


Abstract

In the present dissertation we evaluate several properties of the Pacific Subtrop-
ical Cells (STCs), as modelled by ocean-only and ocean-atmosphere coupled
models.

The importance of subtropical and extratropical zonal wind stress anoma-
lies on STCs strength is assessed through several idealised and realistic nu-
merical experiments, performed using a global ocean model. Different zonal
wind stress anomalies are employed, and their intensity is strengthened or
weakened with respect to the climatological value throughout a suite of sim-
ulations. Subtropical strengthened (weakened) zonal wind stress anomalies
result in increased (decreased) STCs meridional mass and energy transport.
Upwelling of subsurface water into the tropics is intensified (reduced), a dis-
tinct cold (warm) anomaly appears in the equatorial thermocline and up to
the surface, resulting in significant tropical sea surface temperature anomalies.
The remotely-driven response is compared with a set of simulations where an
equatorial zonal wind stress anomaly is imposed.

A dynamically distinct response is achieved, whereby the equatorial ther-
mocline adjusts to the wind stress anomaly resulting in significant equatorial
sea surface temperature anomalies as in the remotely-forced simulations, but
with no role for STCs. Significant anomalies in Indonesian Throughflow trans-
port are generated only when equatorial wind stress anomalies are applied,
leading to remarkable heat content anomalies in the Indian Ocean. Equa-
torial wind stress anomalies do not involve modifications of STCs transport,
but could set up the appropriate initial conditions for a tropical-extratropical
teleconnection involving Hadley cells, exciting a STCs anomalous transport
which ultimately feeds back on the Tropics. Experiments performed with both
time-constant and time-varying realistic wind stress anomalies also suggest a
potential impact of midlatitude atmospheric modes of variability on tropical
climate through STCs dynamics. Large temperature trends are found in the
subsurface ocean at the Subtropics, as well as in the equatorial thermocline.

Results obtained from pre-industrial and future-scenario simulations, per-
formed by a subset of state-of-the-art ocean-atmosphere coupled models, do
not provide a coherent picture of natural STCs variability and future changes.
Several mass transport diagnostics are compared for pre-industrial simulations,
showing agreement among models about equatorward mass transport in the
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Southern Hemisphere, but disagreement in the Northern Hemisphere. Also a
general degradation of linear correlation coefficients between different STCs
metrics is found when moving toward the Equator. According to future sce-
nario simulations, STCs meridional energy transport is expected to decrease
(increase) in the Northern (Southern) Hemisphere under warmer climate con-
ditions.
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Chapter 1

Introduction

Ocean-atmosphere interactions shape both time-mean climate and its variabil-
ity, as coupled ocean-atmosphere oscillation modes exist on many timescales
(Neelin 1991; Delworth et al. 1993; Latif and Barnett 1994; Chang et al. 1997;
Timmermann et al. 1998; Schneider 2000). Air-sea interactions massively con-
tribute to the global ocean circulation (Fig. 1.1a) and to the renovation of
water masses (Huang and Qiu 1994; Marshall and Schott 1999; Bacon et al.
2003; Baines and Condie 1999), with the wind stress forcing playing a leading
role (Sverdrup 1947; Fofonoff 1981; Oort et al. 1994; Wunsch 1998; Watanabe
and Hibiya 2002; Wang and Huang 2004). In fact, ocean simulations performed
by Jayne and Marotzke (2001) show that the dominant physical processes of
the meridional overturning circulation can be captured by a simple Ekman
model, apart from the Equator where the flow is mainly driven by continuity
and direct pressure force (Schopf 1980).

The interplay between air and sea is the leading character for many weather
and climate processes. The most important example at the Tropics is El
Niño-Southern Oscillation (ENSO; Walker 1928; Troup 1965), occurring in
the Pacific Ocean; its evolution is based on an ocean-atmosphere feedback
mechanism firstly described by Bjerknes (1969), which involves the interaction
of ocean dynamics, atmospheric convection and surface winds in the Pacific
Ocean. Ocean-atmosphere processes also maintain the climatological steady-
state at the Tropics (Zebiak 1993; Neelin and Dijkstra 1995; Sun and Liu 1996;
Cane et al. 1997) and the observed position of the Inter-Tropical Convergence
Zone (ITCZ; Xie 2004; Schneider et al. 2014), but they are also crucial for the
atmospheric variability at the midlatitudes (Lau 1997; Ma et al. 2016).

A remarkable effort has been spent during the last decades on the study of
air-sea interactions and their impact on global climate (Weng and Neelin 1999;

1
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Wu et al. 2005; Frankignoul and Sennéchael 2007; Alexander 2010; Medhaug
et al. 2017). In particular, the seminal work of Bjerknes (1964) shows that
the atmosphere forces the ocean on short timescales while the ocean drives the
atmosphere on long timescales, with a compensation between oceanic and at-
mospheric heat transport (Shaffrey and Sutton 2006; Farneti and Vallis 2011;
Yang et al. 2015). The slow response of the ocean to the highly-varying atmo-
spheric forcing acts as a low-pass filtering of the signal, emphasising the long
timescales (Trenberth and Hurrell 1994).

Meridional heat transport is also a major property of the ocean-atmosphere
system. In fact, ocean and atmosphere act together on redistributing energy
from the Tropics to the polar region (Peixoto and Oort 1992), but at very
different temporal and spatial scales. Mesoscale eddies (100-200 km of size)
dominate the kinetic energy spectrum in the ocean, whereas in the atmosphere
the kinetic energy spectrum peaks at 2000-4000 km (Woods 1985a). Never-
theless, it has been shown that time-mean ocean heat transport is at the same
order of magnitude of the atmospheric heat transport (Vonder Haar and Oort
1973; Carissimo et al. 1985; Trenberth and Caron 2001), despite large uncer-
tainties affect these assessments and the partition of global heat transport as
well (Keith 1995).

The present dissertation is structured as follows. The first Chapter includes
an exhaustive literature review concerning the main subject of the present
study, along with a description of motivations and objectives of the work. In
Chapter 2 we describe the employed numerical models, computed metrics and
diagnostics. Obtained results are shown in Chapters 3, 4, and 5. Conclusions
and future outlook are given in Chapter 6.

1.1 The Subtropical Cells

Among all the air-sea interaction mechanisms relating equatorial ocean and
(sub)tropical regions, the Subtropical Cells (STCs) are of paramount impor-
tance. STCs are shallow meridional overturning circulations, extending from
50 m to about 200 m depth (Cheng et al. 2007), and are observed in the Pa-
cific and Atlantic Oceans with different characteristics due to different basin
shapes and forcing (Fig. 1.1c,d). For the Indian Ocean case, a different kind of
meridional circulation is observed (Fig. 1.1b) due to the lack of an equatorial
upwelling zone (Schott et al. 2004).
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Figure 1.1: Time-mean overturning circulation for (a) the world ocean, (b) the Indian Ocean, (c) the Pacific Ocean, and (d) the Atlantic Ocean, obtained
from an ocean model simulation. Negative values of the streamfunction are shaded and indicate counterclockwise overturning. Contour interval for the

world ocean is 5 Sv (1 Sv = 106 m3 s−1), for the individual basins is 2.5 Sv. Taken from Jayne and Marotzke (2001).



4 CHAPTER 1. INTRODUCTION

The existence of such vertical circulations has been theorised by several
works during the 1990s (McCreary and Lu 1994; Liu 1994; Lu et al. 1998).
In fact, observational and modelling studies indicated the need of a shallow
meridional overturning circulation in the Atlantic and Pacific Oceans connect-
ing Tropics and Subtropics (Tsuchiya 1981; Fine et al. 1981a,b; McCreary
and Yu 1992), with Luyten et al. (1983) theorising a ventilation process of
the ocean thermocline by means of a layered system intersecting the sea sur-
face, in which water is pumped down from the Ekman layer. Although simple
ocean models were not able to reproduce this circulation (McCreary 1981;
McPhaden and Fine 1981), McCreary and Lu (1994) could finally schematise
shallow overturning structures by employing a 2 1/2-layer model forced by an
idealised wind stress forcing. Furthermore, and contrary to previous specula-
tions (Bryan 1991), McCreary and Lu (1994) demonstrate that STCs are not
driven by equatorial dynamics but rather by the zonal wind stress pattern at
the Subtropics. We will further explore the role of the wind stress on the STCs
circulation in Chapters 3 and 4.

The amount of water subducted in the Subtropics does not directly define
the strength of the cell, because part of it is recirculating inside the subtropical
gyre. McCreary and Lu (1994) in fact identify the subtropical region affecting
the STC circulation strength in their model (Fig. 1.2), located south of the
cutoff latitude (conventionally set at 18◦) and separated from the “shadow
region”, which instead gives no ventilation to the ocean thermocline (Luyten
et al. 1983; Talley 1985; Huang and Russell 1994). On a realistic case, all
the water moving toward the Equator would come from the northern and
eastern part of the gyre, as previously suggested by Tsuchiya (1981). Analysing
the propagation of particles in an ocean model, Liu et al. (1994) locate the
separation between the recirculating and the mass exchange window at 12◦ of
latitude. Liu (1994) compares instead an analytic solution with the results
of a GCM model, still confirming that the subtropical gyre is formed by two
parts: the recirculating window in the western part of the basin, and the
mass exchange window in the eastern part. Furthermore, he shows that the
size of the mass exchange window (that is, where the subducted water at
the Subtropics is able to reach the Equator) depends on the wind stress at
the southern boundary of the region, on the width of model domain, and
on the Ekman pumping process within the subtropical gyre. However, the
amount of water subducting at the Subtropics is larger than what provided by
Ekman pumping only (Jenkins 1987, 1988), highlighting the fundamental role
of ocean mixed layer intermediation (Stommel 1979; Woods 1985b; Pedlosky
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and Robbins 1991). Even tropical dynamical processes, through atmospheric
teleconnections located over exchange windows (Lau and Nath 1994; Trenberth
and Hurrell 1994), can affect subtropical subduction. The region of higher
subduction rate in the Northern Hemisphere is located at 25◦N, 130◦W (Huang
and Qiu 1994), whereas in the Southern Hemisphere it is found at 20◦S, 120◦W
(Huang and Qiu 1998). On the other hand, assuming an Ekman-like transport
driven by variable wind stress forcing as in Kraus and Levitus (1986), it is
implied that the mass transport in the Ekman layer must be compensated by
a return flow at depth. The return flow can be assumed as barotropic on short
timescales (Willebrand et al. 1980; Böning and Herrmann 1994), although
Anderson and Gill (1975) and Anderson et al. (1979) show that stratification
and non-linear effects have a strong influence on the time-mean wind-driven
circulation.

Figure 1.2: A schematic diagram illustrating the structure of the analytic solution of
McCreary and Lu (1994).

Other than STCs, the shallow meridional overturning circulation of the
tropical oceans is also defined by the Tropical Cells (TCs), schematised by
both models (Lu et al. 1998; Kessler et al. 1998) and observations (Johnson
2001; Molinari et al. 1985). Despite their intensity, TCs are associated with
a small heat transport (Hazeleger et al. 2001a; Held 2001), but force us to be
cautious on the assessment of STCs properties.

Above all the influences of STCs on important climatic aspects, it has been
proven that they can serve as ocean tunnels on decadal timescales (Yang and
Liu 2005; Liu and Alexander 2007), contributing to the ventilation of the equa-
torial thermocline (Kleeman et al. 1999; Zhang et al. 2003), altering the ocean
heat transport in the Subtropics (Klinger and Marotzke 2000; Held 2001),
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and driving equatorial temperature anomalies (Farneti et al. 2014a; Song et
al. 2014). This is a fundamental aspect, since the oceanic meridional heat
transport is larger in the Tropics than elsewhere, similar to the corresponding
atmospheric transport at the same latitudes (Peixoto and Oort 1992; Wun-
sch 2005). Specifically, the mass transport involved in the STCs circulation
is comparable to that of the Hadley cells, along with a large associated heat
transport (Held 2001; Talley 2003). The relationship between Hadley cells and
STCs is schematised in Fig. 1.3. Furthermore, STCs variability has been used
to explain some features of the recent global warming slowdown by England
et al. (2014) (see Fig. 1.4), related with an observed anomalously cool surface
waters in the eastern Pacific Ocean (Kosaka and Xie 2013; Douville et al. 2015)
and enhanced heat uptake by the subsurface Pacific Ocean (Meehl et al. 2011;
Watanabe et al. 2013), eventually carried toward other ocean basins (Drijfhout
et al. 2014; Lee et al. 2015).

Figure 1.3: Schematic diagram showing the relationship between Hadley cells (grey
arrows) and Subtropical cells (thick red and blue arrows). Also shown are the Intertropical

Convergence Zone (ITCZ) at the convergence of the Hadley circulation, as well as the
poleward eddies energy transport (red wavy arrows). Red arrows on the sea surface are the
mean zonal wind stress associated with the Hadley cells, driving the STCs. Taken from

Schneider et al. (2014).
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Figure 1.4: Schematics illustrating the basic structure of the STCs circulation in the
tropical Pacific Ocean, with blue arrows indicating poleward/downward branches of the
cells and a red arrow for the upward EUC branch. Also shown are the meridional Hadley
cell in the Northern Hemisphere (red dashed arrow) and the zonal Walker circulation along

the Equator (blue dashed arrow). Contours show observed temperature trends (◦per
decade) during 1992-2011 at the sea surface, in the zonal-depth plane, and in the

meridional-depth plane. Taken from England et al. (2014).

1.1.1 Pacific Ocean

The basic properties of Pacific STCs have been extensively examined by obser-
vational (e.g., Huang and Qiu 1994; McPhaden and Zhang 2002, 2004; Zhang
and McPhaden 2006) and modelling studies (e.g., Klinger et al. 2002; Nonaka
et al. 2002; Solomon et al. 2003; Lohmann and Latif 2005). In the tropical
Pacific we can observe a pair of fully-developed overturning structures connect-
ing Tropics and Subtropics (Fig. 1.1c), consisting of: a subtropical subduction
branch, an equatorward advection motion in the subsurface layers, a vertical
rising of the water in equatorial and off-equatorial regions, and finally by a
poleward return flow in the surface layers (Schott et al. 2004; Capotondi et al.
2005). However, Pacific STCs are not closed circulations (Lu et al. 1998) but
they are connected to the Indonesian Throughflow (ITF; Butt and Lindstrom
1994; Johnson and McPhaden 1999; Sloyan et al. 2003; Zilberman et al. 2013),
which contributes to enlarge the southern cell with respect to the northern
one.
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Figure 1.5: Schematics of the Pacific STCs branches and associated mass transport (Sv),
with subduction (blue) and upwelling (green) zones. Ocean currents names are NEC =

North Equatorial Current, nSEC/sSEC = north/south component of the South Equatorial
Current, NECC = North Equatorial CounterCurrent, EUC = Equatorial UnderCurrent,
NSCC/SSCC = North/South Subsurface CounterCurrent, ME = Mindanao Eddy, HE =

Halmanera Eddy. Dotted lines are interior pathways, and magenta lines are surface
poleward pathways for the central basin. Taken from Schott et al. (2004).

Pacific STCs Structure

As previously mentioned, the subduction of STCs waters occurs within the
subtropical gyre, where the wind stress curl drives a downwelling motion and
the resulting Ekman pumping feeds a Sverdrup flow within the thermocline,
eventually propagating equatorward. A schematics of the complex ocean cir-
culation associated with Pacific STCs is given in Fig. 1.5.

Lu et al. (1998) analyse the structure of the shallow overturning circula-
tions in the Pacific Ocean by employing a 3 1/2-layer model on an idealised
domain, computing the respective mass transport at three different levels. As
seen in Fig. 1.6, TCs are very close to the Equator and basically recirculate
tropical water, whereas STCs reach to the Subtropics. It is also shown a pair
of Subpolar Cells at the midlatitudes, as well as an inter-ocean circulation
connecting Pacific and Indian oceans.

By employing a corrected version of the Hellerman and Rosenstein (1983)
wind stress climatology, Huang and Qiu (1994) find a downward Ekman pump-
ing rate of 50 m/yr in the interior part of the northern Pacific subtropical gyre,
which must be summed with a small contribution due to lateral induction to
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Figure 1.6: A schematic diagram illustrating the shallow overturning circulation in the
Pacific Ocean, with associated mass transport (Sv). The meridional domain is divided into
five regions: the northern (18◦N < y < 45◦N) and southern (y < 18◦S) Subtropics, the

northern (0 < y < 18◦N) and southern (18◦S < y < 0) Tropics, and the subpolar ocean (y
> 45◦N). Taken from Lu et al. (1998).

obtain the total vertical subduction. Overall, Huang and Qiu (1994) compute
an Ekman-pumping mass transport of 28.8 Sv (1 Sv = 106 m3 s−1). Direct
STCs mass transport observations estimate a Northern Hemisphere contribu-
tion to the equatorial Pacific upwelling of 35 Sv (Qiu and Huang 1995), while
in the southern Subtropics the total water mass formation is 44 Sv, 27 Sv of
which are available for equatorial upwelling (Karstensen and Quadfasel 2002).

The STC-generated flow occurs between the 1022 and 1026 kg m−3 isopyc-
nals in the Northern Hemisphere and the 1022.5 and 1026.2 kg m−3 isopycnals
in the Southern Hemisphere, since these layers reside in the subsurface equato-
rial ocean just below the Ekman layer (Quay et al. 1983; McPhaden and Zhang
2002; Sloyan et al. 2003). The pathway followed by subducted water parcels
is different in the two hemispheres, because in the Northern Hemisphere the
propagation is more tortuous than in the Southern Hemisphere (Wyrtki 1975;
Fine et al. 1981a,b), as the observed equatorial convergence of water from the
North Pacific ends abruptly near 5◦N (Luther and Johnson 1990; Johnson and
Luther 1994). As shown by Lu and McCreary (1995), this is due to the pres-
ence of a potential vorticity (PV) ridge close to 9◦N, eventually caused by the
atmospheric ITCZ. The PV ridge causes the water to take a longer route to
reach the Equator, as shown by Johnson and McPhaden (1999) and Johnson
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(2001). Therefore, the water flowing from the northern Pacific Ocean is made
by two components: the western boundary (WB) part, and the interior (Int)
part. Actually, the splitting of the equatorward flow into two components
occurs in the Southern Hemisphere as well, but to a lesser extent (Liu and
Philander 2001). Overall, the time a water parcel takes for travelling from
the Subtropics to the Equator is ≈5-10 years for the Northern Hemisphere
(McPhaden and Zhang 2002), and about 2 years for the Southern Hemisphere
(Zilberman et al. 2013).

The observational study of Johnson and McPhaden (1999) assesses the
properties of the pycnocline in the tropical Pacific Ocean, highlighting dif-
ferences between the two hemispheres, while specifically addressing the prob-
lem of the interior convergence transport. Lu et al. (1998) and Johnson and
McPhaden (1999) in fact show that the Northern Hemisphere mass transport
contribution is about one third of the total equatorial mass transport, with
the remaining part accounted by the Southern Hemisphere. Capotondi et al.
(2005) model simulation shows that at 9◦N the equatorward interior flow oc-
curs between 180◦W and 140◦W, whereas at 9◦S it extends from 160◦W and
90◦W; these estimates are also confirmed by Zhang and McPhaden (2006).
According to Lee and Fukumori (2003) and Cheng et al. (2007) the interior
pathway is more important for the interannual and decadal variability of the
STCs, although the western boundary contribution is larger in a time-mean
perspective. It has also been shown that the interannual variability of the
interior pathway is particularly important for ENSO variability (Huang and
Wang 2001). Furthermore, the mean meridional geostrophic transport in the
interior part is shown to have an ENSO signature in the observational work of
Zilberman et al. (2013).

