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Abstract

Understanding mechanisms of tropical Pacific decadal variability (TPDV) is of high im-

portance for differentiating between natural climate variability and human induced cli-

mate change. The shallow meridional overturning circulation, namely the subtropical cells

(STCs), in the Pacific Ocean are proposed to be involved in different mechanisms generat-

ing TPDV. In the first part of the thesis, we use a high-resolution ocean general circulation

model to investigate the volume transports associated with the STC branches along 5◦N

and 5◦S. We find three prominent differences between the Southern hemisphere (SH) STC

and the Northern hemisphere (NH) STC: i) the NH STC varies 26% stronger than the

SH STC; ii) the NH STC leads the SH STC by 3 months which causes the NH and SH

STCs to play different roles during the course of El Niño and La Niña events; iii) in spite

of the relative symmetry of the wind stress trends the STCs have differing decadal trends,

with the SH STC clearly dominating the changes in the post-1993 period. To investigate

the mechanisms driving the STC variability we identify winds that are linearly and non-

linearly related to the El Niño - Southern Oscillation (ENSO) to force the ocean model.

Explaining the hemispheric difference in interannual variance as well as the phase differ-

ence between the STCs, our results suggest ENSO to be an important factor in modulating

its own background state, with a prominent role for the winds that are non-linearly re-

lated to ENSO. In the second part of the thesis, we investigate the meridional advection

of spiciness (density compensated temperature) anomalies as a potential contributor to

TPDV. Spiciness anomalies are advected with the STCs towards the tropics where they

upwell and interact with the atmosphere. Utilising the same ocean model along with a La-

grangian tracer simulator we backtrack spiciness anomalies from the equatorial region and

show that for a positive spiciness peak at the equator, ∼90% of the spiciness anomalies are

sourced from the Southern hemisphere. In contrast to previous studies, our results suggest

that the majority of these positive spiciness anomalies travel via the interior pathway as

opposed to via the western boundary current (WBC). When following negative spiciness

anomalies, the major contributor to the negative peak at the equator is the NH WBC

(48%). In the third part of the thesis, we quantify the contribution of spiciness anomalies

to the equatorial Pacific mixed layer heat budget. We distinguish between locally and
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remotely generated spiciness anomalies. For consistency, we again utilise the same ocean

model and show that spiciness anomalies account for 30-60% of the vertical heat advection,

with the influence increasing as the region gets confined closer to the equator. The major

impact originates from locally generated spiciness anomalies. However, remotely generated

spiciness anomalies make up 14-23% of the variance, with decreasing impact towards the

western equatorial Pacific. Our results further suggest that the impact of remotely gen-

erated spiciness anomalies is considerably larger during La Niña phases as opposed to El

Niño phases.
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Chapter 1

Introduction

In the present time with unprecedented rates of climate change, intense debates

are being held in all parts of society, be it in the public, in politics, or in science,

about the impact of humans on the global climate. Overwhelmingly, the climate

research community has concluded that human behaviour significantly affects the

Earth’s climate. However, it is also known that natural climate variability on long

time scales (>10 years) superimposed on this long-term trend acts to blur the effect

of the anthropogenic forcing. It is therefore essential to better understand decadal

climate variability in order to disentangle the anthropogenic from the natural signal

and provide more accurate estimates of future climate change.

Sea surface temperature (SST) is a key variable used to determine and predict

decadal climate variations. SST represents the state of the slowly varying ocean

and also marks the boundary between ocean and atmosphere, facilitating mutual

feedbacks between them. Over the past two decades, research attention has increas-

ingly been focusing on natural SST variability in the three major ocean basins, the

Atlantic Ocean, the Indian Ocean, and the Pacific Ocean. Particular attention has

been paid to the Pacific Ocean (Figure 1.1) as it covers 35% of the Earth’s surface

- more than the total land surface of all continents combined. Moreover, the Pacific

Ocean houses the El Niño - Southern Oscillation (ENSO), the strongest mode of nat-
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ural climate variability on interannual time scales, which establishes teleconnections

around the globe. Thus, the Pacific SST is assumed to have an important impact on

decadal climate variability. The following sections will look closer at decadal modes

of variability in the Pacific basin, with a particular emphasis on the tropical Pacific

which is the focus of this thesis.

Figure 1.1: Pacific Ocean basin and adjacent continents (source: Encyclopaedia Britannica, Inc.,
2012).

1.1 Pacific Decadal Oscillation

Throughout the second half of the last century, a long known imbalance in salmon

production prevailed between the east coast and the west coast of the North Pacific

Ocean. This imbalance seemed to reverse every one to two decades leading to eco-

nomic prosperity or depression for the salmon fishers depending on their catchment
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area. Against this backdrop, Mantua et al. (1997) sought for possible connections

between North Pacific climate variability and local ecosystems to investigate the

causes for such shifts in salmon abundance.

Based on the analysis of empirical orthogonal functions (EOFs), Mantua et al. (1997)

found a recurring pattern of sea surface temperature (SST) and sea level pressure

(SLP) extending over a wide range of the Pacific basin (Figure 1.2a). They de-

fined the leading EOF of monthly varying North Pacific (20◦-70◦N) SST anomalies

(departures from the climatological annual cycle) as the Pacific Decadal Oscilla-

tion (PDO). Mantua et al. (1997) and the concurrent independent study by Minobe

(1997) found a characteristic PDO recurrence interval of 50-70 years. Three phase

changes have been reported by these two studies. A transition to the positive phase

in 1925, followed by a transition to the negative phase in 1947 and another phase

reversal in 1977. Two more phase changes have been reported after that, one around

1998 to the negative state and a recent one in 2015 back to the positive state. Re-

gressing the global SST pattern on the PDO index results in the widely known PDO

pattern with its strongest signal in the extratropical central North Pacific, a signal

of opposite sign within the tropics and a weak Southern hemisphere signal of the

same sign as the North Pacific signal (Figure 1.2).

Since its detection in 1997, the PDO has been the subject of a wide range of studies

seeking to reveal the processes that drive the Pacific decadal changes. Suggested

processes include stochastic atmospheric fluctuations in the Aleutian Low (Pierce

2001; Alexander 2010), teleconnections from the tropics via the "atmospheric bridge"

(e.g., Zhang et al. 1997; Power et al. 1999; Alexander et al. 2002; Deser et al. 2004;

Alexander 2010) and oceanic waves (e.g., Enfield and Allen 1980), mid latitude

ocean dynamics and coupled variability, including the seasonal re-emergence of pre-

viously subducted temperature anomalies in the North Pacific (Alexander et al.

1999; Hanawa and Sugimoto 2004) as well as ocean gyre dynamics (e.g., Qiu 2003;

Nakamura and Kazmin 2003).

In the scientific community, it is commonly agreed today that the PDO is not a sin-
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Figure 1.2: a) Regression of global monthly SST (shading; interval is 0.05 ◦C) and DJF SLP
(contours; interval is 1 hPa) anomalies onto the PDO time series. Note that a positive PDO is
associated with negative central North Pacific SST anomalies (source: Newman et al. 2016). b)
PDO index derived as the leading PC of monthly SST anomalies in the North Pacific Ocean,
poleward of 20◦N. The monthly mean global average SST anomalies are removed to separate this
pattern of variability from any "global warming" signal that may be present in the data. Positive
(negative) values are drawn in red (blue). The thick black line shows the smoothed (5-yr low-pass
filter) time series. The data is obtained from http://research.jisao.washington.edu/pdo/PDO.latest
(01 Sep 2019). DJF: December/January/February

gle physical mode of its own but rather the result of the combined forcings outlined

above (e.g., Schneider and Cornuelle 2005; Newman 2007; Alexander et al. 2008;
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Newman 2013). An overview of the involved processes driving the PDO is given in

Figure 1.3. A comprehensive review of the current state of knowledge of the PDO

is provided by Newman et al. (2016).

