mean thermocline. The positieadrof the equatorial ocean heat content in
the SPac+ZC experiment suggests that the “ocean bridge” pddss a role, albeit secondary,
in the South Pacific subtropical-tropical connegsi@t multi-decadal timescales. This oceanic
connection is accomplished through both the delagelfustment of the meridional
overturning circulation in the upper Pacific, aheé tquatorward subduction along the mean
pycnocline. On the contrary, the equatorial thedineaesponse in the NPac*2 experiment

is slow and exhibits an anomalous subsurface warttiat penetrates till about 200m depth
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and decreases upward towards the surface. We caclude that the subtropics affect
equatorial SST mainly through the ,atmospheric deid for the SPac experiments and
through the,oceanic bridge* for the NPac experirseiihis explains the different timescale
of the response in the two experiments.

In order to distinguish between the internal valtigbfrom externally forced climate
variability, it is very important to understand thdjustment of climate system not only to
global warming forcing, but also to global coolif@cing. This is why we also performed
experiments in which the subtropics of both hengsph are undergoing &Q@ cooling.
Although the tropical Pacific surface response to emhanced warming/cooling in the
subtropics is to first order linear, we found tkfa¢ negative thermal forcing has a stronger
impact on the equatorial thermocline.

Similar sensitivity experiments conducted with k& CM ECHAMS shown that the
role of air-sea interactions and ocean dynamicsrugial for the generation of simulated
tropical climate response to the subtropical serfaerming/cooling. Here, a surprising result
is the much weaker atmospheric response to then#lieiorcing in the subtropical North
Pacific, compared to the one in the subtropicaltiS&acific.

In Chapter 5 we tried to answer the question: HOVENSO characteristics respond to
an enhanced Pacific subtropical warming/cooling? fend that the statistics of ENSO
exhibit significant changes in amplitude and fregnein response to a warming/cooling in
the subtropical South Pacific: &2 subtropical South Pacific SST warming can redihee
mean ENSO standard deviation by 28%, while’@ ubtropical South Pacific SST cooling
can increase the mean ENSO standard deviation Bf. Zince our model has a rather
shallow zonal mean thermocline, we suggest thatsthilated changes in the equatorial
zonal SST contrast between the eastern equataa@lid®and the warm pool region are the
main contributor to the modulation of ENSO varidpilin our South Pacific sensitivity
experiments. ENSO variability can also be influehby the interaction with the equatorial
Pacific annual cycle through the nonlinear freqyeeratrainment process. Therefore, the
simulated intensification/weakening of the annugcle in response to an enhanced
warming/cooling in subtropical South Pacific magalead to a weaker/stronger ENSO. The

subtropical North Pacific thermal forcing did nbianged the statistical properties of ENSO.
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7. Outlook

Results from earlier chapters underline the impmaof subtropical-tropical South
Pacific Ocean in the generation of low frequenasate variations in the tropical Pacific and
in ENSO decadal modulation. However, further reseas needed to fully determine the
physical processes responsible for Tropical Padifecadal Variability (TPDV) and its
sensitivity to external climate forcings such asegthouse gases and natural/anthropogenic
aerosols.

Here we focused on decadal climate variability tisainternally generated in the
Pacific Ocean and we did not take into considenatle possible interaction with decadal
climate variability originating in other ocean basilt will be interesting to study the possible
connection between TPDV and Atlantic Multidecadatilation (AMO; Kerr, 2000), which
is thought to be related to the multi-decadal flations of Atlantic Meridional Overturning
Circulation (Delworth and Mann, 2000). On the omadh, TPDV can produce changes in the
sea surface temperature and/or sea surface sabhitye tropical Atlantic, which may
influence the North Atlantic climate via the atmbegc teleconnections or through changes
in the ocean circulation. On the other hand, ndditadal climate variations in the North
Atlantic may also lead to low frequency climate iahility in the tropical Pacific. For
example, the study of Dong et al. (2006) presesatedence that variations in North Atlantic
sea surface temperature associated with AMO carulaedENSO activity at multi-decadal
timescale.

The relative coarser horizontal resolution of oaumled model may introduce some
limitations to our conclusions. Therefore, usingigher resolution AGCM to understand the
different atmospheric response to SST variationthénsubtropical North and South Pacific
may be a further extension of the present studhigher resolution ocean model may also
help to distinguish between the contribution of i®es boundary and interior pycnocline flow

to the ocean connection between subtropical ampicabPacific.
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