The assessment of the water transports contributing via WB pathways is
difficult using either model or observational datasets, mainly because of the
presence of the Indonesian Straits (Rodgers et al. 1999). The interior contri-
bution is not easy to evaluate as well, since the different models response to
different physics and wind stress climatology employed. For example, Lee and
Fukumori (2003) at 10◦N estimate 15.7 and 5.6 Sv for the western boundary
and interior contribution, respectively; at 10◦S instead the computation gives
9.2 and 10.1 Sv, respectively. These assessments are similar with other esti-
mates for the Northern Hemisphere (Lukas et al. 1991; Wijffels et al. 1995;
Huang and Liu 1999; Capotondi et al. 2005), but slightly larger with respect
to other Southern Hemisphere evaluations (Lindstrom et al. 1987; Butt and
Lindstrom 1994; Huang and Liu 1999; Capotondi et al. 2005). This is a key
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point, since interannual and decadal variations of western boundary and in-
terior components tend to compensate each other in both observations and
ocean models (Zebiak 1989; Stacey et al. 1990; Lee and Fukumori 2003; Capo-
tondi et al. 2005; Zhang and McPhaden 2006; Cheng et al. 2007; Schott et al.
2008), although with distinctions between Northern and Southern Hemisphere
(Lübbecke et al. 2008), with STCs variations mainly locked to the interior com-
ponent (McPhaden and Zhang 2002; Lee and Fukumori 2003; Hong et al. 2014).
However, the relationship between western boundary and interior STCs trans-
port in coupled models can vary significantly (Zhang and McPhaden 2006).
The partial compensation of western boundary and interior contribution can
be explained by modifications of the tropical gyre to changes in the wind stress
curl (Lee and Fukumori 2003), or by baroclinic adjustment (Capotondi et al.
2005).

The main Pacific STCs upwelling zone is found in a narrow band along
the Equator, from 2◦N to 2◦S and from 175◦E to 90◦W (Capotondi et al.
2005). Estimates of the thermocline water upwelled in the central Pacific are
about 40-50 Sv (Wyrtki 1981; Quay et al. 1983), characterised by decadal-
scale variations (Guilderson and Schrag 1998; McPhaden and Zhang 2002).
The upwelling component of the STCs circulation involves the Equatorial Un-
dercurrent (EUC; Pedlosky 1987, 1988), a jet-like, boundary-layer current par-
ticularly important for the tropical ocean state, feeding the thermocline at the
Equator. EUC shoals from a depth of 220 m at 143◦E to about 80 m at 110◦W
(Johnson et al. 2002). A significant part of the Pacific EUC transport can
be traced back to the Extratropics (Tsuchiya et al. 1989; Butt and Lindstrom
1994), as it forms the equatorial branch for many meridional circulation struc-
tures. In fact, although some aspects of the EUC variability are driven by wind
stress forcing at the Equator (Liu et al. 1994), the temperature of the EUC
water is in the range of 15◦-25◦C, meaning that the main source region must
be located between 20◦ and 40◦ of latitude (Wyrtki and Kilonsky 1984), even
though local recirculation of tropical waters can contribute as well (Donguy
et al. 1984; Johnson 2001). Pacific EUC mass transport ranges between 25 and
50 Sv at its maximum (Lukas and Firing 1984; Wilson and Leetmaa 1988), with
western boundary sources supplying about 15 Sv and part of the EUC trans-
port coming instead from the interior ocean through entrainment (McPhaden
and Fine 1988).

The returning flow toward the Poles is mostly provided by Ekman drift at
the Tropics and by western boundary currents at the midlatitudes, as high-
lighted by observational studies (Patzert and McNally 1981; Luther and John-
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son 1990; Johnson 2001). Moreover, in the Northern Hemisphere the maximum
poleward transport is found at the center of the basin, while in the Southern
Hemisphere it is closer to the eastern boundary (Schott et al. 2004). Em-
ploying NCEP-NCAR wind stress data, Schott et al. (2004) evaluate 54 Sv of
poleward Ekman transport divergence, computed as difference of the poleward
mass transports at 10◦N and 10◦S. Particle analysis performed by Liu et al.
(1994) shows that three preferred pathways exist for the EUC returning flow:
two start flowing, more or less directly, along the western boundary of the
basin toward the subtropical gyre, while the third involves a recirculation of
the water close to the Equator. This means that Pacific STCs are not closed
circulations. Employing drifter data, Johnson (2001) show a poleward and
westward propagation for most of the observed streamlines at the surface, in
which water parcels reach 22◦ of latitude after about 2 years. At the subsurface
the response timescale is much longer (Fine et al. 1981b), although a large part
of the water can recirculate inside the TCs. However, model simulations show
that observed trends of the Pacific shallow overturning circulation (PSOC) are
found between 50 and 200 m depth, suggesting the importance of subtropical
subduction and equatorward transport involved in STCs, and a secondary role
for TCs (Farneti et al. 2014a).

Pacific STCs Variability

Some aspects of the STCs variability have been matter of debate for a long
time. First of all, many studies show how the time-mean meridional over-
turning circulation can differ from the seasonal pattern (Bryan 1982; Lee and
Marotzke 1998; Nakano et al. 1999), and in the Pacific Ocean the amplitude
of the seasonal cycle of the shallow meridional overturning circulation is about
25 Sv (Jayne and Marotzke 2001).

McPhaden and Zhang (2002, 2004) observe a decreasing STCs transport
convergence at the Equator from the 1970s to the 1990s, and then an increasing
convergence during the early 2000s. In particular, interior pycnocline conver-
gent transport changed from 27 Sv in the period 1970-1977 to 13.4 Sv during
1990-1998, bouncing back to 24.1 Sv after 1998. A similar behaviour is repro-
duced in many studies (Nonaka et al. 2002; Lee and Fukumori 2003; Capotondi
et al. 2005), and STCs decadal-scale variations are confirmed by ocean-only
(Cheng et al. 2007; Farneti et al. 2014a) and coupled ocean-atmosphere simula-
tions (Lohmann and Latif 2005; Zhang and McPhaden 2006). However, Schott
et al. (2007) claim that observational data are not sufficient for an assessment
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of the STCs transport decadal variability. Using a 50-years-long assimilation
run, Schott et al. (2007) in fact show that STC transports vary mainly from
seasonal to interannual timescales, with a small low-frequency variability. Ac-
tually, this could be due to the employed wind stress forcing, known to have
a large decadal trend in the Pacific equatorial zonal surface wind (Alory et
al. 2005), as the same run performed by Schott et al. (2007) without data
assimilation gives a more-than-doubled STCs variations at decadal scale. In
fact, using a different atmospheric dataset, Schott et al. (2008) obtain similar
STCs low-frequency variability as previously shown by McPhaden and Zhang
(2002, 2004). On the other hand, Farneti et al. (2014b) show that an global
ocean model forced with atmospheric reanalysis is able to reproduce most of
the observed STCs and equatorial SST variability in the Pacific Ocean during
the twentieth century.

Unlike uncoupled ocean models, coupled ocean-atmosphere models fail on
reproducing many features of the observed Pacific STCs variability (Solomon
and Zhang 2006; Zhang and McPhaden 2006; Yang et al. 2014; Farneti 2017).
This can be due to many aspects, mostly related to the way models reproduce
the tropical pycnocline structure (Zhang and McPhaden 2006) and the off-
equatorial wind stress forcing variability (Solomon and Zhang 2006), both
strongly linked to models resolutions and parametrizations. We shall focus on
these important aspects in Chapter 5.

1.1.2 Atlantic Ocean

Subtropical-tropical overturning structures are observed in the Atlantic Ocean
as well (Fratantoni et al. 2000; Lazar et al. 2002). Nevertheless, the nar-
rowness of the basin and the presence of the Atlantic Meridional Overturn-
ing Circulation (AMOC; Kuhlbrodt et al. 2007) alter the expected shape of
the cells (Malanotte-Rizzoli et al. 2000; Inui et al. 2002). In particular, the
superimposition of AMOC and STCs complicates the interpretation of the
tropical-subtropical pathways and the quantification of mass transports (Fig.
1.7; Zhang et al. 2003), although it is now clear that AMOC contributes to
make the southern STC larger than the northern STC (Fratantoni et al. 2000;
Harper 2000; Lazar et al. 2001).

In the past, modelling studies tried to understand where the water con-
tributing to the Atlantic STCs came from. Malanotte-Rizzoli et al. (2000)
and Hazeleger et al. (2003) argue that a contribution is given by both hemi-
spheres, and Inui et al. (2002) show that water subduction occurs in the At-
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Figure 1.7: Schematics of the Atlantic STCs branches and associated mass transport (Sv),
with subduction (blue) and upwelling (green) zones. Ocean currents names are NEC =
North Equatorial Current, NECC = North Equatorial CounterCurrent, NEUQ/SEUQ =
North/South Equatorial UnderCurrent, nSEC/sSEC = north/south component of the

South Equatorial Current, SEC = South Equatorial Current, NBC/NBUC = North Brazil
(Under)Current, GD/AD = Guinea/Angola Dome. Dotted lines are interior pathways, and

magenta lines are surface poleward pathways for the central basin. Taken from Schott
et al. (2004).

lantic subtropical gyre of both hemispheres. Moreover, the modelled northern
STC supply is also very sensitive to the subtropical wind stress forcing (Inui
et al. 2002). However, Harper (2000) claims that the subducted water found
in the EUC comes from the Southern Hemisphere only, as already suggested
by Tsuchiya (1986). Hüttl and Böning (2006) also confirm that the contribu-
tion of the northern STC to the equatorial upwelling is, if not zero, at least
negligible compared to the southern STC and the AMOC parts.

Atlantic shallow overturning circulation show a pronounced interannual-
to-decadal variability (Carton et al. 1996; Kröger et al. 2005), with the largest
water velocity variance found near the western boundary (Hüttl and Böning
2006) and the bulk of the transport variability mostly related with the wind
stress forcing (Kröger et al. 2005). Instead, it is very difficult to assess annual
variations of the Atlantic STCs transport (Schott et al. 2003), since the joint
influence of zonal wind stress and baroclinic waves (Philander and Pacanowski
1986). During the last decades, Atlantic STCs shown a weaker-than-average
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transport until the mid-1970s, followed by 20 years of enhanced transport
and again a decline appeared during the mid-1990s (Hüttl and Böning 2006).
Besides the influence of subtropical wind stress variations (Kröger et al. 2005),
STCs variability is also forced by AMOC-related interactions (Jochum and
Malanotte-Rizzoli 2001).

1.1.3 Indian Ocean

In the Indian Ocean basin, the surface wind pattern at the Equator can vary
considerably due to the monsoon oscillations (Miyama et al. 2003; Schott et al.
2009). Thus, the zonal component of the wind stress vanishes at the Equator
for most of the year, and negative wind stress curl associated with the equator-
ward weakening of the trade winds (Miyama et al. 2003) drives a southward
flow entirely composed of Ekman drift (Levitus 1987; Godfrey et al. 2001).
An annual-mean equatorial upwelling is basically absent (Schott et al. 2004),
and subtropical subduction only exists in the eastern part of the South Indian
Ocean (SIO; Webster et al. 1999), since the limited extension of the Indian
Ocean north of the Equator.

According to both observations and models (McCreary et al. 1993; Schott
et al. 2002; Miyama et al. 2003), the resulting shallow overturning circulation,
called Cross-Equatorial Cell (CEC), consists of a northward thermocline flow
across the Equator (mostly along the western boundary), several upwelling
branches in the Northern Hemisphere (outcropping near Somalia, Oman, and
India), and a return flow at the surface towards the Southern Hemisphere (Fig.
1.8). In fact, upwelled water mostly comes from 200-300 m depth (Schott and
McCreary 2001) and it is primarily originated in the Southern Hemisphere
(Fischer et al. 1996), with main contributions given by the water subducted
in the southeastern Indian Ocean and by the ITF transport (Miyama et al.
2003). Actually, a smaller overturning structure similar to an STC does exist
in the South Indian Ocean (McCreary et al. 1993; Schott et al. 2002), along
with a pair of very shallow equatorial rolls (Wacongne and Pacanowski 1996;
Lee and Marotzke 1997). The southern Indian STC is driven by the Ekman
pumping at the northern edge of the southeasterly trade winds (Schott et al.
2009).

The subtropical SIO accounts for almost the entire downward branch of
both cells (Zhang and Talley 1998), while two upward branches exist between
10◦S and the Equator, and in the North Indian Ocean (NIO; Schott et al.
2002). Moreover, there is a smaller upwelling zone in the eastern side of the
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Figure 1.8: Schematics of the Indian CEC branches and associated mass transport (Sv),
with subduction (blue) and upwelling (green) zones. Ocean currents names are ITF =
Indonesian ThroughFlow, SEC = South Equatorial Current, NEMC = NorthEast

Madagascar Current, EACC = East African Coastal Current, SC = Somali Current, GW
= Great Whirl. Magenta lines are southward pathways. Taken from Schott et al. (2004).

Indian Ocean close to the Indonesian archipelago, related with an eastern
branch of the southern STC; this branch is partly fed by the ITF, which is
in turn influenced by the northern Pacific STC transport (Hong et al. 2014).
The pathways followed by water parcels is in fact complicated by the presence
of the ITF, which mostly flows in the upper ocean with a mass transport of
about 10 Sv (Gordon et al. 1999; Gordon 2005). Both cells bring warm water
southward and cool water northward, and their strength is regulated by the
trade winds over the SIO; instead, the trade winds pattern over the NIO influ-
ence the transport of the CEC only (Lee 2004). In fact, the zonal component
of the southeasterly trade winds in the SIO experienced a weakening over the
1990s, with a slowdown of the southern STC (Lee 2004). However, a rebound
of the southern STC transport is documented by Lee and McPhaden (2008).
The CEC transport also showed a significant slowdown over the last decades
(Schoenefeldt and Schott 2006).

1.2 Tropical and Extratropical Variability

Earth’s climate shows variability on many timescales. One of the main reasons
for this variability lies in the non-linear interaction between the subcomponents
of the climate system (Dijkstra 2013).
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1.2.1 Tropical-Extratropical Interactions

Atmosphere-ocean coupled variability is particularly pronounced at the Trop-
ics. In fact, coupled feedbacks result in an increased variability in both at-
mosphere and ocean, essentially related with the coupled nature of the sys-
tem (Farneti and Vallis 2011). This is not only related with the local scale,
but also with the global climate. In fact, many “teleconnections” mechanisms
(Ångström 1935; Wallace and Gutzler 1981; Liu and Alexander 2007) are able
to propagate tropical signals all over the world. On the other hand, extrat-
ropical regions can strongly influence the Tropics as well (Gu and Philander
1997; Kleeman et al. 1999; Pierce et al. 2000; Liu and Yang 2003).

Unlike the Tropics, climate variability at the Extratropics is mostly due
to high-frequency weather disturbances, whose effect on long-term climate is
basically related with the large ocean heat storage capability. Still, despite
the chaotic nature of low-frequency variability at the midlatitudes (Molteni
et al. 1993) and the large variance associated with transition between well-
defined weather regimes (Molteni et al. 1990), the influence of the tropical
ocean-atmosphere state on the Extratropics is large (Trenberth 1990; Graham
et al. 1994; Cane 1998; Deser et al. 2004), mostly accomplished by the atmo-
spheric bridge for what concerns SST (Lau and Nath 1996; Alexander et al.
2002; Liu and Yang 2003) and by the oceanic tunnel for the subsurface ocean
response (Yang and Liu 2005). Many studies show in fact the link on different
timescales between thermal anomalies in the equatorial Pacific Ocean and the
extratropical Pacific (Trenberth 1990; Zhang et al. 1996; Zhang et al. 1998b;
Deser and Phillips 2006), the Atlantic (Enfield and Mayer 1997; Klein et al.
1999; Alexander and Scott 2002) and the Indian oceans (Yu and Rienecker
1999; Meehl and Arblaster 1998; Deser et al. 2004).

As we mentioned, the Extratropics have an effect on the Tropics (e.g., Fer-
ranti et al. 1990; Wu et al. 2007), and it can be as large as the tropical influence
on the midlatitudes (Liu and Yang 2003). On short timescales, observations
show that tropical convection can be affected by atmospheric wave trains orig-
inating at the midlatitudes (Lau and Phillips 1986), and extratropical atmo-
spheric variability can force an SST “footprint” extending toward the Tropics
(Vimont et al. 2001) as well as influence the trade winds strength (Meehl and
Loon 1979). Also, extratropical SST and sea level pressure patterns influence
ENSO space-time variability (Van Loon and Shea 1985; Trenberth and Hoar
1996; Yang et al. 2005; Anderson et al. 2013). Both atmosphere and ocean
act to connect midlatitude and tropical disturbances from seasonal (Liu and
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Xie 1994) to decadal timescales (Barnett et al. 1999; Wu et al. 2007), with the
ocean accounting for one third of the total equatorial SST change (Liu and
Yang 2003) and a larger contribution from the Southern Hemisphere (Liu and
Yang 2003; Yang and Liu 2005). Furthermore, partially-coupled experiments
performed by Yang and Wang (2008) show that the tropical SST response to
extratropical forcing is basically linear, with only 10% of the signal due to
non-linear effects.

On the ocean side, the communication between Tropics and Extratrop-
ics has been speculated from a long time (Ellis and Hales 1751; Rumford
1800; Lenz 1848; Stommel 1979; Luyten et al. 1983; McCreary and Yu 1992).
Apart from the deep overturning circulation involving the whole global ocean
(Warren 1981; Kuhlbrodt et al. 2007), the wind-driven gyres (Sverdrup 1947;
Stommel 1960) and the shallow meridional overturning circulation (including
STCs) play a fundamental role as teleconnection mechanisms in the upper lay-
ers. The heat transport related with those structures has great implication
on the global climate (Hall and Bryden 1982; Klinger and Marotzke 2000).
Waves propagation at the western boundary also provides an effective tele-
connection mechanisms (Enfield and Allen 1980; Lysne et al. 1997; Capotondi
and Alexander 2001; McGregor et al. 2007), which is even more effective than
thermocline ventilation on short timescales (Liu and Alexander 2007).

1.2.2 Pacific Ocean Variability

So far, great interest in literature has been given to the tropical Pacific Ocean,
which properties show strong variability on many timescales (Zhang et al.
1997). At the same time, the overlying atmosphere exhibits even more intense
variations. Thus, air-sea interactions must play an important role (Palmer and
Zhaobo 1985; Trenberth and Hurrell 1994; Latif and Barnett 1996; Farneti et
al. 2014b).

High-frequency Variability

Despite the leading role played by low-frequency variability on climate, fluc-
tuations from seasonal to interannual timescales are also key features of the
tropical ocean-atmosphere state. It is worth to note that the annual cycle of
solar radiation is not driving any large seasonal oscillations at the Equator,
where the SST annual cycle is instead driven by ocean-atmosphere interac-
tions through wind stress forcing (Mitchell and Wallace 1992; Chang 1996)
and heat flux (Cayan 1992; Iwasaka and Wallace 1995). Moreover, despite the
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lack of consensus about magnitude and dynamics of the ocean heat transport
seasonal cycle, it has been shown in several works that it is mainly driven by
high-frequency wind stress variability (Jayne and Marotzke 2001).

ENSO is the most important climate phenomenon on interannual timescales,
fluctuating between warm and cold phases at periods of 3-7 years (Zhang et al.
1997), and affecting atmospheric surface temperature and precipitation pat-
terns all around the world (Dai and Wigley 2000; Sobel et al. 2002; Hansen et
al. 2010). ENSO irregular nature can arise from a large number of factors, from
nonlinear behaviours (Jin et al. 1994; Tziperman et al. 1994) to random effects
excited by atmospheric weather (Kleeman and Power 1994; Zavala-Garay et
al. 2003). Apart from local ocean-atmosphere interactions (Bjerknes 1969; Fe-
dorov and Philander 2001), ENSO interannual variability is importantly influ-
enced by water mass exchange processes between off-equatorial and equatorial
regions. Among the different views about how this exchange occurs (Wang
and Picaut 2004), an important role is played by the wind-induced ocean cir-
culation, and the relationship between ENSO and Pacific STCs variability on
interannual timescales has already been stated (Lee and Fukumori 2003; Schott
et al. 2008; Zilberman et al. 2013). At the Extratropics, ENSO is able to in-
duce part of the observed interannual atmospheric variability (Bjerknes 1969;
Horel and Wallace 1981).