Figure 1.3: Summary figure of the basic processes involved in the PDO (source: Newman et al.
2016).

1.2 Interdecadal Pacific Oscillation

Only two years after the detection of the PDO, another mode of decadal climate

variability in the Pacific Ocean was introduced by Power et al. (1999) when investi-

gating the varying predictability of Australian rainfall. This mode is referred to as

the interdecadal Pacific Oscillation (IPO) and it is commonly defined as the second

EOF of low-pass filtered global SST (e.g., Power et al. 1999; Parker et al. 2007),

while the first EOF represents the linear trend related to global warming. The
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Figure 1.4: a) IPO pattern indicated as the correlation pattern between the IPO index and
monthly global SST (source: Henley et al. 2015). b) IPO index derived from the tripolar index
(TPI) as calculated by Henley et al. (2015). Positive (negative) values are drawn in orange (blue).
The red line shows the smoothed (13-yr Chebyshev low-pass filter) time series (source: Henley
2017).

IPO describes basin-wide low frequency fluctuations of Pacific SST between warm

and cold phases (Power et al. 1999; Folland et al. 2002; Parker et al. 2007; Henley

et al. 2015; Henley 2017). The spatial pattern of the IPO has large similarities with

the pattern of the interannual El Niño-Southern Oscillation, although the former

is meridionally slightly broader (Figure 1.4). The decadal signal is therefore often

referred to as decadal ENSO-like variability. Due to its spatial similarity to ENSO

(Newman et al. 2016), the IPO can be thought of as a decadal manifestation of

the interannual climate variability related to ENSO. The underlying mechanisms,

however, are not known at this stage. In contrast to the PDO, the IPO signal is
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equally strong in the North and South Pacific (e.g., Henley et al. 2015). The dif-

ference between the IPO and the PDO arises from both the different methods in

calculating each index by computing the EOF over different spatial extents as well

as additional forcing of the PDO by internal processes in the North Pacific (Newman

et al. 2016). The interest in a better understanding and predictability of the IPO

lies in the enhanced predictability of associated climate phenomena like ENSO and

the accompanying weather patterns around the globe (e.g., Alexander et al. 2002)

that have severe socio-economic impacts.

1.3 Tropical Pacific Decadal Variability

A large scientific effort that has been put into the understanding of the Pacific

decadal variability, both in terms of the PDO and IPO. The main focus of the stud-

ies dealing with Pacific decadal variability has been on the PDO and therefore on

the extratropical North Pacific due to the proximity of the North American and Eu-

ropean continents and the associated socio-economic interest. However, the tropical

Pacific also exhibits a clear decadal signal, as shown in the PDO pattern (Figure

1.2) and the IPO pattern (Figure 1.4).

The tropical Pacific is climatically the most influential region on Earth (e.g., Alexan-

der et al. 2002; Kosaka and Xie 2016). This is primarily due to its strong interannual

variations (ENSO) and their numerous associated teleconnetions to the rest of the

tropics (e.g., Latif and Barnett 1995; Chiang and Sobel 2002) and the entire globe

(e.g., Horel and Wallace 1981; Grimm 2003; L’Heureux and Thompson 2006; Ineson

and Scaife 2009; Deser et al. 2017). The tropical Pacific decadal variability (TPDV)

sets the background state in which ENSO operates. Any changes in the tropical

Pacific background state are proposed to lead to changes in ENSO frequency and

intensity (e.g. Fedorov and Philander 2000; Collins et al. 2010; Stevenson et al. 2012;

Zhao et al. 2016) and its teleconnetions (e.g., Power et al. 1999; Meehl and Teng

2007; Vecchi and Wittenberg 2010; Stevenson et al. 2012). Thus, changes in the

7



CHAPTER 1. INTRODUCTION

decadal background state in the tropical Pacific can have an important effect on

both the local and remote climate.

Another reason why a better understanding of TPDV is of great interest is to dis-

tinguish between natural climate variability and human induced climate change.

Recent observations have shown that despite ongoing increases in atmospheric green-

house gases, the Earth’s global average surface air temperature remained more or

less steady between 2001 and 2012 (Figure 1.5). Some studies, which sought to

understand this discrepancy, indicated that a large portion of the recent hiatus in

global surface warming at the beginning of the 21st century can be traced back to

anomalously cool SSTs in the equatorial Pacific (e.g. Kosaka and Xie 2013). England

et al. (2014) analysed the global mean surface air temperature of the past century

and found a strong relationship with the phase of the IPO (Figure 1.5). Their study

suggests that the cool SST anomalies responsible for the recent global warming hia-

tus are closely linked to a negative phase of the IPO. Consequently, natural climate

variability may disguise the ongoing surface warming trend during some periods

Figure 1.5: Global average surface air temperature anomalies over the past century. Temperature
anomalies are shown as the annual mean relative to 1951–1980, with individual years shown as
grey bars and a five-year running mean overlaid in bold. The sign of the low-pass filtered IPO
index is indicated, with negative phases of the IPO shaded in blue (source: England et al. 2014).
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while it may enhance the trend during other periods.

1.4 Potential drivers of TPDV

For decadal time scales, the observational record is relatively short and exhibits only

a few phase changes. Accordingly, research is quite sporadic intermediately with re-

newed enthusiasm following every new phase change. This circumstance may help

explain why despite the enormous impact of decadal changes in the tropical Pacific

on global climate, the origin of TPDV remains unclear (Newman et al. 2016). Specif-

ically, the relative contributions from coupled ocean-atmosphere processes acting on

decadal time scales on the one hand, and an atmospheric noise driven residual of

ENSO dynamics (Newman et al. 2011; Wittenberg et al. 2014) on the other hand,

still have to be resolved. In the following sections, the individual processes in both

the ocean and atmosphere that have been proposed to drive TPDV will be discussed

in more detail.

1.4.1 Local drivers

The similarity between the SST patterns related to the interannual variability (ENSO)

and the decadal variability (tropical expression of the IPO) in the tropical Pacific

immediately suggests a relationship between the two modes of variability. In this

sense, Vimont (2005) could reconstruct the spatial SST pattern of TPDV by lin-

early combining interannual SST patterns which they further related to the build-up,

peak, and decay phases of ENSO (Figure 1.6). This suggests that to some degree

TPDV can be considered the longer-term average of the ENSO cycle.

Rodgers et al. (2004) took a different approach to investigate the impact of the

tropics on TPDV, which is based on the inherent nonlinearities of ENSO dynam-

ics. These nonlinearities lead to a skewed distribution of equatorial SST anoma-

lies whereby positive ENSO phases display higher amplitudes than negative ENSO
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Figure 1.6: Leading EOF of a) low-pass filtered and b) reconstructed SST over the Pacific basin.
c) The standardised PC time series for each of the spatial patterns in a) and b). For the spatial
maps, solid contours denote positive anomalies, dashed contours denote negative anomalies, and
the zero contour is thickened. The contour interval is 0.1◦C std−1 (source: Vimont 2005).

phases. Using a 1,000-year integration of a coupled ocean-atmosphere model, Rodgers

et al. (2004) showed that summing up El Niño and La Niña composites produces a

residual signal in tropical SST anomalies (Figure 1.7). This residual signal comprises
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positive values in the east and negative values in the west. The authors further ar-

gue that during periods of enhanced ENSO activity the residual signal effectuates a

change in the mean state.

There is a distinct difference between the two mentioned explanations. The explana-

tion by Vimont (2005) is not dependent on nonlinearities of ENSO dynamics but is

based on linear averages over periods with more El Niño events than La Niña events

and vice versa. In contrast, the explanation by Rodgers et al. (2004) considers the

differences in the SST patterns of both phases which becomes more dominant in

periods of higher ENSO frequency and intensity. In reality, it is likely that both

mechanisms play a role in explaining TPDV.

Figure 1.7: Asymmetry patterns in SST anomalies (◦C). Significance levels of 90% and 95% are
shown in gray (source: Rodgers et al. 2004).

1.4.2 Remote drivers

As opposed to the processes described in the previous section, TPDV can also be

induced from remote regions, which is defined here as everywhere outside the tropical
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Pacific. This involves genuine decadal signals in a distinct region of the world

which propagate into the tropical Pacific. The transfer of the signal to the tropical

Pacific occurs either via the atmosphere or via the ocean. The following sections

will describe the mechanisms proposed to date in each of the two mediums that

contribute to TPDV.

1.4.2.1 Atmospheric drivers

In the atmosphere, decadal signals are transported to the tropical Pacific either via

interbasin teleconnections from the Atlantic or Indian Oceans, or through interac-

tions between the subtropics and the tropics within the Pacific basin. We will first

look at trans-basin teleconnections here, before considering Pacific basin subtropical

to tropical interactions.

Interbasin teleconnections

Using a coupled ocean-atmosphere general circulation model, Chikamoto et al.

(2012) simulated the observed strengthening of the Walker circulation in the 1990s.

They could show that the simulations performed better when the ocean, including

the Atlantic and Indian Oceans, is initialised with temperature and salinity anoma-

lies than when the model is only externally forced. This suggests that the Atlantic

and Indian Oceans potentially do have an impact on the Pacific climate.

In a further study, McGregor et al. (2014b) used an atmospheric general circulation

model coupled to a slab ocean climatological mixed layer with partially prescribed

SST trends in different regions. The authors found that the recent (1992-2012)

intensification of the Walker circulation and the associated cooling in the eastern

equatorial Pacific, were partly driven by a warming trend of Atlantic sea surface

temperature. This Atlantic warming trend led to impacts in the Pacific as it caused

a displacement of the atmospheric pressure centres and the related wind systems.

As can be seen in Figure 1.8, the observed trend patterns for SST, SLP, precipitation

and wind stress (Figure 1.8a and b), are all well simulated when only prescribing

the Atlantic SST trend (Figure 1.8e and f) and this simulation explains much of
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the trends compared to the simulation with a globally prescribed SST trend (Figure

1.8c and d). Chikamoto et al. (2016) come to the same conclusion by assimilating

observed three-dimensional Atlantic temperature and salinity anomalies into a cou-

pled general circulation model. Similar results were also found by Ruprich-Robert

et al. (2017).

Figure 1.8: Trends (1992–2011) of SST, SLP, wind stress and relative precipitation. a) Observed
surface temperature (shading; ◦C yr−1) and SLP (contours; Pa yr−1). SLP trend contours range
from 14 Pa to 14 Pa with a contour increment of 4 Pa. Negative contours are dashed. b) Observed
relative precipitation trends (shading; % yr−1) and significant wind stress trends (vectors; N m−2
yr−1) significant above the 95% level. In all panels stippling indicates that the changes in the
underlying shaded plots are significant above the 95% level. c) and d) as in a) and b), but for the
CAM4 experiment forced with the global observed SST trend (shading). e) and f) as in a) and
b), but for the CAM4 experiment forced with the Atlantic SST trend and a Pacific mixed layer.
(source: McGregor et al. 2014). CAM4: Community Atmospheric Model version 4

Extratropical to tropical interactions

In terms of meridional interactions connecting the mid-latitudes to the tropics within
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the Pacific basin, the focus of research in the early stages was on atmospheric pro-

cesses (Barnett et al. 1999). In the atmosphere, the Hadley cells connect the subtrop-

ics to the tropics in each hemisphere and they constitute the primary atmospheric

mechanism of transferring climate signals from the subtropics to the equator. The

idea is that low-frequency changes in North Pacific winds extend as far south as

into the tropics where they change the zonal wind stress which in turn feeds back

with the ocean thermocline effecting a change in the equatorial mean state. In their

study, (Barnett et al. 1999) applied a canonical correlation analysis (CCA) between

Pacific SST and wind stress, to show that decadal changes in North Pacific SST

not only induce wind stress changes in the North Pacific but also in the central and

Western equatorial Pacific. This relationship was not only apparent in observations

and a fully coupled model but also in an atmospheric model coupled to a slab ocean.

Because of the missing ocean circulation in the slab ocean, the authors could exclude

a coupling from the tropics to the mid-latitudes due to ENSO. A dominant role of

the atmosphere was also found by Pierce et al. (2000) who investigated a 137-year

long coupled AOGCM run. The authors suggest that mid-latitude SST anomalies

drive changes in the trade winds which in turn modulate the slope of the equatorial

thermocline, thereby affecting tropical Pacific climate.

A new null hypothesis for Pacific decadal climate variability has been put forward

by Di Lorenzo et al. (2015) (Figure 1.9). This null hypothesis suggests that high fre-

quency stochastic atmospheric forcing in the extratropics excites winds and anoma-

lous SST which propagate towards the tropics via the wind-evaporation-SST (WES)

feedback (Xie 1999). This set of processes is referred to as meridional modes and it

acts as a red-noise process. This way, the meridional modes induce low frequency

decadal variability in the tropics. The decadal signal is then enhanced by positive

feedbacks related to ENSO dynamics within the tropics (zonal modes) and projected

back to the extratropics via atmospheric teleconnections.
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Figure 1.9: Diagram of the null hypothesis for Pacific climate variability. In this red noise
model the stochastic variability of the North Pacific Oscillation (NPO) acts as the forcing, while
the evolution of the ocean-atmosphere coupled system from extratropics to tropics and back to
extratropics (1–2 years) provides the damping timescale. This progression and timescale provide
the key memory for integrating the stochastic forcing of the atmosphere (e.g., NPO) into decadal-
scale variance over the entire Pacific basin (source: Di Lorenzo et al. 2015). NPO: North Pacific
oscillation

1.4.2.2 Oceanic drivers

While all of the above mentioned atmospheric processes have been shown to operate

the relative importance for each of these is still unknown. Aside from the atmo-

sphere, the ocean can also act as a means for transporting decadal signals between

latitude bands. Being the focus of this work, the ocean’s role as a driver of TPDV

will be examined in greater detail in the remainder of the thesis. In this section,

the focus will be on the proposed role of the ocean in carrying remotely generated

low-frequency signals from the subtropics to the tropics.

Similar to the Hadley cells in the atmosphere, oceanic cells exist that connect the
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Figure 1.10: Meridional streamfunction computed from the NCAR OGCM. Contour interval is 5
Sv. Thick arrows indicate the direction of the zonally averaged circulation (source: Capotondi et
al. 2005). NCAR: National Center for Atmospheric Research; OGCM: ocean general circulation
model

subtropics with the tropics. These cells are commonly known as the subtropical

cells (STCs). The STCs have been first defined and analytically described by Mc-

Creary Jr and Lu (1994) and they since have been the subject of numerous further

studies (e.g., Liu et al. 1994; Lee and Fukumori 2003; Schott et al. 2004; Capo-

tondi et al. 2005; Izumo 2005; Cheng et al. 2007; Lübbecke et al. 2008; Chen et al.

2015a). In the mean, the STC in each hemisphere extends vertically to about 200-

300 m depth and meridionally to about 20◦ latitude. Each STC is comprised of

four different branches (Figure 1.10): 1) subduction in the subtropical Pacific, 2)

an equatorward flow along the mean pycnocline, 3) equatorial upwelling, and 4) a

return flow at the surface back to the subtropics.

Typically, the equatorward subsurface transport of the subducted water occurs via

two distinct pathways, namely the ocean interior and the low latitude western bound-

ary current (WBC) (Johnson and McPhaden 1999; Izumo et al. 2002). The surface

return flow of the upwelled water, which largely occurs in the ocean interior, is con-

fined to the shallow Ekman layer in the top 50 m (Johnson 2001).