Focusing on the atmospheric side, a simple schematics of the ENSO modifi-
cations in the upper troposphere is shown in Fig. 1.9. Increased SST enhances
atmospheric convection and upper-level divergence in the equatorial Pacific;
the resulting response propagates as a wave train of alternating high and low
geopotential anomalies on each hemisphere (Hoskins et al. 1977; Webster 1981;
Hoskins and Karoly 1981), affecting the atmospheric state up to the midlati-
tudes by interacting with the storm track in the winter hemisphere (Webster
1982; Kok and Opsteegh 1985; Hoerling and Ting 1994; Kidston et al. 2015).
The extratropical response can be very sensitive to the location of the tropical
heating source (Simmons 1982; Geisler et al. 1985), with ocean-atmosphere
interactions influencing the signal propagation outside the Tropics (Hoerling
and Ting 1994; Alexander et al. 2002). The resulting atmospheric pattern at
the Extratropics is able to change the ocean state by altering the latent and
sensible heat flux at the air-sea interface (Deser et al. 1996); here, the ocean
provides a modest (but complex) feedback on the extratropical response to
ENSO (Alexander et al. 2002). We shall return later on the relationship be-
tween atmospheric variability at the midlatitudes and tropical Pacific Ocean
in Chapter 4.
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Figure 1.9: Schematic view of the dominant changes in the Northern Hemisphere upper
troposphere in response to increases in SSTs, enhanced convection, and anomalous upper
tropospheric divergence associated with a warm ENSO phase in the Pacific Ocean. A wave

train of alternating high and low geopotential anomalies occurred in the surface wind
stress and streamfunction anomalies results from the quasi-stationary Rossby wave

response. Corresponding changes may occur in the Southern Hemisphere. Taken from
Trenberth et al. (1998).

Low-frequency Variability

Low-frequency climate variability is affected by both natural and anthro-
pogenic forcing, although most of it is thought to be driven by internal stochas-
tic processes (Mikolajewicz and Maier-Reimer 1990; Power et al. 1995). The
ocean, with its large thermal “inertia”, contributes greatly to the observed low-
frequency climate variability (Fraedrich et al. 2004), with basin-wide oscilla-
tory modes arising through the collaboration of planetary waves propagation
(Liu 2003; Yang et al. 2004), stochastic wind forcing (Cessi and Primeau 2001;
Cessi and Louazel 2001), and baroclinic instability of the large-scale circulation
(Colin de Verdière and Huck 1999).

In this respect, the Pacific Ocean is characterised by a pronounced vari-
ability on decadal-to-multidecadal timescales, mostly in terms of cyclic os-
cillations and regime shifts. Important examples of variability processes are
ENSO decadal variability (Zhang et al. 1997; Kirtman and Schopf 1998; Yeh
and Kirtman 2009), and the North Pacific decadal variability (Zhang et al.
1997; Mantua et al. 1997; Power et al. 1999a) of which the Pacific Decadal
Oscillation (PDO) is the main manifestation. South Pacific Ocean also shows
remarkable low-frequency variability (Zhang et al. 1997; Garreaud and Battisti
1999; Wong and Johnson 2003).
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In the past, many hypotheses have been proposed on the mechanisms gen-
erating climate variability on decadal timescales in the Pacific Ocean (e.g.,
Trenberth and Hurrell 1994; Latif et al. 1998; Kirtman and Schopf 1998; Klee-
man and Power 2000; Hazeleger et al. 2001b; Solomon et al. 2003; Lohmann
and Latif 2005; Cheng et al. 2007; Farneti and Vallis 2011). Those specula-
tions involved either atmosphere-only (Barnett et al. 1999; Pierce et al. 2000;
Kushnir et al. 2002), ocean-only (Gu and Philander 1997; Lysne et al. 1997;
Kleeman et al. 1999), and atmosphere-ocean processes (Knutson and Man-
abe 1998; Timmermann et al. 1998; Nakamura and Yamagata 1999; Liu et
al. 2002; Timmermann and Jin 2002; Rodgers et al. 2004; Wu et al. 2007;
Farneti et al. 2014b). Latif and Barnett (1994, 1996) hypothesise that Pacific
decadal variability is mainly driven by unstable ocean-atmosphere interactions
occurring in the North Pacific Ocean with the ocean thermocline intermedi-
ation, although analogous SST signatures are also observed in the tropical
and South Pacific (Garreaud and Battisti 1999; Evans et al. 2001). Deser et
al. (1996) actually show that decadal temperature anomalies can move equa-
torward from the North Pacific Ocean exploiting thermocline ventilation, a
possibility already suggested by Welander (1959). Thermal anomalies can in
fact propagate as passive tracers when they are density-compensated by salin-
ity anomalies; in this case, they are called ocean “spicy” anomalies (Munk
1981). Schneider (2000) successfully exploit ocean spiciness to introduce a
coupled ocean-atmosphere mode of decadal variability in the tropical Pacific,
with anomalies originated in the Subtropics and reaching the Equator about
10 years later.

The Pacific Decadal Oscillation index is defined as the leading principal
component of the monthly North Pacific Ocean sea surface temperature (Man-
tua et al. 1997; Zhang et al. 1997; Chao et al. 2000; Barlow et al. 2001). PDO
oscillations are irregular, with periods ranging from 20 to 30 years. The spacial
structure of the PDO index at the Tropics is similar to the canonical ENSO
warm phase defined by Rasmusson and Carpenter (1982), with a warm phase
characterised by cold SST anomalies in the Northwest Pacific and warm SST
anomalies in the Northeast Pacific. Several works highlight the role of the
PDO in the context of Pacific climate variability, for example by changing the
Pacific Ocean heat content (Meehl et al. 2011; Balmaseda et al. 2013), the
atmospheric state (Newman et al. 2003; Hazeleger et al. 2005), and affecting
the evolution of regional climate regimes (Meehl and Hu 2006; Krishnan and
Sugi 2003).

PDO time features are consistent with Hasselmann (1976)’s null hypoth-
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esis, as Pierce (2001) reproduce some observed characteristic of PDO using
random-generated time series. The non-linear character of the Pacific decadal
variability is confirmed by Power and Colman (2006), showing that ENSO-like
variability modes can arise from random changes in ENSO activity. Neverthe-
less, part of the PDO variability must come from the tropical Pacific (Naka-
mura et al. 1997; Newman et al. 2003; Alexander et al. 2008), with Biondi
et al. (2001) suggesting the necessity of positive ocean-atmosphere feedbacks
to sustain the PDO oscillatory behaviour. It is then acknowledged that part of
the PDO signal is extratropically-forced (Schneider et al. 1999a; Schneider and
Cornuelle 2005; Zhang and Delworth 2007), and by now the PDO is considered
a complex phenomenon resulting from the combination of different processes
(Newman et al. 2003; Farneti 2017), with a third of the signal ascribed to
equatorial dynamics and the remaining explained by ocean gyres and extrat-
ropical atmospheric variability (Schneider and Cornuelle 2005; Alexander 2010;
Newman et al. 2016).

Similarly, PDO regime shifts are triggered and influenced by a large range
of processes (Miller et al. 1994; Meehl and Hu 2006; Ding et al. 2013; Kucharski
et al. 2016), and their occurrence is difficult to predict (Newman 2007). The
1976/1977 observed regime shift is responsible for an increase of 0.8◦C in the
tropical Pacific Ocean SST from the 1970s to the early 1990s (Zhang et al.
1997; McPhaden and Zhang 2002), with ocean-only and coupled simulations
underestimating the observed SST increase while giving a subsurface warming
up to 1.8◦C (Solomon and Zhang 2006). Afterwards, a surface thermal decrease
of several tenth of a degree due to another regime shift occurred in the late
1990s (Cheng et al. 2007). Similar regime shifts happened several times during
the last century (Francis and Hare 1994; Zhang et al. 1997; Minobe 2000).

Although ENSO is primarily modulated by interannual variability, it also
shows strong (inter)decadal variations (Wang and Ropelewski 1995; Power
et al. 1999a; Vimont et al. 2002; Power et al. 2006). In fact, the interac-
tion between ENSO and Pacific decadal variability is assessed in many studies
(Trenberth 1990; Tziperman et al. 1994; Newman et al. 2003; Solomon et al.
2003; Schneider and Cornuelle 2005; Power and Colman 2006; Wang et al.
2008; Wang et al. 2013), as well as their joint effect on the Pacific Ocean
(McGowan et al. 1998; Hare and Mantua 2000; Peterson and Schwing 2003)
and the global climate (Kosaka and Xie 2013; Meehl et al. 2016). Assessing
the impact of ENSO long-term modulation on Australian climate, Power et
al. (1999a) highlight the interdecadal behaviour of the SST oscillation in the
Pacific Ocean, of which the PDO is the Northern Hemisphere manifestation
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(Folland et al. 2002). In accordance with the analysis performed by Zhang
et al. (1997) and confirming some features already suggested by Mantua et al.
(1997), Power et al. (1999a,b) and Folland et al. (2002) introduce the Inter-
decadal Pacific Oscillation mode (IPO), consisting in a warm tropical Pacific
Ocean and weak trade winds during the positive phase, and a cool tropical Pa-
cific and strong trade winds in the negative phase (Folland et al. 1999). Power
et al. (1999a) suggest that the IPO essentially arise from ocean-atmosphere
interactions, and its long-term oscillatory behaviour makes it susceptible to
external forcing (Meehl et al. 2013; Song and Yu 2015). Furthermore, many
studies attribute to the IPO a leading role about variable global warming rates
in the early 2000s (Kosaka and Xie 2013; Fyfe et al. 2016), as well as in the
past (Meehl et al. 2013; Kosaka and Xie 2016).

The Pacific Ocean also exhibits a strong multidecadal activity (Zhang et
al. 1997; Minobe 1997; Deser et al. 2004), sometimes referred as Pacific Multi-
decadal Variability (PMV), coexisting with the aforementioned (inter)decadal
Pacific variability (Minobe 1999) and driving large global climate effects (Meehl
and Hu 2006). Tropical and extratropical PMV evolve independently (Latif
2006), basically responding to stochastic wind stress forcing (Power et al. 1995).

Role of STCs on Pacific Decadal Variability

The shallow meridional overturning circulation has been used to explain some
of the decadal-scale variability within the Pacific Ocean (Nonaka et al. 2002;
Capotondi et al. 2005; Zhang and McPhaden 2006; Cheng et al. 2007; Farneti
et al. 2014a), due to their influence on ENSO and PDO variability (Kleeman
et al. 1999; Meehl and Hu 2006; Wu et al. 2007; Farneti et al. 2014b; Hong
et al. 2014). In particular, the anti-correlation between equatorial SST and
equatorward mass transport, observed by McPhaden and Zhang (2002, 2004),
is confirmed by several modelling studies (Capotondi et al. 2005; Zhang and
McPhaden 2006; Cheng et al. 2007; Farneti et al. 2014a). In this respect,
coupled simulations performed by Liu and Yang (2003) show that the signal
coming from the Extratropics propagate toward the Equator exploiting both
atmospheric and oceanic connections. In their modelling framework, the equa-
torial SST response (about a half of the forcing SST signal) is mostly due to
the atmospheric bridge on monthly timescales, whereas the subsurface temper-
ature response is forced by thermocline ventilation on decadal timescales, with
the Southern Hemisphere having the largest influence on the equatorial ocean
variability. In fact, the global warming trend observed during the last decades
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projects on a decadal mode of SST variability in the western equatorial Pacific
Ocean, which is connected with both TCs and STCs circulation (Lohmann and
Latif 2005), although other processes are involved on determining the tropical
Pacific SST warming trend (Zhang and McPhaden 2006). However, finding the
“smoking gun” of the STCs influence on equatorial SST in coupled simulations
is still a challenge (Solomon and Zhang 2006), although models giving larger
STCs convergence variations tend to simulate larger equatorial SST variability
(Zhang and McPhaden 2006).

Solomon et al. (2003) provide a link between STCs, ENSO, and North
Pacific decadal variability within an ocean-atmosphere coupled model. In fact,
the application of an extratropical stochastic forcing on the sea surface affects
ENSO decadal variability through an altered STCs transport, producing a
more pronounced decadal variability. Furthermore, Wu et al. (2007) propose a
joint teleconnection mechanism between STCs and the wind-evaporation-SST
feedback (WES; Liu and Xie 1994) on driving Pacific climate variability on
decadal timescales. For what concerns PDO, the regime transition occurred in
the 1970s from a negative to a positive phase (Nitta and Yamada 1989; Graham
1994; Gutzler 1996; Wu et al. 2005) is related with a concomitant weakening of
the STCs transport (McPhaden and Zhang 2002), with a “rebound” in the late
1990s (McPhaden and Zhang 2004) after another reversal of the PDO phase
(Minobe 2002; Peterson and Schwing 2003; Yeh et al. 2011; Ding et al. 2013).
According to the models comparison performed by Solomon and Zhang (2006),
the reduced STCs transport observed from the 1970s to the 1990s is related to
a reduction of subtropical wind stress forcing.

Gu and Philander (1997) exploit STCs dynamics to explain the propaga-
tion of thermal anomalies observed by Deser et al. (1996), subducting in the
North Pacific to reach the equatorial regions through the so-called v T ′ mech-
anism. Although the observational study of Zhang et al. (1998a) corroborates
this hypothesis, several studies (Schneider et al. 1999a,b; Tourre et al. 1999;
Pierce et al. 2000; Hazeleger et al. 2001b) find instead that temperature signals
would decay quickly away from their source region, way before reaching the
equatorial region. In fact, despite the clear propagation of thermal anomalies
from the subduction region up to 18◦N shown by Deser et al. (1996), close to
the Equator any correspondence is lost (Schneider et al. 1999a), whereas local
(wind-induced) forcing accounts for most of the observed signal (Schneider et
al. 1999b; Hazeleger et al. 2001b; Nonaka et al. 2002; McGregor et al. 2007,
2008). Gu and Philander (1997) mechanism is thus falling short in explaining
the observed decadal variability in the Pacific Ocean (Capotondi et al. 2005;
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Liu and Alexander 2007).
Another interpretation of the STCs observed influence on the tropical dy-

namics is given by Kleeman et al. (1999). Forcing a coupled model of inter-
mediate complexity with an observed atmospheric dataset, they find that the
decadal modulation of equatorial SST coincides with variations of subtropical
wind stress, resulting largely from upwelling driven by thermocline ventilation.
They also state that the wind stress forcing at the Subtropics is able to alter
the equatorial temperature structure, changing the strength of the overturn-
ing cells through the so-called v′ T mechanism. The framework introduced by
Kleeman et al. (1999) is supported by several observational studies (McPhaden
and Zhang 2002, 2004). In particular, the downward trend of the STCs trans-
port observed from 1970s to the 1990s (McPhaden and Zhang 2002) coincided
with an increase of the equatorial Pacific SST of about 0.8◦C (Zhang et al.
1997), along with a decreased intensity of the trade winds and a IPO/PDO
positive phase. Further, the observed SST increase can not be ascribed to
changes in the surface flux, which usually act to damp rather than generate
decadal variability at the Equator (McPhaden and Zhang 2002; Lohmann and
Latif 2005). The reversal of the PDO phase in the late 1990s occurred together
with an increase of the STCs-driven equatorial mass convergence (McPhaden
and Zhang 2004; Cheng et al. 2007), but could be also due to decadal ENSO
modulations (Kirtman and Schopf 1998).

England et al. (2014) link Pacific STCs dynamics to the recent global
warming slowdown (Easterling and Wehner 2009; Trenberth and Fasullo 2013;
Lewandowsky et al. 2016), likely induced by internal climate variability (Meehl
and Teng 2014). Although Fyfe et al. (2016) and Hedemann et al. (2017)
call for caution about hasty attributions for such complex event, the latest
global warming slowdown nevertheless occurred during a negative phase of the
IPO/PDO (Lee and McPhaden 2008; Meehl et al. 2013), corresponding to an
enhanced trade winds forcing (L’Heureux et al. 2013; Boisséson et al. 2014),
and an increased Pacific shallow overturning circulation strength in both obser-
vations (McPhaden and Zhang 2004; Meehl et al. 2011) and models (Capotondi
et al. 2005; Farneti et al. 2014a). However, observational results from Chen
and Tung (2014) does not support this Pacific-centric view, also corroborated
by surface temperature analysis performed by Wu et al. (2011), while coupled
simulations do not reproduce the observed strengthening of the Pacific trade
winds (Yang et al. 2014; Kociuba and Power 2015). Anyway, by linearly in-
creasing the zonal wind stress forcing on the Pacific Ocean between 45◦N and
45◦S, England et al. (2014) account for a substantial heat content increase in
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the Indo-Pacific Ocean below 125 m and a heat content decrease above 125 m.
In fact, the deep ocean is thought to have played a more important role in the
global warming slowdown, with respect to upper layers (Lyman et al. 2010;
Balmaseda et al. 2013; Chen and Tung 2014). With a similar experimental
setup, Maher et al. (2018) analyse the Pacific shallow overturning circulation
(including both STCs and TCs) under different 20-years-long IPO conditions,
showing a strengthening of the circulation during the negative IPO phase and
a subsequent weakening for positive IPO. The subsurface temperature struc-
ture in the tropical Pacific is thus modified by the joint action of changes in
thermocline depth and strengthening (weakening) of PSOC (also shown by
Han et al. 2006), with the warm (cool) response found in the western Pacific
between 100 and 300 m depth and cooling (warming) in the eastern Pacific.

Other explanations of tropical-extratropical relationship in the Pacific Ocean
are given by Lysne et al. (1997), Liu et al. (1999), Capotondi and Alexander
(2001), Hazeleger et al. (2001b), Wu et al. (2003), and McGregor et al. (2007)
in terms of planetary waves propagation. Barnett et al. (1999) and Pierce et al.
(2000) argue instead that decadal changes of the atmospheric circulation over
the northern Pacific Ocean can extend so far equatorward to alter the wind
stress in that region, ruling out any oceanic interaction.

1.3 Motivations and Objectives

The present Chapter included a literature review of the (rather extensive)
state-of-the-art knowledge about Pacific STCs. However, a clear disambigua-
tion of the role of different regions on forcing Pacific STCs is lacking, at least
for what concerns modelling studies employing global ocean models. Further,
a more detailed assessment of STCs properties under unforced conditions or fu-
ture climate scenarios, with respect to what found in literature, is also needed.

In the present work, we tackle these aspects by setting up a hierarchy of
numerical simulations of increasing complexity using a global ocean-ice model,
starting with idealised perturbations and then moving to observed patterns.
Finally, we assess several properties of STCs in ocean-atmosphere coupled
models in two different configurations: the pre-industrial control implementa-
tion (in which the atmospheric radiative forcing is taken constant during the
whole simulation), and an idealised future scenario characterised by a linear
increase of the atmospheric CO2 concentration.

Thus, the main objectives of the present work are:



1.3. MOTIVATIONS AND OBJECTIVES 27

1. To address the impact of the wind stress forcing acting on different re-
gions of the Pacific Ocean on Pacific STCs, by comparing perturbation
experiments with a climatological control simulation. These experiments
are obtained employing both idealised and realistic anomalies.

2. To assess the transient response of the shallow meridional overturning
circulation in the Pacific Ocean to both time-constant and time-varying
wind stress forcing, as well as to evaluate the climatic impact of STCs
anomalies on the tropical ocean state.

3. To study the Pacific STCs low-frequency variability in different imple-
mentations of state-of-the-art coupled models, evaluating both natural
and forced aspects.
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Chapter 2

Data and methods

Different data sources and analysis techniques are employed in the present
study. It is also worth to underline that all numerical simulations are per-
formed by the Ph.D. candidate. For what concerns the experiments performed
for highlighting the role of (off-)equatorial wind stress forcing with idealised
(Chapter 3) and realistic (Chapter 4) patterns, the description of the model
is found in Section 2.1. A short description of the coupled models used to
analyse simulated STCs properties (Chapter 5) is included in Sections 2.2.