The STCs are often associated with the decadal variability of the tropical Pacific
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(e.g., Johnson and McPhaden 1999; Capotondi et al. 2005; Hong et al. 2014) as

the extratropical North Pacific exhibits the strongest decadal signals in the Pacific

basin (cf. Section 1.1). Thus, the STCs are viewed as a connective element that

propagates the decadal variance from the subtropics to the tropics. Three distinct

mechanisms have been proposed as to how the STCs can contribute to TPDV, which

we will elucidate in more detail in the following.

Mean Advection of Anomalous Temperature (the vT ′ mechanism)

Following the prolonged persistence of anomalously warm tropical Pacific tempera-

tures during the early 1990s, the first mechanism involving the STCs as a driver of

TPDV was proposed by Gu and Philander (1997). In their study, the authors use a

simple oceanic box model comprising a tropical and an extratropical box to demon-

strate the possibility of temperature anomalies generated in the extratropics being

advected with the mean circulation to the tropics. The temperature anomaly is sub-

sequently upwelled and amplified by positive feedbacks with the overlying tropical

atmosphere. At the same time, the warming (cooling) tropical ocean gives rise to

a strengthening (weakening) extratropical westerlies that act to cool (warm) tem-

peratures of the subjacent surface water due to anomalously strong (weak) evapora-

tive cooling. The subduction and equatorward advection of these new temperature

anomalies eventually leads to a phase change of the tropical conditions. As this

mechanism is based on the mean meridional advection of anomalous temperature it

is referred to as the vT ′ mechanism where the overline (u) denotes the climatological

mean and the prime (′) denotes anomalies to this mean.

Observations indeed confirm the subduction of thermal anomalies in the subtropical

North Pacific (Schneider et al. 1999a). However, a further study of the same year

argues that subducted temperature anomalies decay prior to reaching the tropics,

leaving tropical decadal temperature anomalies to be largely driven by anomalies

in local Ekman pumping (Schneider et al. 1999b). In line with Schneider et al.

(1999b), but using observations and a primitive equation ocean model, Hazeleger

et al. (2001b) conclude that North Pacific temperature anomalies can propagate

17



CHAPTER 1. INTRODUCTION

Figure 1.11: a) Decadal subsurface temperature variations averaged between 180-160◦W from
the first joint CEOF mode applied to subsurface temperature and SLP. b) As in Figure 1.11a,
but for the subsurface temperature averaged between 14-10◦S (solid line) and between 4◦S-4◦N
(dashed line) (source: Luo and Yamagata 2001). CEOF: Complex Empirical Orthogonal Function

into the tropics but they do not arrive at the equator. Yet, both studies which

refute the vT ′ mechanism only apply to the Northern hemisphere, which still leaves

the meridional advection of temperature anomalies in the Southern hemisphere as

a possible driver of TPDV. In fact, Luo and Yamagata (2001) report the advection

of temperature anomalies from the Southern hemisphere extratropics to the trop-
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ics with a coherent subsurface temperature pattern that extends from 30◦S to 5◦N

(Figure 1.11a). In their study, the Southern hemisphere subsurface temperature

is highly correlated to the equatorial subsurface temperature when leading by 1-2

years (Figure 1.11b). It is also very obvious that Northern hemisphere subsurface

temperatures do not arrive at the equator (Figure 1.11a). Giese et al. (2002) con-

firm the propagation of temperatures anomalies in the Southern hemisphere using

an ocean general circulation model.

Anomalous Advection of Mean Temperature (the v′T mechanism)

A different STC based mechanism revolves around variations in the STC overturning

rate. This mechanism suggests that an increase (decrease) in the rate of the STC

acts to transport and upwell more (less) cold extratropical water into the tropics

which eventually imprints on the surface temperature. As this mechanism repre-

sents the anomalous advection of mean temperatures, it is referred to as the v′T

mechanism.

Using a coupled model with a 31
2
-layer ocean component and a statistical atmo-

sphere, Kleeman et al. (1999) were the firsts to propose that transport variations

in the Northern hemisphere STC alter the eastern tropical Pacific cold tongue and

thus modify tropical Pacific climate. Their findings were supported by Klinger et al.

(2002) who perturbed the same intermediate ocean model with a prescribed wind

stress anomaly and thus modified the equatorial upwelling branch as part of the

STCs. Again using the same ocean model but a slightly more complicated atmo-

sphere, Solomon et al. (2003) showed an oceanic coupling from the North Pacific

extratropics to the equator via variations in STC transport.

Analysing the output of a comprehensive ocean general circulation model forced

by observed wind stress, Nonaka et al. (2002) found that the decadal variability in

the tropical Pacific is forced roughly equally by local equatorial winds and by off-

equatorial winds. They further showed that the remotely driven part of the decadal

variability is strongly related to the strength of the STCs in both hemispheres, in

support of the v′T mechanism. In addition, McPhaden and Zhang (2004) calculated
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the subsurface geostrophic transport from hydrographic data and found that the

long-term trends in transport convergence across 9◦N and 9◦S are anti-correlated

with the trends in equatorial Pacific SST anomaly (Figure 1.12). While the ex-

act importance of this mechanism is unknown, all of the studies mentioned in this

section agree that this mechanism is valid in driving TPDV.

Figure 1.12: Meridional volume transport convergence in the pycnocline across 9◦N and 9◦S and
equatorial sea surface temperature anomalies for 1950-2003. The period 1950-1999 is reproduced
from McPhaden and Zhang (2002) with values for July 1998-June 2003 and July 1992-June 1998
superimposed. Also plotted are areally averaged sea surface temperature anomalies in the eastern
and central equatorial Pacific (9◦N-9◦S, 90◦W-180◦W) encompassing the region where equatorial
upwelling is most prevalent. The temperature time series from 1950-1999 is derived from monthly
analyses of Reynolds et al. (2002) smoothed twice with a 5-year running mean to filter out the
seasonal cycle and year-to-year oscillations associated with ENSO. The single 5-year average for
July 1998 to June 2003 is connected to the smoothed time series with a dashed line. Anomalies
are relative to 1950-1999 averages (source: McPhaden and Zhang 2004).
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The Spiciness Mechanism

In the ocean, the vertical hydrographic structure can be perturbed in two different

ways as depicted by Munk (1981). In the case of an internal wave passing through

a stably stratified water column, surfaces of constant temperature (isotherms) and

surfaces of constant salinity (isohalines) are deflected in the same direction such

that the corresponding surfaces of constant density (isopycnals) are also deflected

in that direction (Figure 1.13, left panel). Consequently, the vertical density profile

is affected in this case. The change in density can also be perceived in a tempera-

ture/salinity (T/S) diagram (Figure 1.14, left panel). Here, the water parcels at the

original vertical positions become colder and saltier and, hence, denser.

Figure 1.13: Contours of potential temperature, salinity and potential density in a vertical section
(x,z) for an internal wave hump and a compensated warm and salty intrusive glob (source: Munk
1981).

On the other hand, in the case of an intrusion, the deflection of isotherms and

isohalines can be such that their effect on density cancels (Figure 1.13, right panel).
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In the corresponding T/S diagram, the water parcels at the original vertical positions

become warmer and saltier while still remaining on the same density surface (Figure

1.14, middle panel). Hence, the vertical density profile is not affected in this case.

On a surface of constant density, the warmer and saltier the water is the spicier it

is. Thus, in a T/S diagram spiciness is represented by lines orthogonal to isopycnals

(Figure 1.14, right panel). A measure of spiciness is temperature or salinity on

isopycnals. However, for most applications, as is the case here, the interest is in

temperature because this is the variable that interacts with the atmosphere and can

lead to feedbacks that amplify the original temperature anomaly.

Figure 1.14: T-S diagrams for an internal wave hump and a compensated intrusive glob. The dots
(•) correspond to the undisturbed positions of the five contours in Figure 1.13. The open circles
(◦) give the positions through the center of the disturbance. The "isospiceness" lines (constant π)
are orthogonal to the isopycnals (constant ρ) (source: Munk 1981).

Spiciness anomalies, i.e. deviations of spiciness with respect to the climatology, are

fundamentally different from other thermal anomalies, such as the ones created at

the surface and subducted into the thermocline (e.g. Gu and Philander 1997; Schnei-

der et al. 1999a). The density-compensating nature of spiciness anomalies allows

them to behave like passive tracers that are not affected by dissipation as strongly

as other thermal anomalies. For this reason, spiciness anomalies have been proposed

as a third mechanism to drive tropical Pacific decadal variability (Schneider 2000).

According to this idea, anomalously strong trade winds accelerate the North Equa-

torial current and Countercurrent which produces cold/fresh spiciness anomalies in
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the subtropics of the North and South Pacific through anomalous advection across

mean spiciness gradients. These spiciness anomalies are advected with the mean

STC circulation to the equator. Once at the equator, the spiciness anomalies are

upwelled where they alter SST and cause a relaxation of the trade winds. This

change in the trade winds leads to a weakening of the North Equatorial current and

Countercurrent which results in the generation of warm/salty subtropical spiciness

anomalies. These spiciness anomalies are advected to the equator and reverse the

phase (Figure 1.15). Based on the average travel time of 5 years from the subtropics

to the equator the entire cycle is suggested to have a period of 10 years (Figure

1.16).
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Figure 1.15: Reconstruction
of the evolution of the spici-
ness mode during one half cy-
cle as measured by temper-
ature in the layer bounded
by the 24.0 and 24.5 kg m−3
isopycnals. Contour interval is
0.1 ◦K and gray scale is given
on left. The panels correspond
to successive years (indicated
in lower right corner), and the
second half of the 10 year cycle
is obtained by adding 5 years
to the year counter and re-
versing the sign of anomalies.
The reconstruction is obtained
from the leading CEOF of the
spiciness anomalies by multi-
plication of the spatial load-
ing pattern with a constant,
representative amplitude and
linearly advancing phase cor-
responding to a typical pe-
riod of 10 years. The lead-
ing CEOF explains 33% of the
variance of the band passed fil-
tered data in a 3 to 20 year
period spectral window. Fit-
ting an AR-1 process to this
principle component yields a
period of 9.9 years and a de-
cay time of 24 years. Results
are only contoured for those
points where the CEOF ex-
plains more than 10% of the
local variance (source: Schnei-
der 2000). CEOF: Complex
Empirical Orthogonal Func-
tion
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Figure 1.16: Evolution of spiciness in the western tropical Pacific as measured by temperature
anomalies in ◦K on an isopycnal. The thick line shows anomalies between of the 24.0 and 24.5 kg
m−3 isopycnals that are typical for the spiciness anomalies of the 22.0 to 26.0 kg m−3 surfaces. The
reconstruction of the 24.0 to 24.5 kg m−3 spiciness anomalies from their leading CEOF is shown
by a dashed line and explains over 90% of the local variance. All results have been band passed
to allow variability with periods of 3 to 20 years only. Note the ten year time scale of spiciness
on all isopycnals that is well represented by the leading CEOF (source: Schneider 2000). CEOF:
Complex Empirical Orthogonal Function

1.5 Thesis Objectives and Structure

The main aim of this thesis is to advance our understanding of the ocean’s role in

driving tropical Pacific decadal variability. The research questions revolve around

two major themes. First, we aim to reveal the drivers of the subtropical cells as they

are known to actively contribute to TPDV. We specifically intend to determine the

role of ENSO in driving the STCs and thereby influencing ENSO’s own background

state. Second, we aim to identify the impact of the "spiciness mechanism" on the

tropical Pacific climate. To address these research questions, we conduct a range

of model experiments using an ocean general circulation model and a Lagrangian

particle simulator. We also compare and validate our results against observational

records where available.

The following three Chapters (Chapter 2 to Chapter 4) are structured as individual

manuscripts that have been or will be submitted for publication and as such, each

Chapter includes a separate Introduction, Methods, Results and Discussion section.
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For brevity, references from each of the individual Chapters are combined into a

single bibliography included at the end of the thesis.

In Chapter 2, we investigate the volume transports related to the subtropical cells

using a high resolution ocean general circulation model. We specifically analyse

hemispheric differences in STC transports. We also utilise a set of experiments to

investigate the mechanisms driving STC variability on both interannual and decadal

time scales. We thereby intend to identify the role of interannual dynamics related

to ENSO in modifying the mean climate in the tropical Pacific. This Chapter has

been published as a research article in the Journal of Geophysical Research: Oceans.

In Chapter 3, we aim to answer the question whether spiciness anomalies generated

in the subtropics can provide a means of inducing TPDV as has been proposed by

previous studies. There still also is a scientific debate as to the preferred pathways

spiciness anomalies take from the subtropics to the tropics which we aim to inform.

We therefore carefully examine the relative importance of the different pathways of

spiciness anomalies making use of a Lagrangian particle simulator. We also monitor

the evolution of the magnitude of the spiciness anomaly to assess their potential

impact on the tropical climate. This Chapter is to be submitted for publication in

Climate Dynamics.

While spiciness anomalies have been suggested to contribute to TPDV, a quantita-

tive assessment of their impact on the equatorial Pacific mixed layer heat budget is

still lacking. In Chapter 4, we aim to close this gap by performing a heat budget

analysis of this region and breaking down the advective term into the individual con-

tributors, including spiciness as a separate contributor. A particular focus is made

on the impact of remotely generated spiciness anomalies as they provide potential

predictability of TPDV due to their travel time from the extratropics to the tropics.

This Chapter is to be submitted for publication in Geophysical Research Letters.

In the final Chapter (Chapter 5), we discuss and conclude the main results of the

individual studies that form part of the thesis. Also, an outlook to future research

directions will be given in this Chapter.
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Chapter 2

Hemispheric Asymmetry of the
Pacific Shallow Meridional
Overturning Circulation

This Chapter is based on the publication:

Zeller, M., McGregor, S., and Spcence, P. (2019), ’Hemispheric asymmetry of the
Pacific shallow meridional overturning circulation’, Journal of Geophysical Research:
Oceans, doi: 10.1029/2018JC014840

Preface

The shallow subtropical cells (STCs) in the Pacific Ocean are thought to modulate
the background state that the El Niño – Southern Oscillation (ENSO) operates in.
This modulation is proposed to impact the frequency and intensity of ENSO events
and their teleconnections. We use a high-resolution ocean model to investigate the
volume transports associated with the STC branches along 5◦N and 5◦S. We find
three prominent differences between the Southern hemisphere (SH) STC and the
Northern hemisphere (NH) STC: i) the NH STC varies 26% stronger than the SH
STC; ii) the NH STC appears to lead the SH STC by 3 months which causes the NH
and SH STCs to play different roles during the course of El Niño and La Niña events;
iii) in spite of the relative symmetry of the wind stress trends the STCs have differing
decadal trends, with the SH STC clearly dominating the changes in the post-1993
period. To investigate the mechanisms driving the STC variability we identify winds
that are linearly and non-linearly related to ENSO to force the ocean model. The

27



CHAPTER 2. PACIFIC STC ASYMMETRY

hemispheric difference in interannual variance as well as the phase difference between
the STCs can be explained with ENSO forcing. Our results suggest ENSO to be
an important factor in modulating its own background state, with a prominent role
for the winds that are non-linearly related to ENSO. The decadal trends and their
interhemispheric disparity, however, cannot be reproduced by our targeted ENSO
experiments.
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2.1 Introduction

The tropical Pacific Ocean is the most influential region on climate patterns around

the world (e.g., Alexander et al. 2002; Kosaka and Xie 2013, 2016). This region

houses the Earth’s most prominent interannual climate variation, the El Niño-

Southern Oscillation (ENSO) (McPhaden et al. 2006). Besides the interannual

variability of the coupled ocean-atmosphere system, the tropical Pacific Ocean also

exhibits modulations on decadal time scales. The spatial pattern of these decadal

modulations is captured by the Pacific decadal oscillation (PDO) or the Interdecadal

Pacific Oscillation (IPO), both of which describe recurring patterns of sea surface

temperature (SST) and associated atmospheric conditions over the Pacific domain

(e.g., Mantua et al. 1997; Power et al. 1999).