2.1 The ocean model MOM5

For the first part of the study, we employed the NOAA/GFDL Modular
Ocean Model version 5 (MOM5; Griffies 2012). It is a global-ocean, volume-
conserving, primitive-equations model. MOM5 is written using generalised
horizontal coordinates using a staggered B-grid type (Arakawa and Lamb
1977), as well as the tripolar configuration introduced by Murray (1996) to
avoid any coordinate singularity at the North Pole. Bottom topography is rep-
resented using a partial bottom step technique (Adcroft et al. 1997; Pacanowski
and Gnanadesikan 1998), along with quasi-horizontal rescaled height coordi-
nates (Stacey et al. 1995; Adcroft and Campin 2004). The two-level time
stepping scheme introduced by Griffies et al. (2005) is used, with a time step
of 7200 s for inviscid and dissipative velocity components and a split-explicit
time stepping scheme (80 s time step) employed as explicit barotropic solver
(Griffies 2004).

The horizontal resolution is 1◦×1◦, with a progressively increasing dis-
cretization toward the Equator (up to 1/3◦) from 30◦N to 30◦S in the merid-
ional direction. The model has 50 vertical levels in depth coordinates. Some

29
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variables are also remapped using the potential density referred at 2000 dbar
as vertical coordinate, computed according to the IOC et al. (2010) equation
of state. The model also includes a dynamic-thermodynamic sea-ice model.

2.1.1 Parametrisations

Mesoscale eddy processes are parametrised using the Gent-McWilliams (GM)
skew-flux closure scheme (Gent and McWilliams 1990; Gent et al. 1995; Griffies
1998). The GM closure scheme accounts for some aspects of baroclinic eddies,
able to convert available potential energy into eddy kinetic energy. Generally,
baroclinic eddies correspond to the antisymmetric components of the tracer
mixing tensor (Griffies 1998), with the tracer skew-flux directed along the
isolines and perpendicularly to the gradient; this kind of mixing is often re-
ferred to as “stirring” (Eckart 1948). The skew-flux formulation introduced by
Griffies (1998) supplements GM stirring algorithm with Redi (1982) and Cox
(1987) isoneutral diffusion process, employed in many coarse-resolution models
to parametrise tracer mixing.

We use a two-dimensional GM parametrisation, with maximum slope al-
lowed for isoneutral density surfaces set to 0.05. GM diffusivity ranges from
100 to 800 m2 s−1, independent in depth but varying in latitude, longitude,
and time. GM closure scheme is important in regions like the western bound-
aries or inside the Southern Ocean, where steep density surfaces can form
and mesoscale eddies are smaller. At the Equator, however, most eddies are
resolved, hence our model results are not affected by the choice of GM pa-
rameters. Submesoscale eddy fluxes related with re-stratification in the ocean
mixed layer are parametrised following Fox-Kemper et al. (2008), Fox-Kemper
and Ferrari (2008), and Fox-Kemper et al. (2011).

A combined scheme is used for tidal mixing, based on the algorithms in-
troduced by Simmons et al. (2004) and Lee et al. (2006). The vertical mix-
ing computation is provided by the KPP scheme introduced by Large et al.
(1994) and Danabasoglu et al. (2006), with enabled double-diffusion mixing.
A Smagorinski biharmonic scheme deals with horizontal friction (Griffies and
Hallberg 2000), and a constant neutral diffusivity is used.

2.1.2 Surface boundary conditions

The climatological CORE-I Normal Year Forcing (NYF) atmospheric state
(Griffies et al. 2009) is imposed as boundary conditions at the sea surface.
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CORE-I NYF is a dataset specifically focused on long-term ocean simulations,
obtained by Large and Yeager (2004) from a 43-years-long interannual-varying
atmospheric state, with a seamless transition from 31 December to 1 Jan-
uary. CORE-I NYF design consists of a repeating annual cycle of atmospheric
forcing, obtained as a combination of reanalysis and remote sensing products,
producing near zero global-mean heat and freshwater fluxes when used in com-
bination with observed SST.

Surface fluxes of heat, freshwater and momentum are thus determined us-
ing the CORE-I NYF atmospheric dataset, the model’s prognostic SST and
surface currents, as well as the Community Climate System Model (CCSM)
bulk formulae described by Large and Yeager (2004), Large (2006), and Large
and Yeager (2009). There is no restoring term applied to sea surface tempera-
ture. In contrast, surface salinity restoring is used to prevent unbounded local
salinity trends, with a relaxation timescale of 60 days.

2.1.3 Control run

We performed a long control (reference) run in order to obtain a statistically-
stable mean state, since deep ocean circulation must reach a quasi-equilibrium
condition before any numerical experiments can be started. Equilibration
takes from centuries to millennia to be reached, depending on the timescale of
ocean ventilation and mixing (England 1995; Stouffer 2004). In this respect,
Griffies et al. (2009) show that the typical timescale for ocean equilibration
to the CORE-I NYF atmospheric state greatly varies among models, with a
relatively-short surface adjustment time (50-100 years) whereas deep circula-
tion properties keep drifting for more than 500 years.

After about 4000 years our model have adjusted in its deep layers, and
standard metrics show minimal drift. Stability is evaluated in terms of mass
transport of the Antarctic Circumpolar Current at the Drake Passage, and the
global Meridional Overturning Circulation at some key locations. No signifi-
cant drift is observed, although some low-frequency oscillations occur in some
time series.

2.2 CMIP5 models

Coupled models are complex numerical algorithms, connecting different com-
ponents of the climate system. Included in properly-set hierarchical modelling
protocols (Held 2005; Cassou et al. 2018), coupled models are most valuable
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tools for the assessment of past, present and future climate variability, al-
though deficiencies in model formulations and biases with observations still
produce uncertainties in their results. In particular, since the very first at-
tempts during the 1960s-1970s on assembling coupled models (Manabe and
Bryan 1969; Manabe et al. 1975; Bryan et al. 1985), it seemed essential to in-
clude dynamically-varying ocean components for improving the representation
of observed climate.

In the last decades, the emergence of a large number of different coupled
models for climate simulations urged the establishment of ad-hoc model in-
tercomparison projects, similar to other global-scale intercomparison efforts.
As resumed by Meehl et al. (2000, 2005a), the first two Coupled Model In-
tercomparison Projects (CMIP1 and CMIP2) started respectively in 1995 and
1998, including almost all the coupled climate models of the time. Different
groups of sub-projects were established, focusing on different aspects of cli-
mate variability and change. The following phases of the project enlarged the
number of employed models and the tackled challenges (CMIP3 and CMIP4;
Meehl et al. 2007), providing a key contribution for the International Panel for
Climate Change (IPCC) Fourth Assessment Report (AR4).

Phase 5 of the project followed the same path (CMIP5; Taylor et al. 2012),
introducing shorter integrations for climate prediction on decadal timescales,
as well as long-term (centennial) simulations. Although there is little improve-
ment with respect to CMIP3 concerning some key-aspects like cloud feedbacks
(Andrews et al. 2012) and reproduction of observed climate variability and
teleconnections (Qasmi et al. 2017), and despite the uncertainties affecting
long-term projections (Knutti and Sedláček 2013), CMIP5 models provide un-
precedented long datasets for analysing both climate state and variability.

Among the large number of available long-term simulations included in
CMIP5, we chose to analyse the output from the control pre-industrial simu-
lations performed with NOAA/GFDL coupled models, thus providing a conti-
nuity with our ocean-only perturbation experiments performed using MOM5.
The main features of the models are shortly described as follows.

• CM2.1: Global coupled model described by Delworth et al. (2006) and
Gnanadesikan et al. (2006), employing the NOAA/GFDLModular Ocean
Model version 4 (MOM4 Griffies et al. 2003) as ocean component, and
a modified version of the AM2 model (The GFDL Global Atmospheric
Model Development Team 2004) for the atmospheric part. The coupling
between the components is provided by the Flexible Modeling System
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(FMS; https://www.gfdl.noaa.gov/~fms/), as in all GFDL models.

• CM2.5: High-resolution global coupled model described by Delworth
et al. (2012), which improves several aspects of CM2.1 by using an
increased-resolution implementation of the atmospheric model and the
Modular Ocean Model version 4p1 (MOM4p1; Griffies 2009). Among the
selected models, CM2.5 is the only one not employing a parametrisation
for mesoscale eddies.

• CM2.5-FLOR: Forecast-oriented Low Ocean Resolution version of CM2.5
model (Vecchi et al. 2014), incorporating high atmospheric resolution
component from CM2.5 and relatively low-resolution ocean and sea-ice
components from CM2.1.

• CM3.0: Global coupled model mostly focused on obtaining a better rep-
resentation of aerosol-cloud and chemistry-climate interactions with re-
spect to the CM2.1 formulation (Griffies et al. 2011). It includes an
improved atmospheric representation (AM3; Donner et al. 2011), and
the MOM4p1 as ocean model.

• ESM2M: Global climate model which uses the AM2 model as atmo-
spheric component, MOM4p1 as ocean model, and an explicit represen-
tation of the carbon dynamics (Dunne et al. 2012).

2.3 Mass Transport and Energy Flux Diagnos-

tics

This section include most of the metrics we employed throughout our analysis.
We compute the total meridional mass transport (in Sverdrups; 1 Sv = 106

m3 s−1) as

Ψ(y, z) = −
λ2∫
λ1

dx

η∫
−h

dz′ (v + v∗), (2.1)

where λ1, λ2 define the longitudinal extension of the basin, h is the ocean’s
depth, η is the sea surface, and the transport includes both resolved v and
parameterized v∗ meridional velocities. Given that we are interested in the
mass and energy anomalies reaching the equatorial upper layers, in most of
our analysis we only consider the zonally and vertically integrated equatorward
meridional transports in the uppermost 1000 m.

https://www.gfdl.noaa.gov/~fms/
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The meridional total energy transport (PW = 1015 W) is computed as an
anomaly of the control run value, namely

ETOT (y) = ρ0Cp

∫ λ2

λ1

dx

∫ η

−h
dz (vθ − vcθc), (2.2)

where ρ0=1035.0 kg m−3 is the reference density, Cp=3992.1 J kg−1 ◦C−1 is
the heat capacity for seawater at constant pressure (Griffies 2012), v is now
the total meridional velocity component and θ is potential temperature for
the perturbation experiment, whereas vc and θc relates to the control run.
This diagnostic provides the full energy flux anomaly in the chosen latitudinal
range. In order to isolate the contribution from STCs, the energy transport
calculation proposed by Klinger and Marotzke (2000) is also used, where only
zonal wind stress and SST values are needed. As we will show later, wind-
driven meridional mass transports and meridional SST gradients are exploited
to compute the meridional energy flux ascribed to STCs only.

Ocean heat content (OHC) is also evaluated as an anomaly, that is

OHC = ρ0Cp

λ2∫
λ1

dx

φ2∫
φ1

dy

η∫
−h

dz (θ − θc). (2.3)

where φ1, φ2 define the latitudinal extension of the basin.

Finally, the Indonesian Throughflow (ITF) accounts for the exchange of
water between Pacific and Indian basins. It is computed summing up the
zonal transport crossing the passage between South Timor and Australia, and
the meridional transport passing through Lombok and Ombai Straits.

2.3.1 Meridional energy transport by Subtropical Cells

The meridional energy transport provided by Equation 2.2 includes all dy-
namical processes, which in the Pacific mainly involves STCs and wind-driven
gyres. In order to isolate the STCs contribution we employ the method de-
veloped by Klinger and Marotzke (2000), which allows the computation of the
STC-related meridional energy transport using Ekman dynamics. The expres-
sion for the STCs meridional energy transport is

ESTC(y) = Cp

λ2∫
λ1

dx

y∫
y1

ME
∂θ

∂y
dy, (2.4)
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where ME = −τ(y)/f(y) is the Ekman mass transport and θ is the surface
potential temperature. The energy transport is integrated zonally and for
each model grid point between 10◦ and the latitude of zero wind stress (≈30◦),
although contributions to the STCs mass transport in the real ocean can also
come from a more northern location (McCreary and Lu 1994; Liu et al. 1994).
The estimates for the STC meridional energy transport given by Eq. 2.4 in
our control run and for all ocean basins (Fig. 2.1) show that our model results
compare well with the observational estimates given in Klinger and Marotzke
(2000, c.f. Fig. 6). Because of their zonal extent, Pacific and Indian Ocean
STCs stand out with the largest meridional fluxes.

Figure 2.1: STC meridional energy transports in the control run computed for all basins
(1 PW = 1015 W). Transports are estimated using Eq. 2.4 and are in agreement with

previous observational estimates (Klinger and Marotzke 2000, c.f. Fig. 6).

A full derivation of Eq. 2.4 is provided here. The momentum balance in
the Ekman boundary layer is expressed as in Vallis (2006)

f k× uE =
1

ρ0

∂τ

∂z
, (2.5)
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where f is the Coriolis parameter, uE is the horizontal velocity vector in the
Ekman layer, τ the surface wind stress, ρ0 a reference density and k the unit
vertical direction.

Vertically integrating Eq. 2.5 yields

f k×ME = τ , (2.6)

and the integrated mass transport in the Ekman layer is

ME =

0∫
he

ρ0uE dz =
τ × k

f
, (2.7)

where he is the characteristic depth of the Ekman layer and Eq. 2.7 defines
the Ekman transport to be proportional to the magnitude of the wind stress.

Suppose now the wind stress to be zonal τ(y), providing a meridional mass
flux ME = −τ(y)/f(y). The wind stress τ is a function of latitude, generating a
flow divergence at the surface and implying subduction into the ocean interior.
Over a latitudinal interval δy, and using mass conservation, the mass flux
subducted MS is

MS =
∂ME

∂y
δy. (2.8)

If a latitude at which τ = 0 exists, as observed, then mass conservation requires
all Ekman mass flux to be subducted. The flow beneath the Ekman layer
exactly balances the mass flux in the Ekman layer, and the subducted mass
flux MS is equal and opposite to the Ekman mass flux ME. Considering a full
latitudinal extent

MS =

y1∫
y

∂ME

∂y
dy = −ME(y), (2.9)

where y1 is a subtropical subduction latitude at which τ = 0 and we have
noted that ME(y1) = 0.

The temperature of the Ekman flow is θ(y), whereas the subducted flow
conserves the surface temperature θ(y1), assuming an interior adiabatic flow.
The temperature flux associated with the Ekman flow is thus TE(y) = θ(y)ME,
whereas the returning branch of the circulation has a temperature flux given
by

TS(y) = −
y1∫
y

θ(y)
∂ME

∂y
dy. (2.10)
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The net temperature flux, which we relate to the STC, is given by Klinger
and Marotzke (2000) and Held (2001) as

TSTC(y) = θ(y)ME +

y1∫
y

θ(y)
∂ME

∂y
dy (2.11)

= −
y1∫
y

ME
∂θ

∂y
dy =

y1∫
y

τ(y)

f

∂θ

∂y
dy. (2.12)

Or, in θ-space

TSTC(y) = −
y1∫
y

ME
∂θ

∂y
dy =

y∫
y1

ME
∂θ

∂y
dy =

θ(y)∫
θ(y1)

ME dθ. (2.13)

The last expression is the same as Eq. 11 in Klinger and Marotzke (2000) and
Eq. 8 in Held (2001).

The meridional energy transport of the STC is obtained by zonally inte-
grating the temperature flux and multiplying by Cp, the heat capacity of the
ocean

ESTC(y) = Cp

λ2∫
λ1

dx

y∫
y1

ME
∂θ

∂y
dy. (2.14)
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Chapter 3

Impact of idealised zonal wind
stress perturbations

In Chapter 1 we revised STCs properties as found in literature, showing that
the importance of thermocline ventilation provided by STCs on connecting
equatorial and off-equatorial regions is undoubted. Still, the role of local and
non-local wind stress forcing on the equatorial ocean state and the relative
role of STCs must be clarified, as long-lasting changes of the extratropical
wind stress forcing can significantly affect tropical ocean variability (Alexan-
der 2010). Bryan (1982) in fact show that changes in the zonally-integrated
wind stress have a direct influence in the Ekman layer mass transport. The
resulting wind-driven circulation is found in the thermocline (Pedlosky 1987),
since the vertical structure of the thermocline is strongly linked to the hor-
izontal structure of the ocean surface circulation (Luyten et al. 1983) and
the ocean motion in the first 1000 m of depth is mostly wind-driven (Huang
and Qiu 1994). Moreover, the compensating barotropic return flow occurring
at relatively shallow depths involves STCs dynamics (Klinger and Marotzke
2000).

In the present chapter, we are going to assess the role of local and non-
local wind stress forcing on the shallow meridional overturning circulation of
the Pacific Ocean. Furthermore, the impact of the altered STCs transport
on the equatorial surface and sub-surface ocean state will be evaluated. This
chapter includes material published in Graffino et al. (2018).

39
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3.1 Wind Stress Forcing of Pacific STCs

While McCreary and Lu (1994) crown the off-equatorial wind stress forcing
as primary driving mechanism of Pacific STCs, Liu et al. (1994) specifically
address the role of the equatorial wind stress the subtropical-tropical mass ex-
change. In particular, Liu et al. (1994) show that the absence of the equatorial
forcing essentially cuts off the remote connection, thus giving a minor role to
the subtropical wind stress forcing. However, wind stress patterns at the Sub-
tropics can affect the tropical temperature field significantly by changing the
mean depth of the equatorial thermocline (Liu and Philander 1995; Hazeleger
et al. 2001b). Assessing the role of the thermocline in this respect is impor-
tant, because of the observed correlation between upper-ocean heat content
and thermocline depth (Rebert et al. 1985). Still, the properties of STCs in
Liu and Philander (1995) model simulation are mainly determined by tropical
easterlies, while the subtropical forcing is only able to slightly affect the EUC
mass transport by changing the western boundary supply. By performing sev-
eral sensitivity tests, Kleeman et al. (1999) nonetheless identify the wind stress
variability in the subtropical Pacific Ocean as the source of STCs transport
anomalies; in that region, anomalous latent heat fluxes forced by wind stress
variations also provides a driving mechanism for ocean-atmosphere coupled
decadal variability (Nakamura and Yamagata 1999).

The role of the wind stress forcing on STCs dynamics is further addressed
by Klinger et al. (2002). In particular, despite the expected minor role of the
extratropical wind stress on altering time-mean STCs properties, they acknowl-
edge that it could have an important role on the transient phase by changing
the inter-ocean circulation with the Indian basin. Using the same 3-1/2-layer
model of Lu et al. (1998) over a simplified version of the Pacific Ocean, Klinger
et al. (2002) in fact impose different wind stress patterns (both time-constant
and time-oscillating) on the sea surface and compare the obtained results with
a climatological control run. The amplitude of the generated signal at the
Equator is found to be very sensitive to different oscillation periods, suggest-
ing that a maximum response could be achieved with a properly-chosen forcing
period. Moreover, the transient response of the circulation consists of a fast
adjustment of the poleward surface flow, and a slower modification of both
equatorward and upwelling motions, taking up to 10 years to reach an equilib-
rium value. Employing the same numerical setup of Lu et al. (1998), Solomon
et al. (2003) further show that STCs variability responds almost linearly to
changes in the wind stress forcing.
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Klinger et al. (2002) also show that changing the intensity of the trade
winds just modifies the longitudinal extent of the STCs-related equatorial up-
welling, but it does not increase the upwelling intensity itself. However, this is
not the case for other model studies (e.g., Capotondi et al. 2005). According to
Lohmann and Latif (2005) simulations, a weakening of the trade winds could
actually bring to a reduced Ekman transport divergence in the upper equato-
rial ocean, and the resulting negative wind stress curl anomaly at subtropical
latitudes causes a local shoaling of the thermocline (Capotondi and Alexander
2001), with a consequent spin-down of STCs. Nonaka et al. (2002) show in-
stead that SST at the Equator is not very sensitive to midlatitude wind stress
variability (north of 25◦N and south of 20◦S), claiming that equatorial SST
is more susceptible to tropical wind stress forcing, as also confirmed by the
simulation study of Capotondi et al. (2005). Perhaps, as suggested by Nonaka
et al. (2006), the wind stress anomalies employed by Nonaka et al. (2002) are
not large enough to drive a substantial response. Nonaka et al. (2002) simu-
lations also support the v′ T mechanism introduced by Kleeman et al. (1999),
since part of the equatorial ocean variability is driven by off-equatorial winds
through STCs circulation. There is a lag of about 2 years between locally and
remotely-forced equatorial SST anomalies, with Nonaka et al. (2002) suggest-
ing that STCs act on maintain and eventually amplify anomalies driven by
local winds, and not initiate them; this is also confirmed by McGregor et al.
(2008) model simulations.