The decadal variability can be thought of as the background state upon which

ENSO operates (Fedorov and Philander 2001). Changes in this background state

are thought to be closely linked to ENSO frequency and intensity (e.g., Zhao et al.

2016) as well as ENSO predictability by impacting the ocean dynamics that de-

termine the lead-lag relationship between ENSO SST and its warm water volume

precursor (e.g., Neske and McGregor 2018). Decadal changes in the tropical Pacific

also serve as an explanation for the recent global warming hiatus (England et al.

2014). An enhanced understanding of the drivers of the decadal variability in this

region is important for ENSO predictability and also for being able to distinguish

between natural variability and human induced climate change.

Details of what drives the decadal variability of the tropical Pacific Ocean are cur-

rently still debated (Newman et al. 2016). Atmospheric teleconnections between the

subtropics and the tropics (e.g., Barnett et al. 1999; Kwon et al. 2011) and between

ocean basins (e.g., McGregor et al. 2014b; Chikamoto et al. 2016) may explain some

portion of the decadal signal in the tropics. The focus of this study will be on the

oceanic teleconnections between the subtropics and the tropics as important drivers

of the tropical variability. We will investigate the oceanic teleconnections with em-

phasis on both the interannual and the decadal time scales as they both play a role
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in modulating the tropical Pacific climate.

Two complementary oceanic mechanisms connecting the tropical and subtropical

Pacific Ocean can be distinguished. They are: i) the vertically integrated exchanges

of upper ocean mass/heat that modulate the warm water volume (WWV) of the

equatorial Pacific Ocean; and ii) the shallow ocean circulation cells, known as the

Pacific subtropical cells (STCs), that extend from the tropics to the subtropics in

both hemispheres and form part of the global ocean circulation system (McCreary Jr

and Lu 1994; Liu et al. 1994; Lee and Fukumori 2003; Schott et al. 2004). WWV

changes are normally utilised when discussing the dynamics of ENSO events (e.g.,

Jin 1997; Kug et al. 2003; McGregor et al. 2014a), while the Pacific STCs, which

are the focus of this study, are generally used when discussing mechanisms of Pacific

Decadal variability (e.g., Johnson and McPhaden 1999) which is strongly related to

the volume and temperature of the water upwelled in the equatorial region. Each of

the STCs is made up of different branches which can behave independently of each

other (e.g., Capotondi et al. 2005). In the subtropics, cold water is subducted into

the thermocline at depth from where it makes its way towards the tropics (Johnson

and McPhaden 1999). Two distinct pathways for the subsurface limb have been ex-

plored, one along the western boundary as a western boundary current (WBC) and

one through the ocean interior away from any boundaries (Liu et al. 1994; Izumo

et al. 2002). At the equator, the water is upwelled along the equatorial undercur-

rent (EUC), before the overlying trade winds cause the upwelled water to diverge

in poleward direction closing the loop (e.g., Johnson 2001). It should be noted that

the two mechanisms are not entirely independent of each other. When the STC

branches vary in phase the spin rate of the STCs increases or decreases impacting

the rate of equatorial upwelling while having no effect on the mass balance which

is the dominating factor in inducing changes in WWV. When the STC branches

vary out of phase, however, the STCs contribute to upper ocean heat exchanges and

therefore changes in WWV.

Most studies separate the equatorward STC transport into an ocean interior trans-

port and a WBC transport (e.g., Lee and Fukumori 2003; Capotondi et al. 2005;
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Izumo 2005; Cheng et al. 2007; Lübbecke et al. 2008; Hong et al. 2014). In all

of these studies, the WBC opposes the interior transport at both interannual and

decadal time scales. This leads to a partial compensation of the interior flow given

that the WBC does not vary as much as the interior transports. A study by Ishida

et al. (2008) identifies asymmetries in integrated upper ocean transport between

the Northern hemisphere (NH) and the Southern hemisphere (SH) on ENSO time

scales. Using a high resolution ocean model, the authors explain this asymmetry by

indicating that the compensation between the interior and the WBC transports is

higher in the SH than in the NH and that the limited compensation in the NH is un-

derpinned by a phase lag between the WBC transports and the interior transports.

However, Ishida et al. (2008) do not distinguish between surface and subsurface inte-

rior transports. The present study builds on the Ishida et al. (2008) study by looking

at hemispheric asymmetries of the branches related to the STCs. The distinction of

the vertical distribution of volume transport enables us to more accurately identify

the reason for the hemispheric asymmetry in STC transports and relate the timing

of the branches back to the forcing.

Hemispheric asymmetries of the STC transports can have a substantial climatic

impact in the equatorial Pacific. Given the strong difference in mean pycnocline

(σ24-σ26) temperatures (Figure 2.1) between the NH (roughly 17◦C-22◦C) and SH

Figure 2.1: Time mean temperature averaged over the σ24-σ26 isopycnal surfaces in the MOM025
control experiment.
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(roughly 21◦C-24◦C), the relative contribution of each hemisphere‘s STC pycnocline

transport has the potential to strongly influence the temperature of the water that

is transported with the EUC and is then upwelled at the equator.

The STCs have been proposed to impact the decadal variability of the tropical Pacific

Ocean in several ways. Early studies proposed that the equatorward advection of

subducted temperature anomalies within the STCs play an important role (Gu and

Philander 1997; Zhang et al. 1998; Giese et al. 2002). However, other studies found

that subducted North Pacific temperature anomalies are dispersed before reaching

the equator (Schneider et al. 1999a,b; Hazeleger et al. 2001b). According to Luo

and Yamagata (2001), the advection of temperature anomalies from the subtropics

to the tropics might still be effective in the Southern hemisphere. An alternative

mechanism suggests that the anomalous STC volume transports can modulate the

amount of cold subsurface waters that is advected into the tropics and upwelled

to the surface along the equator where it interacts with the overlying atmosphere

(Kleeman et al. 1999).

In support of the aforementioned theory, the different branches of the STCs have

been found to strongly vary on interannual time scales (Lee and Fukumori 2003;

Izumo 2005; Capotondi et al. 2005; Schott et al. 2007, 2008), whereby the STCs are

closely linked to the ENSO cycle, with decreased overturning transport during El

Niños and enhanced meridional transport during La Niñas (McPhaden and Zhang

2002; Izumo 2005). On decadal time scales, McPhaden and Zhang (2002) observed

a decrease of the STC convergence at the thermocline depth of 11 Sv between the

1970s and 1990s at 9◦N and 9◦S, followed by a substantial increase of about 10

Sv between the 1990s and the early 2000s (McPhaden and Zhang 2004; Feng et al.

2010). Some studies expanded on this by including the trends of the WBC, resulting

in much weaker decadal trends of the basin wide STC thermocline convergence than

previously assumed (Lee and Fukumori 2003; Schott et al. 2007; Lee and McPhaden

2008). It should be noted, here, that the interannual variability of the STC branches

is directly linked to the STC‘s decadal variability, e.g. through the interannually

varying level of compensation between the WBC and the subsurface interior trans-
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port.

To draw conclusions on decadal changes in the tropical Pacific, we, therefore, ascribe

importance to the understanding of both the interannual and the decadal variability

of the STCs. There are several hypotheses as to what drives the STC interannual

and decadal variability. They all agree on the surface winds being the driving force,

however, what differs between these hypotheses is the location and the pattern of

these winds. Nonaka et al. (2002), Lee and Fukumori (2003), Capotondi et al.

(2005), and Izumo (2005) emphasise the importance of local (tropical) wind stress

and wind stress curl for transport variations of the STC. In contrast, Kleeman et al.