Nonaka et al. (2006) force a global ocean model with a climatological wind
stress forcing on the tropical ocean and a modified forcing on the Extratropics,
in order to study the role of strengthened and weakened midlatitude westerlies
on the equatorial thermocline. They show that changes in the midlatitude wind
stress pattern induce a striking alteration of the local mixed layer, bringing
to the formation of mixed-layer-depth fronts and alteration of the subtropical
stratification and water subduction. However, STCs mass transport does not
change much during all experiments, with the resulting variations in the equa-
torial stratification mostly due to planetary waves propagation. According
to McGregor et al. (2007, 2008) model simulations, the role of off-equatorial
winds poleward of 12.5◦ is small but statistically significant in forcing Pacific
low-frequency variability and generating thermocline depth anomalies at the
Equator. Instead, western boundary reflection of planetary waves is important
for the equatorial thermocline forcing just within 20◦ of latitude; poleward of
this latitude, the role of waves reflection is negligible. However, perturbation
experiments performed by Lübbecke et al. (2008) show that near-surface equa-
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torial temperature anomalies are primarily governed by wind-driven changes
in the EUC. More specifically, equatorward transport of subtropical thermo-
cline water associated with STCs is significantly affected by low-frequency
variability of the off-equatorial wind stress. Thus, STCs variability is driven
by off-equatorial forcing and is anti-correlated with equatorial SST and EUC
variability. The statistical relationship is weak on interannual timescales but
stronger on decadal timescales, with equatorial and off-equatorial contributions
becoming almost equal as also confirmed by Farneti et al. (2014a,b). Lübbecke
et al. (2008) further speculate that discrepancies between computed net equa-
torward transport and equatorial SST trends among models could be due to
the different employed horizontal resolution, especially for what concerns a
correct reproduction of western boundary currents.

Farneti et al. (2014b) introduce an ocean-atmosphere feedback involving
STCs intermediation. They show that wind stress anomalies in the North
Pacific, generated by tropical SST forcing, can affect the subtropical gyre cir-
culation, which in turn changes the Ekman transport altering the northern
STC circulation and associated heat transport; finally, a thermal response is
obtained at the Equator. In this way, decadal variability of the tropical SST
can be driven by extratropical atmospheric circulation patterns; we will further
explore this point in Chapter 4. The schematic of the mechanism proposed
by Farneti et al. (2014b) is shown in Fig. 3.1. The initial forcing is provided
by a tropical SST anomaly, which affects the atmospheric Hadley cell and
the wind stress pattern over the Pacific Ocean. The altered STC circulation
forces an equatorial anomaly, damping the initial one and giving way to a neg-
ative feedback process on decadal timescales. An equilibrium between forcing
and response is reached after 5-10 years from the beginning of the simulation,
consistent with both baroclinic adjustment and STCs forcing mechanisms.

3.2 Experimental Setup

In the present chapter, our main purpose is to assess the effect of subtropical
and extratropical wind stress on STCs dynamics, and how their transport
modifications propagate and influence the equatorial ocean state. We carried
out similar analyses on a set of equatorial experiments, in order to have a direct
comparison between locally and remotely-forced perturbation anomalies.

Starting from the last 200 years of the control run described in Chapter 2,
we performed several perturbation experiments using time-constant wind stress
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Figure 3.1: Schematic of the tropical-subtropical, ocean-atmosphere feedback in the Pacific
Ocean, involving the horizontal gyres (TG: tropical gyre, STG: subtropical gyre, SPG:
subpolar gyre) and subtropical vertical cell (STC: subtropical cell). Taken from Farneti

et al. (2014b).

Experiment τx Time (years)
Control NYF 1400

10 NYF±10% 20
20 NYF±20% 20
30 NYF±30% 20
40 NYF±40% 20
50 NYF±50% 20

Table 3.1: Main characteristics of the idealised perturbation experiments. τx is the zonal
wind stress applied to the ocean surface during each experiment. The ocean model

computes the zonal wind stress from the climatological zonal wind (NYF, CORE-I dataset;
Griffies et al. 2009). Then, during the perturbation experiments, an anomaly is added to
the climatological wind stress as a fraction, positive or negative, of the wind stress itself.

anomalies (Table 3.1). Each zonal wind stress anomaly used in the simulation
is obtained as a fraction of the climatological value, and then added to or
subtracted from the NYF field. Figure 3.2 shows the zonal average of the zonal
wind stress anomalies. Zonal wind stress anomalies (Figure 3.3), superimposed
on the NYF forcing, are chosen according to their geographical pattern and
location, or by choosing a proper wind stress threshold that would maintain
continuity with the climatological contours (Figure 3.3a). For each case, ten
experiments are performed (Table 3.1) in order to assess the possibility of a
linear relationship between the forcing applied and STCs response. Anomalous
forcing experiments are 20 years long, and we show results averaged over the
last 5 years.
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Figure 3.2: Zonal average of the zonal wind stress anomalies (N/m2), computed from the
climatological value of the zonal wind stress from the CORE-I dataset (Griffies et al.

2009). Each anomaly is added or subtracted to the NYF, after been multiplied by a factor.

3.3 Results

We designed our experiments to test the sensitivity of a time-constant zonal
wind stress anomaly on STCs, located at some specific latitudinal range. Thus,
they are not meant to reproduce any observed variability, but rather to quantify
and test the sensitivity of STCs to idealised and realistic forcing anomalies.
Although the absolute value of the imposed surface anomalies lies between the
observed variability at both Subtropics and Extratropics (not shown), their
duration is not realistic and serves the purpose of testing different hypotheses.

3.3.1 Equatorial Anomalies

Ten experiments are performed imposing a zonal wind stress anomaly at the
Equator (Figure 3.3b). Five experiments have strengthened wind stress anoma-
lies added on the climatological forcing in that region, five have instead weak-
ened anomalies. The pattern extends from 8◦N to 8◦S in latitude and from
170◦E to 100◦W in longitude, with values smoothed linearly to zero at the
edges. The shape is similar to the region defined by England et al. (2014)
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(a) Climatology (b) Equator

(c) North Subtropics (d) South Subtropics

(e) North Extratropics (uncut) (f) South Extratropics (uncut)

(g) North Extratropics (cut) (h) South Extratropics (cut)

Figure 3.3: Climatological zonal wind stress (N m−2) and zonal wind stress anomalies
(N m−2) from the CORE-I dataset (Griffies et al. 2009), which are multiplied by a factor

and then added to or subtracted from the applied wind stress field.
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as the IPO-related contribution to the strengthened trade winds circulation in
the Pacific Ocean. The equatorial experiments assess the impact of zonal wind
stress anomalies at the Equator on Pacific STCs.

The largest STCs mass transport is expected to be found at 15◦N and 15◦S
(McPhaden and Zhang 2002). However, our equatorial wind stress anomalies
do not give any substantial response at those latitudes. Figure 3.4 shows in-
stead time series of the equatorward mass transport at 9◦N and 9◦S, close to the
boundaries of the anomaly. The meridional transport from each experiment
is zonally-integrated on the whole Indo-Pacific basin, vertically-integrated in
the first 1000 m, and finally subtracted from the control value. At 9◦N an in-
creasing divergence of the equatorward mass transport from the control value
is observed as the magnitude of the zonal wind stress anomaly increases. In-
stead, at 9◦S the behaviour is more chaotic, probably due to the contribution
of the Indian Ocean in the computation. However, equatorial mass transport
anomalies are less than a tenth of the control value.

Figure 3.4: Time series (25-months running mean) of the zonally and vertically-integrated
anomalous equatorward transport (Sv) for the equatorial experiments at 9◦ of each

hemisphere in the Indo-Pacific Ocean. Anomalies are computed as deviations from the
control value. In the legend, + refers to strengthened anomalies and - to weakened

anomalies.

The top panels in Figure 3.5 show the anomalous transports for some se-
lected experiments. For convenience, we just show results for the strength-
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ened anomalies. Although the impact of the equatorial wind stress anomalies
on the overturning circulation is significant, the signal is confined to 10◦N-
10◦S and to a limited potential density range (1030-1032kg m−3), and thus
does not involve the Subtropics. Therefore, our experiments suggest that an
equatorially-confined wind stress anomaly, however strong, is only able to force
local overturning structures very close to the Equator such as TCs, but not
STCs, with meridional energy transport anomalies restricted to a small lat-
itudinal range across the Equator. Since TCs act over a weak temperature
gradient, their energy transport is limited even in the case of strong wind
stress forcing.

The zonal velocity structure driven by equatorial wind stress anomalies
has a dipolar shape. In Fig. 3.5 (middle panels), positive (negative) velocity
anomalies in the lower (upper) pycnocline are obtained from the strengthened
experiments; the pattern is instead reversed for weakened anomalies.

A thermal response at the Equator is clearly shown in Figure 3.5 (bottom
panels), larger in the western Pacific Ocean and with anomalies up to 3◦C.
As we will show later, these signals are different from a typical STCs response
(see Fig. 3.9), being related with a local adjustment of the thermocline to
the wind stress forcing, rather than to a remote advection involving STCs. In
fact, a stronger (weaker) zonal wind stress at the Equator pushes more (less)
efficiently the surface water towards the west, and the equatorial thermocline
tilt is enhanced (reduced). For strengthened wind stress anomalies, a steeper
thermocline results in a warm anomaly in the West Pacific and a cold anomaly
in the East Pacific.

At the surface, a typical La-Niña condition develops for strengthened anoma-
lies (Figure 3.6), with a cold SST anomaly (up to 1◦C) developing at end of
the simulations along the Equator. Conversely, weakened wind stress patterns
build up an El-Niño SST pattern. This temperature response is quite remark-
able, since the NYF atmospheric state at the surface is constantly damping
any ocean thermal anomaly, constraining the simulated SST toward the cli-
matological atmospheric state.

By changing the equatorial wind stress strength, we are also changing the
mass transport across the Indonesian straits (Fig. 3.7). The anomaly of the
ITF mass transport from the strongest experiments is up to 2 Sv, or about 15%
with respect to the control transport of 11-12 Sv. Furthermore, the strength
of the transport anomaly is similar to what has been estimated by previous
studies (Meyers 1996; England and Huang 2005). It also explains the different
behaviour between STCs mass transport time series in the Northern Hemi-
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sphere (Fig. 3.4, left panel) and in the Southern Hemisphere (Fig. 3.4, right
panel). In fact, as the mass transport integration (Eq. 2.1) is performed over
the whole Indo-Pacific basin, time series at 9◦N are poorly influenced by the
Indian Ocean part, whereas the altered ITF transport and the related changes
in the Indian Ocean circulation strongly affects the computation at 9◦S. As
soon as the wind stress anomaly sets on, the ITF transport is modified with
little delay. Then, it decays for some time before stabilisation. The effect of an
altered ITF transport on the Indian Ocean is displayed by a remarkable SST
signal, as well as a modified ocean heat content in the upper Indian Ocean
(not shown).

3.3.2 Subtropical Anomalies

The main STCs driving mechanism occurs through changes of the wind stress
at the Subtropics, as first suggested by McCreary and Lu (1994). Therefore, we
expect to obtain the largest STCs response by locating a wind stress anomaly
in these regions. We performed twenty experiments (ten in each hemisphere,
Figure 3.3c,d), employing both strengthened and weakened anomalies.

As shown in Figure 3.8, the effect of subtropical wind stress anomalies is
large on STCs mass transport, up to 10-12 Sv at 15◦ in each hemisphere; at its
maximum, the anomalous transport is roughly one third of the control value
for both hemispheres. The stabilisation of the trends occur on a decadal time
scale, and is faster for the Northern Hemisphere experiments.

Some examples of the structure of the STCs response are shown in Figure
3.9. Compared to the signal generated by equatorial anomalies (Figure 3.5),
here we can see a proper response of STCs involving the whole overturning
structure from the Equator to the subtropical region. Only the Northern
Hemisphere strengthened experiments are shown, being the response obtained
from other experiments very similar.

A broad meridional ocean energy transport anomaly, straddling the whole
subtropical and tropical regions, is obtained for both Northern and Southern
Hemisphere experiments (not shown). The anomalous energy transport spans
the whole subtropical region, with anomalies ranging from 0.03 PW (10% of
the control value) for the 10% experiment to 0.3 PW (60% of the control value)
for the 50% experiment. It should be noted that the computation includes the
Indian Ocean transport, mostly affecting the Southern Hemisphere estimate.
A linear relationship between meridional energy transport and wind stress
holds, mainly for small anomalies. For larger anomalies (40% and 50%) this
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relationship is lost. In fact, large wind stress anomalies are affecting not only
STCs, but significantly modify energy transports related to the wind-driven
gyre.

By changing STCs transport, subtropical wind stress anomalies are able to
drive a considerable response at the Equator (Figure 3.9, central and bottom
panels). Comparing our subtropical results with the equatorial ones (Figure
3.5), we can see how the two responses are significantly different. In the equa-
torial experiments, although the thermal signal can be stronger locally, as in
the West Pacific, we do not see any STC-related effect. Instead, cold anomalies
arising in the equatorial thermocline from the strengthened subtropical wind
stress anomalies can be traced to a remote response due to STCs. In fact, an
accelerated STC is able to draw deeper (and colder) water to the Equator, by
feeding the EUC (Fig. 3.9, middle panels). Similarly, weakened subtropical
wind stress anomalies drive warm anomalies at the Equator by slowing down
the EUC and reducing the local upwelling of relatively cold waters. In this
respect, our results differ from the conclusions given by Liu and Philander
(1995), whose EUC response to off-equatorial wind stress forcing is said to be
very limited, whereas in our experiments EUC is accelerated (decelerated) for
strengthened (weakened) wind stress (not shown).

Looking at the sea surface (Figure 3.10), a cold SST signature develops
from the 20% strengthened experiment onwards. A warm response is instead
obtained in the weakened experiments (not shown). Considering only the
north-subtropical experiments, both strengthened and weakened 50% wind
stress anomalies force a response up to 0.48◦C in the Niño 3.4 region. South-
subtropical experiments drive a slightly smaller thermal signal. These values
are very close to the threshold (0.5◦C) associated to a warm or cold ENSO
phase. The equatorial SST adjustment time is faster for the northern subtrop-
ical experiments (not shown), because part of the wind stress anomaly is very
close to the Equator. Instead, the southern subtropical wind stress anomaly
takes up to 10 years to force an equatorial response.

There is no significant anomaly in the ITF transport in any of the sub-
tropical experiments (not shown). This result suggests that strengthening or
weakening subtropical wind stress does not lead to any appreciable modifica-
tion of the ITF mass transport.
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Figure 3.5: (Top panels) Zonally-integrated mass transport on potential density
coordinates (kg m−3, referred to 2000 dbar) over the Indo-Pacific Ocean. Time-mean

overturning (left), 10% (center) and 50% (right) anomalies for the strengthened equatorial
experiments. Red structures are clock-wise cells and blue ones are counterclock-wise. Units
are Sverdrup (1 Sv = 106 m3 s−1). (middle panels) Zonal cross sections of zonal velocity
(m/s) at the Equator for the control run (left panels, contours), and anomalies for the 10%

and 50% (middle and right panels, contours) strengthened equatorial experiments,
superimposed on isolines of potential density (kg m−3, referred to 2000 dbar). (Bottom
panels) Zonal cross sections of temperature (◦C) at the Equator for the control run (left
panels, contours), and anomalies for the 10% and 50% (middle and right panels, contours)
strengthened equatorial experiments, superimposed on isolines of potential density (kg

m−3, referred to 2000 dbar).
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Figure 3.7: Time series (25-months running mean) of the Indonesian Throughflow mass
transport (Sv) for the equatorial experiments, shown as anomalies relative to the control
run. In the legend, + refers to strengthened anomalies and - to weakened anomalies.

Figure 3.8: As in Fig. 3.4 but for the northern subtropical (left panel) and the southern
subtropical (right panel) experiments at 15◦ of each hemisphere in the Indo-Pacific Ocean.
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Figure 3.9: As in Fig. 3.5 but for the northern subtropical experiments.
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3.3.3 Extratropical Anomalies

We showed how a subtropical zonal wind stress anomaly can influence STCs
dynamics. Our next purpose is to verify whether such influence can be observed
with an anomaly located further poleward. In fact, many midlatitude weather
regimes are related with characteristic zonal wind stress patterns in the Pacific
sector, possibly affecting STCs circulation as shown in Chapter 4.

We perform two sets of experiments imposing idealised extratropical wind
stress anomalies, extending up to 45◦ in each hemisphere, with a linear smooth-
ing at the edges of the anomaly. As before, the intensity of the anomaly was
a fraction of the climatological zonal wind stress (Table 3.1). In one set, the
wind stress anomaly reaches into the Subtropics, as far as 15◦ (Fig. 3.3e,f),
whereas the second set starts at 20◦, and it is considered purely extratropical
(Fig. 3.3g,h). The first set is called UNCUT, the second is named CUT.

A remarkable response, able to force a stable thermal signal in the equa-
torial thermocline up to the surface within 12 years, is only found in the case
where anomalies reach the edge of the subtropical gyre (UNCUT experiments).
Using the CUT anomalies instead, any significant STC response is vanished,
as well as the thermal equatorial signal. This is clearly shown in Fig. 3.11 for
the equatorial ocean structure, and in Fig. 3.12 for the sea surface tempera-
ture. Presumably, all anomalous mass transport generated by the CUT wind
stress anomaly is recirculating within the subtropical gyre, without reaching
the equatorial region. This confirms that STCs are mainly forced by wind
stress at the cutoff latitude for subtropical subduction, ranging from 15◦ to
20◦, at the edge of the subtropical gyre.

3.3.4 STCs Meridional Energy Transport

In Figure 3.13 we show STCs meridional energy transport anomalies generated
by equatorial and subtropical wind stress anomalies according to the metrics
introduced in Chapter 2.

As expected, equatorial experiments show very weak associated anoma-
lies (Fig. 3.13a,c), with some significant deviations from the control state
only within the equatorial region. Subtropical experiments are instead asso-
ciated with large STC meridional energy transport anomalies, extending up
to 20◦(Fig. 3.13b,d). Meridional energy transport anomalies directly related
to STCs account for ≈1/3 of the total transport anomaly (not shown). The
relative role of STCs is larger for modest anomalies, whereas it becomes less
important for the strongest cases. As we already mentioned, this is probably
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Figure 3.11: As in Fig. 3.5 but for the 50% strengthened UNCUT and CUT northern
extratropical experiments.

due to the intensification of the wind-driven subtropical gyre, transporting
larger and larger amount of heat poleward. For what concerns the extratropi-
cal experiments, although UNCUT wind stress anomalies are able to generate
remarkable energy transport anomalies, even similar in magnitude to the sub-
tropical experiments, CUT wind stress anomalies instead give basically no
signal (not shown). This further emphasise the importance of the wind stress
forcing acting on the 15◦-20◦ latitudinal region on altering STCs dynamics.

3.4 Discussion

The overall behaviour of the northern-hemisphere idealised experiments is
summarised in Figure 3.14, where anomalies in equatorward mass transport,
northern STC energy transport and equatorial SST are plotted against values
of anomalous wind stress forcing. The agreement between the regression lines
and our key metrics in Fig. 3.14 supports a linear relationship with the applied
wind stress forcing (angular coefficients are showed for each regression line).
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Figure 3.12: As in Fig. 3.6 but for the for the 50% strengthened UNCUT and CUT
northern extratropical experiments.

Subtropical experiments show a symmetric behaviour between strengthened
and weakened experiments, in both equatorward mass transport and STC en-
ergy transport. Instead, equatorial SST anomalies induced by the equatorial
experiments does not show similar behaviours for strengthened and weakened
experiments, making harder the interpretation of STCs influence on SST in
terms of a linear response.

Equatorial experiments are not able to drive a substantial response in terms
of either mass or energy transport. In fact, however strong, equatorial wind
stress anomalies are always related to a local dynamical adjustment, with a
thermal signal due to local adjustments of the thermocline to changing wind
stress forcing. Thus, here only the shallower Tropical Cells are excited. Al-
though equatorial wind stress anomalies do not involve modifications of STCs
transports, they could in fact set up the appropriate initial conditions for a
tropical-extratropical teleconnection, whereby the thermally-direct Hadley cell
anomalies can produce subtropical wind stress and wind-stress curl changes
leading to STCs anomalous transports feeding back to the Equator, resulting
in opposite anomalies as hypothesised in Farneti et al. (2014b). The oceanic
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Equatorial Anomalies Subtropical Anomalies
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Figure 3.13: STC meridional energy transport (1 PW = 1015 W) for all northern (top row)
and southern (bottom row) idealised experiments, estimated using Eq. 2.4. Anomalies

shown are from the equatorial (left column) and subtropical (right column) experiments.

component of this oscillation is tested and quantified here, however the com-
plete cycle can only be reproduced within a coupled model, and not in our
ocean-only setup which is also damping our surface anomalies due to the im-
posed atmospheric state.

SST anomalies in the Niño 3.4 region are larger in the equatorial exper-
iments with respect to other regions, stressing the importance of local wind
stress forcing on the equatorial ocean state. Despite the climatological atmo-
spheric surface temperature applied to the model, remotely-induced thermal
anomalies in the equatorial thermocline are able to propagate to the surface,
with values up to 0.5◦C in the central Pacific Ocean. These values are com-
parable with those found by Farneti et al. (2014a) using an OGCM forced by
the interannual CORE-II forcing during the period 1948–2007.

Subtropical wind stress anomalies produce the largest values of STCs mass
and energy transport anomalies. Overall, subtropical zonal wind stress anoma-



3.4. DISCUSSION 59

lies are found to be the strongest forcing mechanism of STCs in the Pacific
Ocean, as predicted by previous theoretical studies (e.g., McCreary and Lu
1994). On the other hand, extratropical wind stress anomalies are also ca-
pable of driving a substantial response in the overturning cells. Nevertheless,
the signal reaching the Equator is generated within the 15◦-20◦ region, at the
equatorward edge of the subtropical gyre, whereas any anomalous transport
generated north of that latitude recirculates within the gyre.

Our ocean-only idealised experimental setup proved very useful in high-
lighting some fundamental properties of STCs dynamics and its connection
to the tropical ocean. However, the time-independent and idealised charac-
ter of the applied wind stress anomalies and the absence of ocean-atmosphere
coupling are strong limitations. These points are addressed in the following
chapters.
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Equatorial Anomalies Subtropical Anomalies

Figure 3.14: Absolute value of anomalies in equatorward mass transport (top row),
northern STC meridional energy transport (middle row) and equatorial SST (bottom row)
plotted against wind stress anomaly for equatorial (left column) and subtropical (right

column) wind stress patterns. Mass transports are evaluated as the maximum
time-averaged, zonally-integrated, vertically-integrated equatorward mass transport

anomaly in the region 10◦- 30◦N. STC energy transport are evaluated as the time-averaged,
zonally-integrated energy tranport anomaly at 15◦N. Equatorial SST anomalies are

evaluated in the Niño 3.4 region (5◦N - 5◦S, 120◦- 170◦W). Solid and empty circles denote
strengthened and weakened experiments, respectively. Linear fits are showed for each
experimental set, together with the angular coefficient a of the regression line y = ax.



Chapter 4

Impact of COWL-related zonal
wind stress perturbations

In Chapter 3 we explored the impact of the off-equatorial wind stress forcing
on STCs employing idealised wind stress patterns. However, intensity and
duration of the applied anomalies were not realistic, and they were meant to
assess the specific role of different regions on Pacfic STCs forcing. On the other
hand, observed atmospheric patterns are known to have a large impact on the
equatorial Pacific Ocean state, possibly involving STCs dynamics (Farneti et
al. 2014b; Molteni et al. 2017). In particular, low-frequency variations over
the North Pacific Ocean and associated teleconnections have large impact on
the global climate, with air-sea interactions playing a leading role (Namias
1959, 1969; Lanzante 1984) especially during winter (Van Loon 1979; Wallace
et al. 1990). The main source of decadal variability in the North Pacific has
always been matter of debate between local (Bjerknes 1964; White and Barnett
1972; Latif and Barnett 1996) and remote (Nitta and Yamada 1989; Graham
1994; Yukimoto et al. 1996) perspectives. However, sensitivity experiments by
Liu et al. (2002) and Wu et al. (2003) show that tropical Pacific and North
Pacific have separated oscillation mode, not originated but still influenced by
tropical-extratropical interactions.

In the present chapter we will evaluate the impact of an observed atmo-
spheric pattern on the Pacific STCs using similar metrics employed in Chapter
3, performing several ad-hoc perturbation experiments with the same global
ocean model (MOM5). This chapter includes material published in Graffino
et al. (2018).

61
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4.1 The Cold Ocean-Warm Land Pattern

Wallace et al. (1993) suggest that some of the Northern Hemisphere winter-
time warming trend observed from the 1960s to the 1980s (Manabe and Stouf-
fer 1980; Ingram et al. 1989) can be attributed to a recurrent atmospheric
pattern over the North Pacific Ocean. In fact, by examining land station
datasets of the Northern Hemisphere during anomalously warm winters, Wal-
lace et al. (1995) determine that about half of the temporal variance of the
monthly-averaged surface air temperature is related to a specific spatial pat-
tern, in which oceans are anomalously cold and continents are anomalously
warm. Furthermore, Wallace et al. (1996) show a monthly mean analysis of
the Northern Hemisphere 500 hPa geopotential height field from 1946 to 1993,
which is characterised by positive anomalies over Russia and North America,
and negative anomalies over the North Pacific and the Barents Sea. Because
of its spatial structure, by then this atmospheric regime has been referred to
as the Cold Ocean-Warm Land (COWL) pattern. Its occurrence and spatial
properties are confirmed by observations (Corti et al. 1999; Wu and Straus
2004), as well as by modelling studies (Broccoli et al. 1998).

Although at the beginning it has not been considered an atmospheric modal
structure on its own (Wallace et al. 1996), later on COWL gained a more “rig-
orous” definition in terms of Empirical Orthogonal Function (EOF) of the sea
level pressure and 500-hPa geopotential height fields over the Northern Hemi-
sphere (Wu and Straus 2004). From a more dynamical perspective, Molteni
et al. (2011a) interpret COWL as a thermally-balanced wave mode in terms of
thermal equilibration of planetary waves (Charney and DeVore 1979; Mitchell
and Derome 1983; Marshall and So 1990), defining a COWL index related to
the zonal-wavenumber 2 of the net surface heat flux over regions of large land-
sea contrast; the “traditional” definition of the COWL pattern corresponds to
the positive phase of this index. The importance of the wintertime large-scale
structure of atmospheric planetary waves on surface temperature variations
(especially on winter) has been firstly highlighted by Van Loon and Williams
(1976, 1977).

By using the ERA-interim reanalysis dataset (Dee et al. 2011), Molteni
et al. (2017) confirm that half of the spatial variance of the decadal variations
of 500 hPa geopotential height from the late 1990s to the early 2010s is in fact
explained by the COWL index defined by Molteni et al. (2011a), as shown in
Fig. 4.1. Some features of the observed decadal changes analysed by Molteni
et al. (2011a), Farneti et al. (2014b), and Molteni et al. (2017) show a phase
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shift of the COWL index towards a negative phase at the beginning of the
twenty-first century. Part of this pattern reversal could be SST-forced, as the
corresponding DJF 500 hPa geopotential height difference between 2000-2009
and 1990-1999 has a strong projection onto the Pacific Ocean, along with a
negative PDO pattern in the corresponding SST field (Farneti et al. 2014b).

Figure 4.1: Covariance of Northern Hemisphere fields with the normalized wavenumber-2
heat flux index introduced by Molteni et al. (2017) in ECMWF System-4 (Molteni et al.
2011b): (a) 500 hPa geopotential height (m), (b) 10 m zonal wind (m s−1), (c) upward
latent and sensible heat flux (W m−2), and (d) 2 m temperature (◦C) for DJF from

1981/1982 to 2012/2013. Taken from Molteni et al. (2017).

Wallace et al. (1995, 1996) explain the strong linear correlation between
the amplitude of COWL and hemispheric-mean temperature in terms of the
smaller heat capacity of land with respect to ocean: on monthly timescales,
lands would equilibrate faster with the overlying surface air temperature, ex-
periencing larger temperature variability in response to the atmospheric cir-
culation dynamics with respect to oceans (Barnett 1978). Thus, variations of
the hemispheric-mean temperature associated with COWL occur in response
to changes in configuration of warm and cold air masses relative to the land-
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ocean distribution below (Wallace et al. 1995). Wallace et al. (1995) also
mention the potential influence on the observed COWL pattern arising from
regional anomalies induced in the Northern Hemisphere by large climatic pat-
terns, such as ENSO (Trenberth 1990) and NAO (Deser and Blackmon 1993;
Hurrell 1995), with Wallace et al. (1996) further claiming that extratropical
coupled interactions contributes to COWL interdecadal variability. However,
cluster analysis performed by Corti et al. (1999) show that ENSO does not di-
rectly force any midlatitude atmospheric pattern (COWL included), although
a modification can occur in the frequency of occurrence of such modes. Us-
ing a long coupled integration, Broccoli et al. (1998) underline a minor role
for air-sea interactions in driving the observed COWL variability, in favour of
land-sea contrast. By employing ensemble simulations, Molteni et al. (2017)
further show that forcing from tropical SST is not the main source of the
COWL variability.

Molteni et al. (2011a) give some insight of the potential large-scale effects
of COWL on the ocean circulation: for example, the negative phase of their
COWL index would be the atmospheric driver of the North Pacific Gyre Os-
cillation (NPGO; Di Lorenzo et al. 2008). Moreover, a positive feedback may
arise between the North Pacific Ocean and the atmosphere, reinforcing the
existing COWL pattern (Molteni et al. 2011a). According to Molteni et al.
(2017), COWL has been relevant also for the global warming slowdown, be-
cause of its different seasonal impact on the Northern Hemisphere (Kosaka
and Xie 2013; Trenberth et al. 2014) and, more importantly for our analysis,
the potential influence of COWL on ocean tropical-extratropical interactions
(Farneti et al. 2014b; Molteni et al. 2017).

Molteni et al. (2017) further address the role of the COWL pattern dur-
ing the recent global warming slowdown, by employing the 32-year re-forecast
dataset of the ECMWF seasonal forecast (System-4; Molteni et al. 2011b).
Heat flux and temperature fields resulting from 51 realisations of the Northern
Hemisphere wintertime atmospheric conditions are considered, showing that
simulated SST in the Tropics maintain a strong consistency in the different en-
semble members, whereas the extratropical responses vary significantly. Thus,
alternative dynamical realisations with very similar tropical SST can be used
to assess the associated decadal trends at the midlatitudes. Two a-posteriori
ensemble means are also computed by Molteni et al. (2017) by giving different
weights to specific members: in one case (ENS_A) higher weights are given
to ensemble members reproducing observed COWL anomalies, in the other
case (ENS_0 ) to members with no COWL response. In this way, Molteni
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et al. (2017) show that ENS_A more closely reproduces the observed ocean-
atmosphere heat exchange decadal variability than ENS_0, highlighting the
important role of the COWL pattern in the climate of the last decade and, at
the same time, the influence of the heat flux in driving extratropical planetary
waves affecting wintertime atmospheric conditions. Observed trends of sur-
face air temperature and winds at the Extratropics also show features strictly
related to COWL anomalies.

4.2 Experimental Setup

In Chapter 3 we employed idealised wind stress anomalies to assess the role of
different regions on forcing a proper STCs response. We now make a step fur-
ther, considering the effect of realistic decadal wind stress anomalies on STCs.
Wind stress patterns associated with observed decadal COWL variability are
selected because of its potential to contribute to global climate variability and
STCs dynamics (Farneti et al. 2014b; Molteni et al. 2017).

Two zonal wind stress anomaly patterns, originally called ENS_A and
ENS_0, are obtained from the ECMWF seasonal forecasting System-4 by
Molteni et al. (2017), as we briefly explained before. One wind-stress anomaly
pattern (COWL) is generated to match as close as possible the observed
COWL-related wind stress difference between the two periods 2009/2013 and
1996/2000 (Fig. 4.2, left panel), while the other (NOCOWL; Fig. 4.2, right
panel) is designed to have no projection on the COWL pattern. We choose to
use different names with respect to Molteni et al. (2017) study, in order to make
easier the interpretation of results related with each wind stress anomaly. It
should be noted that both anomalies have very similar equatorial wind stress
pattern, while they differ substantially in subtropical regions. Furthermore,
being derived from ensemble members of the ECMWF seasonal forecast, they
are dynamically consistent wind stress patterns. Anomalies are added or sub-
tracted from the NYF field, as explained in Chapter 2. Thus, by analysing
the difference in the response between the experiment COWL and NOCOWL,
we are able to investigate the impact of observed decadal off-equatorial wind-
stress anomalies on STCs as well as on equatorial thermocline and sea surface
temperature.
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Figure 4.2: Ensemble means obtained from the ECMWF seasonal forecast System-4
(Molteni et al. 2011b). One ensemble-mean is representative of observed decadal changes
that can be described by a shift of the COWL-like pattern (Molteni et al. 2017), and is
composed of members reproducing closely the observed COWL anomalies (COWL; left

panel). The second ensemble-mean results from members whose response along the COWL
pattern is close to zero (NOCOWL; right panel).

Experiment τx Time (years)
Control NYF 1400
COWL NYF±ENS_A 20

NOCOWL NYF±ENS_0 20

Table 4.1: Main characteristics of the realistic perturbation experiments. τx is the zonal
wind stress applied to the ocean surface during each experiment. The ocean model

computes the zonal wind stress from the climatological zonal wind (NYF, CORE-I dataset;
Griffies et al. 2009). Then, during the perturbation experiments, an anomaly is added to
the climatological wind stress as a fraction, positive or negative, of the wind stress itself.

Employed wind stress anomalies are taken from Molteni et al. (2017).

4.3 Results

Table 4.1 briefly summarizes the main features of the performed simulations.
More specifically, a series of numerical experiments is performed by adding
COWL and NOCOWL anomalies to or by subtracting them from the NYF
field, without altering their intensity (time-constant experiments). In a differ-
ent set (time-varying experiments), the intensity of the wind stress anomalies
changes in time following a sinusoidal function, completing a half-cycle in 20
years. Unless otherwise stated, results are averaged over the last 5 years of the
simulation.
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4.3.1 Time-constant Anomalies

Time series at 15◦N (Fig. 4.3) shows the response of the equatorward mass
transport to the applied time-constant wind stress anomalies. The COWL
pattern modified the mass transport by about 2 Sv, stabilising after about 5
years. The signal generated by the NOCOWL pattern stabilises earlier with a
maximum value of 0.8 Sv.

Figure 4.3: Time series (25-months running mean) of the zonally and vertically-integrated
anomalous equatorward transport (Sv) for the time-constant COWL experiments at 15◦of
each hemisphere in the Indo-Pacific Ocean. Anomalies are computed as deviations from

the control value. In the legend, COWL+ and COWL- refer to strengthened and weakened
anomalies, respectively. NOCOWL+ and NOCOWL- refer to the ensemble mean not

projecting on the COWL pattern.

The main difference between the two applied wind stress patterns lies out-
side the Equator. Our results in Chapter 3 showed local wind stress forcing as
the main driver of thermal and velocity anomalies at the Equator. Hence, the
potential signal forced at the Subtropics is likely to be obscured by the locally-
generated response. Therefore, in the following we analyse the difference be-
tween both ensemble means, so highlighting any subtropically-generated signal.

As seen in Fig. 4.4 (top panels), the off-equatorial zonal wind stress related
to the COWL regime is able to force a distinct STC response in the Northern
Hemisphere. This anomalous mass transport alters the velocity structure in
the equatorial thermocline (Fig. 4.4, central panels), driving a thermal signal
through the same process we described in Chapter 3 in terms of the v′ T

mechanism (Kleeman et al. 1999) up to 0.4◦C (Fig. 4.4, bottom panels). The
response is nearly symmetrical for strengthened and weakened experiments.

At the surface, a warmer (colder) SST signal is generated at the Equator in
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Figure 4.4: As in Fig. 3.5 but for the realistic time-constant wind stress anomalies. Results
are presented as the difference between the ensemble mean reproducing the COWL pattern

(COWL experiments) minus the ensemble mean not projecting on COWL (NOCOWL
experiments).

the Pacific Ocean in response to strengthened (weakened) COWL wind stress
anomalies, compared to NOCOWL (Fig. 4.5). The equatorial response de-
velops along the whole basin, with a maximum value of 0.1◦C in the eastern
Pacific. Also, the sign of the anomaly is consistent with the sign of the subtrop-
ical wind stress of the COWL pattern (Fig. 4.2, left panel). The response time
of both COWL and NOCOWL experiments is very similar to what obtained
with our idealised equatorial wind stress anomalies (not shown), again high-
lighting the fundamental role of the local wind stress forcing on the equatorial
ocean state.

STC meridional energy transport anomalies obtained from COWL realis-
tic wind stress patterns extend up to 25◦N, and are comparable to the 20%
anomaly of our idealised subtropical experiments (not shown). NOCOWL in-
duced anomalies are close to zero, confirming the significant role played by the
subtropical sector of the COWL regime on STCs.
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Figure 4.5: As in Fig. 3.6 but for the realistic time-constant wind stress anomalies. Results
are presented as the difference between the ensemble-mean reproducing the COWL pattern

(COWL experiment) minus the ensemble-mean not projecting on COWL (NOCOWL
experiment).

4.3.2 Time-varying Anomalies

Two different kinds of time-varying wind stress anomalies are employed for
both COWL and NOCOWL patterns. The first type (COWL+ and NO-
COWL+) concerns a sinusoidal strengthening of the wind stress anomaly dur-
ing the first half of the simulation (10 years), with a subsequent weakening
in the second half for vanishing at the end of the simulation (20 years). The
second type of experiments (COWL- and NOCOWL-) is implemented in the
opposite way: weakening first and strengthening then, with the same tempo-
ral structure. In this way, we aim to assess the transient response of STCs to
changing wind stress forcing, as well as the residual STCs dynamics for zero
wind stress forcing. Again, in order to highlight the off-equatorial response we
analyse the difference between both ensemble means.

Time series of the equatorward mass transport (Sv) at 15◦N show an in-
creased (decreased) circulation during the strengthening (weakening) phase of
the oscillation, with a reversal of the trend during the second half of the sim-
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ulation (Fig. 4.6). However, there is some residual transport at the end of the
simulations, due to the slow STC-related mass transport adjustment. Com-
pared with the time-constant anomalies shown in Fig. 4.3, we see that a stable
configuration of STC mass transport can not be achieved in the time-varying
COWL simulations, although the maximum transport intensity is comparable
with the time-constant one, whereas in the NOCOWL experiments after a slow
increase in mass transport intensity there is no clear sign of a decreasing trend.

Figure 4.6: As in Fig. 4.3 but for the realistic time-varying wind stress anomalies.