(1999) highlight the role of remote (off-equatorial) winds poleward of 23◦. Farneti

et al. (2014a) and McCreary Jr and Lu (1994) also point out the role of off-equatorial

winds, however, they identify those that occur between about 15◦-18◦ latitude as

the primary driver of the low-frequency STC variability. The present study intends

to identify the forcing of the individual STC branches (surface, subsurface interior,

WBC) in each hemisphere as they may have distinct roles in impacting the decadal

variability of the tropical Pacific. A particular focus of this study will be on the

winds related to ENSO dynamics, following the idea that ENSO variability poten-

tially self-regulates its low frequency background variations.

In this regard, a study of particular interest reveals a combination mode where

the interannual (ENSO) and seasonal SST variability in the tropical Pacific form a

nonlinear response in the atmospheric circulation (Stuecker et al. 2013). The cor-

responding circulation pattern features an anomalous Philippine anticyclone in the

Northwestern tropical Pacific as well as a southward shift of westerly wind anoma-

lies to the Southeastern tropical Pacific. Both features together result in a strong

meridional shear of anomalous zonal wind across the equator. This atmospheric

circulation, which has a nonlinear relation to ENSO, has been shown in previous

studies to play a prominent role in the vertically integrated exchanges of upper ocean

heat related to ENSO (McGregor et al. 2014a). However, its role in driving STC

changes has yet to be fully explored. The present study aims to qualitatively and

quantitatively assess the contribution of the transports induced by the nonlinear
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atmospheric forcing to the tropical Pacific overturning circulation.

Thus, in this study, we are not so much interested in how the STCs impact the

tropical Pacific on decadal time scales, but more in what drives the STCs on both

interannual and decadal time scales as we think it is important to first understand

the dynamics behind the STC variability. As a next step, it is naturally worth to look

at the actual impact of the STCs on the tropical climate. We investigate the physical

mechanisms driving the STCs on interannual and decadal time scales, also asking

how much ENSO itself can drive the modelled STC variability. For our analysis, we

distinguish between winds that are linearly related to ENSO and non-linearly re-

lated to ENSO (combination mode). The fact that we make use of a high-resolution

ocean general circulation model (OGCM) that resolves mesoscale variability in the

tropics and subtropics enables us to realistically simulate the ocean‘s complex eddy

structures at the Western boundary and tropical instability waves. It also allows

for a separation of the different branches of the STCs that we expect to be more

consistent with observations, specifically to distinguish between the WBC and the

ocean interior flow. In previous studies, this distinction was hampered by a coarse

model resolution (Izumo 2005; Capotondi et al. 2005).

The paper is structured as follows: in section 2 the OGCM as well as the wind

forcing and the experimental setup are described. Section 3 gives an overview of

the results, including the analysis of the co-variability between the STC branches at

interannual and decadal time scales as well as the comparison of the ENSO forced

experiments. Conclusions are discussed in section 4.

2.2 Model and Methods

2.2.1 The Ocean Model

The GFDL-MOM025 global coupled ocean sea-ice model is used for the analysis

(Spence et al. 2014). This model is based on the GFDL CM2.5 coupled climate
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model (Delworth et al. 2012) and is coupled to the GFDL Sea Ice Simulator model.

It has a 1/4◦ Mercator horizontal resolution globally with 50 vertical levels. The

vertical level thicknesses range from 10m at the surface to about 200m at depth. Sea

surface salinity is restored to a seasonally varying climatology on a 60 day time scale.

The model is equilibrated with a 40 year spin-up control simulation forced with the

ERA-interim climatology of heat, freshwater and momentum fluxes. Output is given

as 5-day averages.

2.2.2 The Forcing

The ocean model is forced with atmospheric conditions derived from the ECMWF

ERA-interim reanalysis product (Dee and Uppala 2009). The reanalysis product

uses a variational bias correction system to account for the biases in satellite ra-

diances. According to an assessment by Dee and Uppala (2009), the ERA-interim

reanalysis provides an appropriate means for climate monitoring and analysis. The

atmospheric conditions are converted to heat, freshwater and momentum fluxes

across the ocean surface using the Coordinated Ocean-Ice Reference Experiments

(CORE) bulk formulas. Using an inertial dissipative method the turbulent transfer

coefficients (momentum, sensible heat, evaporation) are computed from 10 m wind

speed, air temperature, and specific humidity. The forcing spans a time period of a

bit more than 37 years from January 1979 to May 2016. Hence, the build-up phase

of the most recent strong El Niño event of 2015/16 is included and could be used for

the analysis. The ERA-interim winds were selected to overcome the strong trend

biases in wind stress and wind stress curl over the tropical Pacific that are known

to be present in the NCEP (National Centers for Environmental Prediction) wind

product (McGregor et al. 2012a). McGregor et al. (2012a) found the spatial trend

pattern of sea surface height (SSH) anomalies derived from NCEP winds to have

a much lower spatial correlation (0.41) when compared with observed SSH anoma-

lies than those derived from ERA-interim winds (0.83). It is noted that this choice

moved us away from the more balanced fluxes of CORE forcing (Large and Yeager
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2009), but it is more appropriate to address the proposed research questions.

2.2.3 The Experiments

We performed four experiments which are analogous to those of McGregor et al.

(2014a) and extended them to 2016. The experiments all use the same climatological

heat and freshwater forcing but they differ in their wind forcing. Experiment 1

is referred to as EXPFULL as it is forced with the full ERA-interim wind field.

For the three ENSO targeted experiments, the idea is to decompose the complex

ocean dynamics response to ENSO into several more digestible components that

are more intuitive and easier to understand. The decomposition is done on the

equatorial Pacific surface wind stress forcing utilising linear regression and an EOF

analysis. Prior to this, wind velocities are converted to wind stresses according to

the quadratic stress law τx
τy

 = Cdρa

u
v

W, (2.1)

where τx and τy are the horizontal wind stresses, Cd is the drag coefficient (Cd =

1.5e−3), ρa is the reference atmospheric density (ρa = 1.2 kg
m3 ), u and v are the hori-

zontal wind velocities, and W is the surface wind speed.

Experiment 2 only utilises wind stress anomalies that are linearly related to the

ENSO cycle. This is achieved by regressing global wind stresses onto the Nino3.4

time series which is a direct indicator of the ENSO phase (SSTs are derived from

ERSST version 4). As the Nino3.4 index is very close to the PC1 time series of wind

stresses within the equatorial Pacific region (120◦E-60◦W, 10◦N-10◦S, corr=0.71)

(cf. McGregor et al. 2014a), the resulting regression map largely coincides with the

first EOF of the same region (spatial corr: 0.93). Due to its linear relationship

with ENSO, the experiment is named ENSOLIN (Figure 2.2 a,c). We note that

the fixed nature of this experiment is not entirely realistic as it does not represent
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Figure 2.2: Wind stress patterns that are a) linearly related to ENSO (ENSOLIN , linear re-
gression against Nino3.4 index) and b) nonlinearly related to ENSO (ENSONONLIN , EOF2 of
equatorial wind stresses). The zonal component is shaded where red means eastward. c) Time
evolution of ENSOLIN (black) and ENSONONLIN (red) wind stress forcings. d) and e) show
the composite mean time series around EP El Niño (solid, 1982/83, 1987/88, 1991/92, 1997/98,
2002/03), CP El Niño (dashed, 1994/95, 2004/05, 2009/10, 2015/16) and La Niña (1988/89,
1998/99, 1999/2000, 2007/08, 2010/11) events for ENSOLIN and ENSONONLIN wind stresses,
respectively. Transparent lines show the single events. All time series are normalised and the
patterns are standardised with the standard deviation of their time evolution.

the seasonally varying wind response to SST forcing. To produce the wind forcing

we calculate the regression pattern using wind stress anomalies with respect to the

climatology despite the fact that previous studies have reported a seasonal depen-

dence of the wind response to SST forcing (e.g. Yang et al. 2001; Lengaigne et al.