The residual transport is more effectively shown in Fig. 4.7. The overall
picture is similar to what shown in Fig. 4.4. However, there are few notable
differences. In the top panels of Fig. 4.7, zonally-integrated mass transport
computations display a stronger northern STC structure for both COWL+
and COWL- patterns, with respect to NOCOWL+ and NOCOWL- anomalies.
The difference fields of the velocity structure at the Equator (middle panels of
Fig. 4.7) shows smaller values with respect to Fig. 4.4, with similar patterns
in COWL+ and NOCOWL+ experiments, and a larger tendency for positive
zonal velocities for COWL- and NOCOWL- anomalies. The residual STCs
circulation also results in a thermal response up to 0.1◦C in the equatorial
thermocline in COWL+ and COWL- experiments (bottom panels), as well as
in a small signal the equatorial sea surface temperature (not shown).

Focusing on the temperature trend, in Fig. 4.8 we show that both COWL+
and NOCOWL+ patterns produce significant decadal trends in all considered
regions (East Indian, West Pacific, and East Pacific Ocean). However, some
features are shared by both patterns (top and middle panels), like the east-
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Figure 4.7: As in Fig. 3.5 but for the realistic time-varying wind stress anomalies,
time-averaged over the last year of the simulation. Results are presented as the difference
between the ensemble-mean reproducing the COWL pattern (COWL experiment) minus

the ensemble-mean not projecting on COWL (NOCOWL experiment).

ern Indian Ocean warming trend (stronger close to the Indonesian Straits)
and the remarkable signal obtained in the southern subtropical Pacific Ocean.
The difference between the two patterns (bottom panels) highlights the strong
trends located in the northern subtropical Pacific Ocean, along with a warm-
ing tendency of the lower equatorial thermocline in both western and, more
weakly, eastern Pacific basin. A specular picture is obtained from the COWL-
/NOCOWL- experiments, in which a cold trend is obtained in the lower equa-
torial thermocline (not shown).

The decadal thermal trend along the Equator is shown in Fig. 4.9, where all
time-varying patterns are shown (top and middle panels) with the respective
differences (bottom panels). Remarkable temperature trends are produced by
all time-varying wind stress anomalies, with a warm tendency for COWL+ and
NOCOWL+ patterns, and a cold trend for COWL- and NOCOWL- patterns.
Focusing on the difference fields, a larger warming tendency located in the
lower thermocline of the western/central Pacific Ocean is obtained from the
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COWL+ experiment with respect to the NOCOWL+ experiment, along with
a weak cold signal in the eastern Indian Ocean. The colder trend obtained
from the COWL- experiment with respect to the NOCOWL- experiment is
instead located at upper depths and is stronger in the central Pacific Ocean.

4.4 Discussion

In the present chapter we showed how the COWL pattern, an observed atmo-
spheric regime particularly prominent over the extratropical Northern Hemi-
sphere (Wallace et al. 1996; Molteni et al. 2011a), is actually able to force the
North Pacific STC and affect the equatorial ocean state, as suggested by Far-
neti et al. (2014b) and Molteni et al. (2017). This further suggests a potential
role of midlatitude atmospheric modes on forcing STCs decadal variability. In
fact, although high-frequency atmospheric processes may have a larger effect
on short timescales, signals generated by low-frequency atmospheric variability,
however small, are much more important on longer timescales.

The response given by the subtropical sector of the COWL pattern confirms
what obtained with our idealised experiments (Chapter 3), although the use
of a single wind stress intensity does not allow an assessment of an eventual
linear relationship with the response magnitude. A remarkable signal is seen
at the Equator when we subtract COWL and NOCOWL response, the main
difference between the two wind stress patterns being found at the Subtropics
(Fig. 4.2). It is worth noting that the intensity of our realistic wind stress
anomalies is smaller with respect to our idealised ones, the subtropical sector
of COWL having a zonal wind stress comparable to the 10%-20% experiments
shown in Chapter 3. In fact, velocity and thermal response magnitude from
our realistic experiments is similar to what obtained with the 10% idealised
wind stress anomalies.

On the other hand, our realistic experiments also confirm the prominent
influence of the local wind stress forcing onto the equatorial ocean state. As
a matter of fact, there is no much difference in terms of equatorial SST re-
sponse between COWL and NOCOWL anomalies, and all simulations exhibit
an altered tilting of the equatorial thermocline (not shown), which however
does not involve any substantial STCs change as we explained in Chapter 3.
Instead, the northern STC is certainly involved on forcing the COWL-related
response at the Equator (Fig. 4.5), because of the thermal signal shown in
Fig. 4.4 (bottom panel) and the larger STC meridional energy transport com-
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pared with the NOCOWL case (not shown). However, we can not properly
assess eventual effects due to other tropical-extratropical interaction mech-
anisms, involving for example planetary waves propagation. We also stress
that any thermal signal generated at the sea surface is locally damped by the
climatological atmospheric forcing.

Time-varying wind stress experiments highlight some properties of STCs
transient response. Largest mass transport intensities are achieved a couple
of years later the reversal of the wind stress forcing on COWL+ and COWL-
cases, and a STC residual anomalous transport is observed even at zero-forcing
in all experiments. This shows that realistic wind stress variations do not
immediately induce a significant alteration of STCs dynamics, although the
equatorial SST responds quickly to the altered local forcing and its adjustment
is much faster (not shown).

For what concerns temperature trends, employing time-varying anomalies
it becomes evident that the largest effect related with COWL variations is
found at the Subtropics (Fig. 4.8, bottom panels), where the main difference
between COWL and NOCOWL wind stress anomalies is located. However,
in the lower thermocline of the equatorial Pacific a zonally-averaged decadal
trend of 0.1◦C is found in both COWL+/NOCOWL+ and COWL-/NOCOWL-
configurations. The decadal trend is also evident from a zonal perspective along
the Equator (Fig. 4.9), although the response tends to be larger at 5-10◦ of
latitude (not shown).

Numerical experiments performed with a global ocean model using realis-
tic wind stress anomalies basically confirm what obtained with the idealised
setup, and further provide an evaluation of the effect of an observed atmo-
spheric weather regime on low-frequency STCs variability, also from a time-
dependent perspective. Nevertheless, the use of a global ocean model forced
with prescribed atmospheric forcing does not allow an evaluation of potential
feedback mechanisms. Furthermore, long-term STCs variability can not be
addressed with our 20-years numerical experiments. In the next chapter we
assess STCs properties as simulated using state-of-the-art coupled models, in
pre-industrial and future scenario multi-century integrations.
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Figure 4.8: Time-averaged, zonally-averaged temperature trend (◦C/10 yr) for the realistic
time-varying wind stress anomalies. The regions shown are eastern Indian (80◦E-150◦E,
left column), western Pacific (115◦E-160◦W, middle column), and eastern Pacific Ocean
(160◦W-70◦W, right column). The top row concerns the COWL+ wind stress anomaly,
the middle row the NOCOWL+ wind stress anomaly, and the bottom row the difference

between COWL+ and NOCOWL+ anomalies.
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Figure 4.9: Time-averaged equatorial temperature trend (◦C/10 yr) for the realistic
time-varying wind stress anomalies. The top row concerns the COWL+ wind stress

anomaly, the middle row the NOCOWL+ wind stress anomaly, and the bottom row the
difference between COWL+ and NOCOWL+ anomalies.
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Chapter 5

STCs simulated by CMIP5 models

In Chapters 3 and 4 we showed how a global ocean model is able to repro-
duce several STCs properties, also providing an estimate of the impact of
idealised and realistic wind stress patterns on the Pacific shallow overturning
circulation. On the other hand, several studies highlight problems in cou-
pled ocean-atmosphere simulations of STCs (Solomon and Zhang 2006; Zhang
and McPhaden 2006; Yang et al. 2014) and, generally speaking, tropical-
extratropical interactions (Farneti 2017). In particular, Zhang and McPhaden
(2006) attribute the large variability of simulated STCs transport exhibited by
climate models to uncertainties on reproducing the tropical pycnocline, which
in turn largely depends on model resolutions and parametrizations, as well as
on the surface wind forcing. Similar problems actually affect also ocean mod-
els forced with the CORE-I NYF dataset (introduced in Chapter 2), poorly
reproducing the observed western Pacific Ocean thermocline due to an im-
perfect representation of the South American coastal upwelling (Griffies et
al. 2009). Still, the multi-model correlation between tropical SST (9◦N-9◦S,
90◦W-180◦W) and Pacific STCs transport standard deviations analysed by
Zhang and McPhaden (2006) is 0.79, higher than the 95% significance level.
However, they also note inconsistencies between modelled trends of SST and
STCs transport during the recent past.

In the present chapter we analyse several coupled simulations performed by
NOAA/GFDL models included in CMIP5 (Taylor et al. 2012). In particular,
we want to assess long-term STCs variability in unforced integrations, as well
its impact on equatorial climate. Moreover, we shall compare STCs meridional
energy transport in both pre-industrial and global-warming future scenario
simulations.

77
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5.1 STCs Variability in Coupled Models

We already discussed some aspects of low-frequency STCs variability in Chap-
ter 1. However, despite their potential importance for climate, in literature
only few studies assess STCs centennial-scale variations, harder to evaluate be-
cause of the short available observational record, as well as predicted changes
of STCs in future scenarios. An increasing number of studies instead attempts
an evaluation of STCs decadal-scale variability in historical simulations (e.g.,
Solomon and Zhang 2006; Zhang and McPhaden 2006; Yang et al. 2014).

By analysing Simple Ocean Data Assimilation reanalysis (SODA; Carton
and Giese 2008), Yang et al. (2014) find a positive trend of the equatorial
convergence mass transport from 1900 to 2008, with a stronger increase in the
Northern Hemisphere with respect to the Southern Hemisphere. They also
find a strengthening of the zonal SST gradient at the Equator, which in turn
accelerates the Walker circulation and, according to them, the oceanic STCs
transport. However, we showed in Chapter 3 that a stronger equatorial wind
stress forcing would result in a change of the equatorial thermocline tilting, not
involving STCs dynamics. Comparing results from a subset of CMIP5 models,
Yang et al. (2014) also compute a multiple model ensemble mean of equatorial
Pacific Ocean temperature from the 1871-2008 historical runs, obtaining a
warming trend at the surface and a cooling trend at the subsurface. According
to the models, this occurred together with a weakening of the trade winds, in
contrast with SODA reanalysis which shows instead intensified northeast and
southeast trades west of 120◦W. Thus, the subset of models analysed by Yang
et al. (2014) does not capture well long-term STCs variations.

Farneti (2017) shows that different unforced coupled models gave a weaker
equatorial mass convergence during the second half of the twentieth century
compared to observations, along with a weak correlation between equatorial
SST and STCs interior mass transport; a possible reason could be an incorrect
representation of the off-equatorial wind stress variability. In fact, results from
uncoupled models forced by atmospheric reanalysis are in better agreement
with the observed STCs properties, and give larger correlation between tropical
SST and STCs convergence.

Few studies assessed STCs response to future global warming and increas-
ing greenhouse emissions, using either single coupled model simulations or en-
sembles. Meehl et al. (2005b) simulate a strong reduction of STCs equatorward
transport in the interior ocean, using a coupled model forced by anthropogenic
global warming from 1900 to 2100. Lohmann and Latif (2005) find a weaken-
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ing (strengthening) STC circulation in the Northern (Southern) Hemisphere in
a 240-yr global warming scenario simulated by a coupled model, as confirmed
by Park et al. (2009) and Wang and Cane (2011) simulation studies.

With a multi-model intercomparison study on the second half of the twen-
tieth and twenty-second centuries, Luo et al. (2009) show a redistribution of
equatorward transport in a warmer climate from the interior to the western
boundary contribution, but with a relatively small change in the total STCs
transport. Using a subset of CMIP3 models (Meehl et al. 2007), Wang and
Cane (2011) question those results by showing no compensation between west-
ern boundary and interior components, with the former depending more on
the modelled shoaling of the equatorial pycnocline base in the western Pacific
and the latter related with wind-driven changes of the equatorial ocean vertical
structure (Vecchi et al. 2006; Vecchi and Soden 2007; Clarke 2010). In par-
ticular, weakening interior trends would be responsible for a decreased STCs
equatorward transport, as already shown by McPhaden and Zhang (2002)
using observations, and by Zhang and McPhaden (2006) using coupled simu-
lations. There are also interhemispheric contrasting trends of the STCs pole-
ward branches obtained by Wang and Cane (2011), confirming Lohmann and
Latif (2005) model results and attributed to changes in the off-equatorial wind
stress forcing. Overall, opposing results coming from different observational
and modelling studies suggest that the STCs response to past, present, and
future global warming is not easy to discern with available models and obser-
vations.

5.2 Experimental setup

Among the models available in CMIP5, in Chapter 2 we mentioned our choice
to analyse outputs coming from NOAA/GFDL coupled models, listed in Ta-
ble 5.1. This choice has two motivations. First of all, it fits with our previous
studies concerning STCs properties modelled by a global ocean model; in fact,
results shown in Chapters 3 and 4 have been obtained from MOM5 simula-
tions, and all NOAA/GFDL coupled models considered in the present study
employ the same ocean code (see Chapter 2 for details). Second, among the
outputs analysed in Zhang and McPhaden (2006) coupled models comparison,
NOAA/GFDL coupled simulations were able to better reproduce several STCs
properties.

The simulations used differ in both spatial resolution and length of integra-
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Model Control Integration Scenario Integration Oceanic Atmospheric
Length (years) Length (years) Resolution (◦) Resolution (km)

CM2.1 4000 600 1 200
CM2.5 1000 — 0.25 50

CM2.5-FLOR 920 — 1 50
CM3.0 6000 5900 1 200
ESM2M 1500 200 1 200

Table 5.1: List of simulations used in the present study, obtained with NOAA/GFDL
coupled models and included in CMIP5.

tion (Tab. 5.1). The oceanic component has a 1◦ resolution (up to 1/3◦ from
30◦N to 30◦S) for all models except CM2.5, which has a higher horizontal reso-
lution (0.25◦). The model CM2.5 also employs a higher resolution atmospheric
component, also shared by its FLOR version, with respect to other models.

We analyse outputs coming from two different types of simulations. The
first type is the control pre-industrial integration, in which the atmospheric ra-
diative forcing is prescribed during the whole coupled simulation to observed
conditions of 1860 (Stouffer et al. 2011). These simulations are used to assess
natural climate variability, and they are suitable for our purpose of studying
long-term unforced STCs variations. The second kind of climate simulations
we employed is called 1%to2xCO2. Basically, in these integrations the CO2

global concentration is increased by 1% per year starting from the end of the
respective control simulation, until a doubling of the initial CO2 concentration
is reached; afterwards, CO2 global concentration is kept fixed. This idealised
scenario has been specifically introduced in the CMIP5 experimental proto-
col (Taylor et al. 2009) to study transient effects on global climate arising
from simplified greenhouse forcing. However, we will focus on the last part of
the 1%to2xCO2 integrations to assess STCs meridional energy transport in a
warmer climate, using the same metrics introduced in Chapter 2.

We are going to evaluate low-frequency Pacific STCs variability in unforced
simulations, by computing equatorward mass transport and separating west-
ern boundary and interior contributions; the interior component is computed
from the South American coastline to 145◦E in the Northern Hemisphere and to
165◦E in the Southern Hemisphere, according to Zhang and McPhaden (2006).
The relationship between mass transport and equatorial SST in those simu-
lations will also be assessed. Then, we shall move to analyse future scenario
integrations, addressing the problem of STCs meridional energy transport vari-
ations in a warmer climate.
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5.3 Results

We evaluate here some properties of STCs simulated by NOAA/GFDL cou-
pled models included in CMIP5 (Table 5.1). First we focus on the control
simulations, then we analyse future scenario integrations.

5.3.1 Long-term STCs Variability

We compute equatorward mass transport (Eq. 2.1) from five control pre-
industrial simulations performed by several NOAA/GFDL coupled models in-
cluded in CMIP5 and described in Chapter 2. These long unforced integrations
allow an evaluation of STCs low-frequency variability.

The strength of simulated STCs by evaluated coupled models is shown
in Fig. 5.1. With respect to our control simulation described in Chapter
2 and shown here in the CTRL panel, we see a slightly stronger overturning
circulations in all coupled simulations, along with incongruities in the Southern
Hemisphere for potential density larger than 1035 kg m−3, thus outside the
STCs characteristic density range.

Fig. 5.2 shows the equatorward mass transport at 15◦N from the five evalu-
ated simulations, integrated over the Pacific Ocean. There is a large variability
among models for what concerns both mean and standard deviation. In par-
ticular, time-averaged mass transport ranges from about -19 Sv for CM2.5
to about -40 Sv for CM2.1. These two models also stand out for what con-
cerns standard deviation, with CM2.1 exhibiting the largest value (5 Sv) and
CM2.5 the smallest value (1 Sv). Some of these considerations also apply for
the equatorward mass transport computed at 15◦S (Fig. 5.3), in which the
standard deviation is about 2-3 Sv for all models. However, in the Southern
Hemisphere the largest transport is given by the CM3.0 simulation (38 Sv),
while the smallest is given by the CM2.5_FLOR model (30 Sv). All models
show remarkable interannual and interdecadal variability, but no centennial-
scale variations. Both CM2.5 formulations actually exhibit a slight decreasing
trend of equatorward mass transport in the Southern Hemisphere, along with
a warming trend in the equatorial SST (not shown). However, it must be
noted that these two simulations are shorter than other integrations, which
show instead no appreciable trends.

In Tabs. 5.2, 5.3, 5.4, and 5.5 we focus on mass transport diagnostics for
all control pre-industrial simulations at different latitudes. Computed values
refer to the Pacific basin only, differently from the previous chapters, in or-
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Figure 5.1: Zonally-integrated mass transport (Sv) on potential density coordinates
(kg m−3, referred to 2000 dbar) for the control pre-industrial NOAA/GFDL simulations

included in CMIP5. Red structures are clock-wise cells and blue ones are counterclock-wise.

der to better assess western boundary and interior contributions. Few models
show a reduction of the total equatorward mass transport from 15◦ to 9◦ of
latitude, particularly prominent for CM2.1 and CM3.0. This is probably due
to the recirculation of part of the equatorward flow within the subtropical
gyre, and to interactions with the Indian Ocean at the Indonesian Straits.
In general, we also see how in the Northern hemisphere there is a large re-
duction in the interior component moving closer to the Equator, in favour of
the western boundary part. This is consistent with the presence of a high
potential vorticity ridge close to 9◦N (Lu and McCreary 1995). However, an
analogous equatorward reduction of the interior mass transport also occurs in
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the Southern Hemisphere, but in a lesser extent.

Total Int WB
Model Avg STD Avg STD Avg STD
CM2.1 -40 5 -29 9 -11 5
CM2.5 -19 1 -17 3 -2 3

CM2.5-FLOR -23 2 -19 4 -4 4
CM3.0 -28 3 -15 4 -13 3
ESM2M -34 3 -22 7 -12 5

Table 5.2: Equatorward mass transport (Sv) of Pacific STCs at 15◦N as simulated by
control pre-industrial simulations performed by NOAA/GFDL coupled models. All mass
transports are computed using Eq. 2.1 in the Indo-Pacific Ocean. Tot refers to the total
equatorward mass transport, Int to the interior component, and WB to the western

boundary contribution.

Total Int WB
Model Avg STD Avg STD Avg STD
CM2.1 -22 4 -2 2 -20 3
CM2.5 -22 2 -4 3 -18 2

CM2.5-FLOR -23 3 -3 3 -20 3
CM3.0 -22 3 -5 3 -17 2
ESM2M -28 4 -4 3 -24 4

Table 5.3: As in Tab. 5.2 but at 9◦N.

5.3.2 STCs Energy Transport in a Warmer Climate

In this section we use the STCs meridional energy transport metrics intro-
duced in Chapter 2, employing Eq. 2.4 in future climate scenario simulations
from the evaluated subset of NOAA/GFDL coupled models. As explained in
the experimental setup section of the present chapter, these integrations are
characterised by a linear increase of the CO2 global concentration until reach-
ing a doubling with respect to pre-industrial values. In this way, we are able
to evaluate eventual change in STCs energy transport under global warming
conditions.

Before doing that, we assess STCs energy transport in all control pre-
industrial simulations using the same metrics for different basins (Fig. 5.4).
Further, we compare them with values obtained from observations: we em-
ployed the NOAA Optimum Interpolation (OI) SST V2 (Reynolds et al. 2002)
dataset provided by NOAA/OAR/ESRL PSD (Boulder, Colorado, USA) for
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Total Int WB
Model Avg STD Avg STD Avg STD
CM2.1 31 3 15 3 16 3
CM2.5 27 3 23 3 4 2

CM2.5-FLOR 30 2 14 4 16 3
CM3.0 38 3 16 3 22 2
ESM2M 32 3 12 3 20 3

Table 5.4: As in Tab. 5.2 but at 15◦S.

Total Int WB
Model Avg STD Avg STD Avg STD
CM2.1 31 3 7 4 24 4
CM2.5 37 3 9 2 28 4

CM2.5-FLOR 32 3 7 3 25 4
CM3.0 29 2 4 2 25 2
ESM2M 31 2 8 4 23 4

Table 5.5: As in Tab. 5.2 but at 9◦S.

the sea surface temperature, and the International Comprehensive Ocean-
Atmosphere Data Set (ICOADS; Freeman et al. 2017) provided by NOAA/OAR/ESRL
PSD (Boulder, Colorado, USA) for the zonal wind stress. A word of caution
must be spent, being the results shown in Fig. 5.4 a comparison between ob-
served values (affected by both internally and externally-forced climate vari-
ability) and pre-industrial simulations (not including any external forcing). As
such, Fig. 5.4 just serves as a benchmark for Eq. 2.2 before assessing future
climate scenario integrations.

In general, we see that model-generated STCs meridional energy transports
tend to show larger values than observed estimates. This is true especially
for Pacific and Indian STCs, giving the largest values of meridional energy
transport in both models and observations, whereas Atlantic STCs associated
transports are smaller and closer to observational values. Observations esti-
mate shown in Fig. 5.4 is very similar to an analogous estimate performed by
Klinger and Marotzke (2000, Fig. 6).

STCs meridional energy transport estimates from observations and two dif-
ferent types of coupled simulations (control and 1%to2xCO2) are compared in
Fig. 5.5 for three models listed in Table 5.1. The period considered in the com-
putation is the same for all future-scenario integrations. All models give an
increase of meridional energy transport in a warmer climate for the Indian and
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South Pacific STC. Different increase tendencies are also observed among the
models, with CM3.0 (ESM2M) giving the largest (smallest) difference between
control and 1%to2xCO2. On the other hand, future scenario computations
give slightly smaller values of STCs meridional energy transport for the North
Pacific STC. Again, CM3.0 computations show larger separation from obser-
vations, with CM2.1 and ESM2M respective lines almost overlapped.

Looking more carefully on the Pacific basin, these changes are concurrent
with a slight weakening (strengthening) of the zonal wind stress in the northern
(southern) subtropical ocean in future-scenario integrations, with respect to
pre-industrial simulations (not shown). At the same time, a stronger SST
increase in the North Pacific Ocean with respect to South Pacific is also seen
in all future-scenario simulations, but with no substantial difference in terms
of SST meridional gradient. Therefore, the different behaviour of northern and
southern Pacific STCs meridional energy transport is attributable to distinct
zonal wind stress changes.

5.4 Discussion

The picture drawn by our preliminary analysis of state-of-the-art coupled mod-
els about STCs variability provides several interesting insights, but also few
controversial aspects. Results coming from two different types of NOAA/GFDL
coupled models integrations have been shown. The first consists of a control
pre-industrial implementation, with no external forcing and prescribed global
CO2 concentration to pre-industrial values. The second is a future scenario
simulation, in which the CO2 concentration is increased by 1% per year until
the global value is doubled with respect to the initial (pre-industrial) value,
and is then kept fixed thereafter.

Tabs. 5.6 and 5.7 include correlation coefficients relating several STCs
mass transports metrics (total transport, western boundary and interior con-
tributions) at different latitudes, as well as the correlation of equatorial mass
transport convergence with Niño3.4 SST. In general, correlation between to-
tal equatorward mass transport and interior components tend to deteriorate
moving toward the Equator in the Southern Hemisphere, with the CM2.5-
FLOR value even reversing its sign, while being more stable in the Northern
Hemisphere. However, we show that total equatorward mass transport and
interior component are well correlated, confirming what found by several stud-
ies (McPhaden and Zhang 2002; Lee and Fukumori 2003; Cheng et al. 2007;
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Hong et al. 2014). Interior and WB components are anti-correlated in all mod-
els as suggested by many observational and modelling works, although with
some ambiguities among models and with a drastic equatorward deteriora-
tion in the Northern Hemisphere, probably due to the Indian Ocean influence,
whereas values are found increasing in the Southern Hemisphere moving from
15◦ to 9◦. Anti-correlation between equatorial mass convergence and Niño3.4
SST is rather poor in most models, with the only exception of CM2.5-FLOR
and ESM2M, with respect to other estimates obtained by observations and
historical coupled simulations (McPhaden and Zhang 2002, 2004; Zhang and
McPhaden 2006). However, our poor representation of STCs mass transport
and tropical SST relationship is not entirely surprising in the context of coupled
models (Solomon and Zhang 2006; Farneti 2017). Furthermore, interannual
SST variability in the equatorial Pacific Ocean is dominated by ENSO fluc-
tuations, with a more important role of STCs on regulating equatorial ocean
dynamics on longer timescales.

Tot vs Int Int vs WB Conv vs SST
Model 15◦N 15◦S 15◦N 15◦S Tot Int
CM2.1 0.80 0.60 -0.79 -0.57 -0.19 -0.17
CM2.5 0.45 0.84 -0.90 -0.57 -0.13 -0.53

CM2.5-FLOR 0.60 0.72 -0.93 -0.80 -0.26 -0.24
CM3.0 0.68 0.71 -0.70 -0.39 -0.16 -0.10
ESM2M 0.62 0.55 -0.87 -0.61 -0.48 -0.38

Table 5.6: Pearson correlation coefficients relating different aspects of Pacific STCs
variability as simulated by control pre-industrial simulations performed by NOAA/GFDL
coupled models. All mass transports are computed using Eq. 2.1 at 15◦ of latitude in the
Pacific Ocean. Tot refers to the total equatorward mass transport, Int to the interior

component, and WB to the western boundary contribution. Conv refers to the
equatorward mass convergence, computed as the sum of the Northern and Southern

Hemisphere contributions for both total and interior transports. SST represents the sea
surface temperature computed in the Pacific Niño3.4 region.

Here we further resume our major findings for each evaluated model.

CM2.1 Time-averaged equatorward mass transport at 15◦ of latitude is the
largest of all analysed models, with intensity larger than 30 Sv in both
hemispheres. However, at 9◦N the equatorward mass transport is al-
most halved, whereas at 9◦S the reduction is much smaller. Mass trans-
port correlations show a good agreement of total transport and interior
component at 15◦, deteriorating going closer to the Equator. A similar
behaviour is shown by the relationship between WB and interior compo-
nents, although in the Southern Hemisphere their anti-correlation even
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Tot vs Int Int vs WB Conv vs SST
Model 9◦N 9◦S 9◦N 9◦S Tot Int
CM2.1 0.55 0.34 -0.08 -0.75 -0.06 -0.22
CM2.5 0.61 0.19 -0.55 -0.65 -0.33 -0.54

CM2.5-FLOR 0.65 -0.27 -0.47 -0.84 -0.41 -0.74
CM3.0 0.70 0.12 -0.44 -0.56 0.03 -0.04
ESM2M 0.56 0.21 -0.21 -0.82 -0.42 -0.69

Table 5.7: As Tab. 5.6 but at 9◦of latitude.

increases moving equatorward. The same pattern is observed for the
equatorial convergence anti-correlation with Niño3.4 SST.

CM2.5 Unlike all other models, we see here an increase of equatorward mass
transport moving from 15◦ to 9◦, up to 10 Sv in the Southern Hemi-
sphere. Total and interior transports show a contrasting behaviour, with
an increasing (descreasing) correlation moving equatorward in the North-
ern (Southern) Hemisphere. Interior and western boundary contribution
show a rather good anti-correlation, as well as equatorial mass conver-
gence and SST especially in the Southern Hemisphere.

CM2.5-FLOR Equatorward mass transports computed at 15◦ only change slightly go-
ing closer to the Equator. Anti-correlation between interior and WB
components is particularly good at 15◦, although deteriorating moving
equatorward especially in the Southern Hemisphere, where a small anti-
correlation is found at 9◦S. Anti-correlation between equatorial conver-
gence and SST instead increases going equatorward.

CM3.0 We observe a remarkable decrease of the total equatorward mass trans-
port going toward the Equator, from 6 Sv (Northern Hemisphere) to 9 Sv
(Southern Hemisphere). A drastic reduction is seen in the relationship
between total transport and interior component in the Southern Hemi-
sphere as we move toward the Equator, whereas in the Northern Hemi-
sphere the reduction affects the WB-Int anti-correlation value. There is
basically no relationship between equatorward convergence and Niño3.4
SST.

ESM2M The Northern Hemisphere estimation of the equatorward mass transport
is affected more evidently than the Southern Hemisphere by gyre recir-
culation. The WB-Int anti-correlation is very good at 15◦N, but greatly
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reduced at 9◦N; instead, an opposite behaviour is seen in the Southern
Hemisphere. The equatorial convergence - SST anti-correlation is the
largest of all considered models.

Overall, linear correlations do not give us a coherent picture of the long-
term STCs variability, as well as the relationship between STCs strength and
equatorial surface ocean state. Many effects can contribute to these inconsis-
tencies, ranging from ocean model formulation and resolution to atmospheric
feedbacks. A more thorough analysis must be performed, and is currently
under way.

So far we assessed STCs dynamics under unforced climate conditions, but
how are STCs expected to change under global warming? Future scenario as-
sessments in a warmer climate give an ambiguous response to this question.
North Pacific STC shows a decreased meridional energy transport in future
integrations with respect to pre-industrial simulations, whereas South Pacific
and Indian STCs exhibit increased associated energy transports. The same
patterns is also given by Atlantic STCs (not shown). This potentially suggests
a different behaviour of STCs future changes, with a weakening (strengthen-
ing) in the Northern (Southern) Hemisphere in terms of meridional energy
transport. This is consistent with previous modelling studies (Lohmann and
Latif 2005; Park et al. 2009; Wang and Cane 2011).

On the other hand, although faithfully reproducing previous assessments
from other studies, our observational estimate could underestimate STCs merid-
ional energy transport in the Southern Hemisphere with respect to models. A
further evaluation using ocean reanalysis (as ORAP5, Zuo et al. 2017) is al-
ready scheduled. Furthermore, at the moment our analysis does not include
historical simulations of the last century, which would be a more consistent
comparison with observations-derived computations, due to the lack of any
external forcing in control pre-industrial integrations. As such, results com-
ing from the present chapter should be seen as an initial attempt to study
low-frequency STCs variability in CMIP5 models, as part of a larger analysis
study.
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Figure 5.2: Annual mean (thin lines) and 25-years running mean (thick lines) of zonally,
vertically-integrated equatorward mass transport (Sv), computed at 15◦N for the control
pre-industrial from a subset of NOAA/GFDL simulations included in CMIP5. Temporal

mean and standard deviation are also given for each time series.
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Figure 5.3: As in Fig. 5.2 but at 15◦S.
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Figure 5.4: STCs meridional energy transports (PW) from observations and all control
pre-industrial coupled simulations, estimated using Eq. 2.4 and plotted against latitude.
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(a) Indian Ocean

(b) North Pacific Ocean

(c) South Pacific Ocean

Figure 5.5: STCs meridional energy transport intensity (PW) from observations, control
pre-industrial and 1%to2xCO2 coupled simulations, estimated using Eq. 2.4 and plotted

against latitude.



Chapter 6

Conclusions and Outlook

During the present dissertation, we studied the effect of wind stress forcing on
Pacific Subtropical Cells (STCs) using numerical models of different complex-
ity. In fact, one of the most pressing issues concerning climate modelling is
about dealing with inherent uncertainties of ocean-ice models. Perhaps, the
best way for tackling the problem is suggested by Griffies et al. (2009): ac-
knowledging the limitations of ocean-ice models and incorporating them in a
hierarchical structure of numerical tools, in which fully-coupled climate mod-
els lies on top. The present study tried to follow those guidelines: we started
with an analysis of ad-hoc experiments performed with a global ocean model,
employing idealised wind stress patterns and intensities to emphasise their im-
pact on STCs dynamics; we then moved to a more realistic experimental setup
using the same model, highlighting the necessarily smaller STCs response to
employed wind stress anomalies with respect to idealised ones; finally, we as-
sessed several STCs properties as reproduced by different implementations of
state-of-the-art climate models.

First of all, employing a global ocean model (MOM5; Griffies 2012) we
applied idealised and realistic time-invariant zonal wind stress anomalies at the
sea surface, in order to strengthen or weaken the climatological forcing. It is
worth to note that the observed interannual variability of the zonal wind stress
in Pacific subtropical and extratropical regions can produce larger anomalies
than the ones used in this study (not shown). Results from the different
perturbation experiments were compared with respect to a climatologically-
forced long control run, obtained with the same model. In a similar way,
England et al. (2014) applied a zonal wind stress anomaly to the entire Pacific
basin from 45◦N to 45◦S. However, we chose here to test the STCs response
by using selected forcing locations, in order to understand which region gives
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the strongest response. This is a key aspect, since in general the equatorial
response produced by trade winds anomalies is stronger than the one generated
from outside the Tropics. In fact, by changing the wind stress forcing on a
very large area, the largest part of the off-equatorial signal could be hidden
by the (relatively larger) locally-generated response. Actually, the structure of
the meridional overturning circulation trend in England et al. (2014) is very
similar, in terms of spatial extension, to what is obtained here with equatorial
wind stress anomalies (Fig. 3.5).

Our results from idealised experiments can be summarised as follows.

• Equatorial wind stress anomalies located between 8◦S and 8◦N do not
extend poleward enough in order to force STCs. Zonal cross sections at
the Equator show large thermal anomalies (up to 3◦C) in some cases, but
they are related to an adjustment of the thermocline in response to the
different local wind stress forcing. Appreciable changes in ITF transport
are also obtained (up to 2 Sv), leading to a remarkable temperature
anomaly in the Indian Ocean (not shown).

• Among all experiments, subtropical wind stress anomalies have the strongest
impact on STCs. Equatorward mass transport anomalies reach 12 Sv,
roughly one third of the control value. The generated STCs motion
develops mainly in the thermocline, with a striking thermal signal ap-
pearing at the Equator: up to 1◦C at depth and 0.5◦C at the surface.
In terms of energy transport, anomalies reach close to half of the con-
trol value for the experiment with the strongest wind stress anomaly
(not shown). However, if a diagnostic for STC-related meridional energy
transport is used, then STCs energy flux is quantified to be ≈1/3 of the
total transport anomaly. Finally, subtropical wind stress anomalies –
and the associated STC dynamical changes – do not have an appreciable
effect on ITF transport.

• Extratropical wind stress anomalies are found to exert a weak influence
on both mass and energy STCs transport, as compared to subtropical
experiments. In particular, most of the signal is forced within the 15◦-
20◦latitudinal region, as evidenced by a set of forcing anomalies located
north to those latitudes which did not produce appreciable changes in
STC dynamics. In the latter case, transport anomalies likely recirculate
within the subtropical gyre.
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For what concerns realistic wind stress anomalies, zonal wind stress pat-
terns related with COWL are able to force a signal from the northern STC
reaching the Equator, with a thermal anomaly of 0.4◦C in the thermocline and
0.1◦C at the surface. Obviously, the generated response is smaller than what
obtained in our strongest idealised experiments, being the wind stress intensity
much smaller in this case. On the other hand, a time-varying implementation
of the COWL wind stress anomalies highlights important aspects about STCs
transient properties, with the equatorward mass transport showing a large in-
ertia to changing wind stress forcing, but still showing a stronger response to
wind stress variations in the subtropical region. However, subsurface temper-
ature trends driven by the COWL-related wind stress anomalies are mainly
found at the Subtropics, although a small signal is also found in the equatorial
thermocline.

Among the different processes connecting the Subtropics to the tropical
ocean, our numerical experiments suggest the interaction mechanism proposed
by Kleeman et al. (1999) as able to explain remotely-driven thermal anomalies
at the Equator in terms of anomalous STCs mass transports. That is, an
anomalous STC transport drives a surface thermal signal at the Equator by
altering the feeding of subsurface water to the thermocline. Our idealised
subtropical experiments drive a substantial STC response in the equatorial
thermocline, where the bulk of the Equatorial Undercurrent flows and forms
part of the returning branch of the STC circulation. A more modest response is
found in our realistic experiments, due to the subtropical sector of the COWL
wind stress pattern.

In order to further demonstrate the role of different wind stress forcings
on the upper ocean, we now compare ocean heat content anomalies in the
equatorial Pacific (10◦N-10◦S), integrated at different depths during the final
stage of the simulation for several numerical experiments (Table 6.1). We see
a strong heat content increase in the first 300 m for the equatorial idealised
set, accounting for the whole increase in the total ocean column. Furthermore,
the ITF advects part of the generated signal into the Indian Ocean, leading to
significant heat content anomalies in the top 1000 m for all idealised equato-
rial experiments (not shown). In the strengthened subtropical experiments is
instead generated a negative heat content anomaly, since a strengthened STC
circulation draws deeper (and colder) water to the surface. Again, the heat
content change is mostly located in the uppermost 300 meters. In the realistic
case, heat content anomalies in the surface layers are even larger than total
column integrations. We also notice that the both strengthened and weakened
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COWL/NOCOWL anomalies can drive a heat content response comparable
to the strongest idealised experiments, with a reversed sign due to the shape
of the employed patterns. Furthermore, the difference between COWL and
NOCOWL anomalies is about 60-70 1021 J, comparable to 20% idealised sub-
tropical experiments and completely attributable to the subtropical sector of
the COWL pattern.

Equatorial Subtropical COWL NOCOWL
Depth 10% 50% 10% 50% + - + -

0 - 300 m 154 717 -52.5 -275 299 -283 226 -215
0 - 1000 m 153 717 -56 -284 297 -272 229 -211

Total 153 717 -55.5 -280 289 -267 220 -208

Table 6.1: Ocean heat content anomaly (1021 J) in the equatorial Pacific Ocean
(10◦N-10◦S) resulting from several idealised (strengthened Equatorial and Subtropical)

and realistic (time-constant COWL and NOCOWL) experiments, averaged over the last 5
years of simulation. Values are given for the upper 300 m, upper 1000 m and the total
water column. Only the weakest and strongest wind stress anomaly experiments are

considered for the idealised setup.

Building on the results coming from idealised and realistic wind stress ex-
periments, we computed several STCs diagnostics from two different imple-
mentations of a subset of GFDL/NOAA coupled models included in CMIP5.
The first type is a control simulation meant to reproduce natural climate vari-
ability, the second is an idealised global-warming future scenario. The response
obtained presents both positive and negative aspects. On one hand, coupled
models successfully reproduce the separation of western boundary and interior
contributions in the equatorward transport, as well as their anti-correlation.
Moreover, some aspects of predicted STCs changes are consistent with previ-
ous studies. On the other hand, the obtained relationship between equatorial
mass convergence and SST is very weak, and computed STCs meridional en-
ergy transport do not match observational estimates. A comparison of both
control and future scenario integrations with historical simulations is also lack-
ing, as well as an assessment of the role of off-equatorial wind stress forcing on
simulated STCs.

In conclusion, several points of our analysis deserve a more thorough ex-
amination, in order to understand their implications on local and global cli-
mate. Although our analysis shed light on important, and sometimes under-
rated, aspects of Pacific Ocean dynamics, tropical-extratropical connections,
and ocean-atmosphere interactions, much can still be done.
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