2006). This dependence is characterised by a migration of anomalous winds from

the North in boreal summer to the South in boreal winter. However, the annual

meridional migration of winds is implicitly included in our analysis for strong ENSO

events (see following two paragraphs).

Experiment 3 utilises wind stress anomalies that have a non-linear relationship with

ENSO. To this end, we first subtract wind stress anomalies related to ENSOLIN

from the EXPFULL wind stress anomalies, globally. We then compute the first EOF
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of the residual wind stress in the tropical Pacific region (120◦E-60◦W, 10◦N-10◦S).

This EOF is very similar to the EOF2 of the original wind stress field (PC corr:

0.83; spatial corr: 0.92) The resulting principle component time series (Figure 2.2c)

is finally regressed onto the global residual wind stress field to obtain the associated

global structure (Figure 2.2b). McGregor et al. (2012a) have demonstrated that this

wind stress pattern represents a physical mechanism by which during the peak phase

of large ENSO events the westerly wind response to anomalous eastern equatorial

Pacific SST shifts southward which constitutes a key element in the termination of

large El Niño events. Further, Stuecker et al. (2013) have shown that the origin

of the wind stress pattern is the nonlinear atmospheric response to combined sea-

sonal and interannual tropical Pacific SST changes. Due to the nonlinear relation

to ENSO, this experiment is termed ENSONONLIN .

Experiment 4 uses the sum of ENSOLIN and ENSONONLIN wind stress anoma-

lies. It is therefore referred to as ENSOALL and includes all wind stresses that are

related to ENSO. As demonstrated in McGregor et al. (2012b) this combined exper-

iment does well simulate the observed anomalous southward wind shift which also

represents the seasonal dependence of SST forcing and wind response. To produce

the final wind forcing of each of the aforementioned experiments, the wind stress

anomalies of ENSOLIN , ENSONONLIN , and ENSOALL are each added to the wind

stress climatology and converted back to wind velocities by which the ocean model

is forced.

Except where the study’s focus is on the evolution of STCs during ENSO events

(section 2.3.2.3), our analysis is carried out on 12-month moving averages of anoma-

lies with respect to the mean seasonal cycle and the linear trend of the period

01/1979-05/2016. All correlations and linear trends are significant at the 90% con-

fidence level unless indicated otherwise. Significance is computed using a bootstrap

approach with 10,000 iterations. To account for the monthly dependence of the

data, a reduced number of degrees of freedom has been applied. Assuming that any

one year (January-December) is independent of all other years we divide the time

series into yearly chunks of 12 months length. Each bootstrap sample time series is
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created by sampling with replacement from the 37 individual years. The resulting

time series is then correlated with the second time series of interest. Given 37 years

of model data this leaves us with 37 degrees of freedom.

2.2.4 Definition of the STC Branches

The spatial extent of the two STCs and their branches is defined on the time mean

as this is where these cells are most clearly identified. Bearing in mind that the STC

transports change with the distance from the equator we choose 5◦ latitude for two

main reasons: i) we want to capture the strong and meridionally close to uniform

zonal winds corresponding to the linear theory of the build up and decay of El Niño

events, and ii) we want to be reasonably close to the equator, without interfering

with the equatorially confined tropical cells, to ensure that the equatorward flow

of pycnocline water across this latitude band actually feeds the EUC which then

distributes the water to the surface at the equator. Another advantage of choosing

5◦ latitude is the opportunity to compare our results to other model studies (e.g.,

Izumo 2005) as well as observational studies (e.g., Meinen and McPhaden 2000;

Meinen et al. 2001).

In spite of this, questions still remain over whether 5◦ latitude is an adequate latitude

to examine the STCs (Hazeleger et al. 2001a) given the possible existence of tropical

cells (TCs) that re-circulate equatorial waters in a meridionally narrower and shal-

lower cell than the STCs do (e.g., Hazeleger et al. 2001a; Izumo 2005). However,

these studies show that TC downwelling occurs at 3◦-5◦ latitude while the major

horizontal flow of these cells occurs between 1◦-3◦ latitude. Thus, the predominant

portion of the transports across 5◦ latitude form part of the STCs and therefore

also constitute source water of the EUC. This is corroborated by the relatively high

coherence of the individual branches at 5◦ and 9◦ latitude (Figure 2.3).

An exception is the NH surface branch which behaves very differently between the
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Figure 2.3: Transport anomalies of a) the surface branch, b) the subsurface interior branch, and
c) the WBC in EXPFULL. Transports integrated across 5◦N (solid black), 5◦S (solid red), 9◦N
(dashed black), and 9◦S (dashed red) are plotted as time series and as scatter plots. The vertical
dashed black lines indicate the strong El Niño events of 1982/83, 1997/98, and 2015/16. Positive
means northward transport. The correlation between 5◦N and 9◦N in a) is insignificant at the 90%
confidence level.

two latitudes, a fact that is also expressed in the insignificant correlation between

the two latitudes. The different behaviour can be explained with the wind forcing

(Figure 2.2 a,b). At 9◦N, the surface branch is almost exclusively forced by the

ENSONONLIN winds with no contribution by the ENSOLIN winds while at 5◦N
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both forcings play a role.

For the time mean in EXPFULL, the vertical structure of the meridional flow in

the tropical Pacific shows a clear distinction between the surface and the subsurface

(Figure 2.4 a,b). At the surface, the water is largely diverging from the equator

following Ekman dynamics induced by the overlying easterly trade winds (Figure

2.4e). At the subsurface, the basin-wide baroclinic zonal pressure difference in-

duces geostrophic convergence (Figure 2.4f). As a separation between the surface

Figure 2.4: Mean meridional velocity (v) along a) 5◦S and b) 5◦N, in the upper Pacific Ocean
in EXPFULL. c) and d) are enlargements of the respective Western boundary regions. Mean of
01/1979-05/2016. Red shading means northward flow. Horizontal black line indicates the lower
vertical boundary of the surface branch at 50 m (except slope at 5◦N). Curved solid black line
indicates the lower vertical boundary of the subsurface branch at σ27. Note that the velocities
need to be multiplied by 5 in panels c) and d). Black contours in panels c) and d) indicate
the std of v. The contour interval is 0.4 m

s . e) and f) show maps of mean transport (meridional
transport is shaded) integrated across the surface layer (0-50m) and the subsurface layer (50m-σ27),
respectively. The horizontal lines indicate the 5◦ and 9◦ latitudes in each hemisphere.
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and subsurface branch most studies use the 50 m level, sometimes combined with

the 1022 kg
m3 isopycnal (e.g., Lee and Fukumori 2003; Izumo 2005; Capotondi et al.

2005). Figure 2.4 shows that at 5◦S the 50 m level seems adequate so we use this

as the boundary between the surface and subsurface branch. At 5◦N, however, the

surface Ekman flow seems to be confined to the basin interior with no transport

east of 105◦W. Instead, the equatorward subsurface flow rises to the surface be-

tween 145◦W-105◦W. To adapt to the changing surface-subsurface boundary, we

choose the 50 m level west of 145◦W and introduce a linear slope east of 145◦W that

reaches the surface at 105◦W. East of this longitude, our definition accounts for no

surface branch but only a subsurface branch.

To further separate the subsurface branch from the deep ocean we use the 1027
kg
m3 isopycnal (σ27 = ρ1027-1000 kg

m3 ) as the lower boundary. In comparison with the

ORAS4 reanalysis, the depth of the model‘s σ27 is about 20 m shallower and the

pycnocline appears to be slightly narrower in the model. However, depths of neutral

density levels (not shown) along which geostrophic flow is assumed to occur are very

close to observations at 5◦N and 5◦S (Johnson and McPhaden 1999). Moreover, the

integration depth of 150-250 m is in the same range as in earlier studies (e.g., Lee and

Fukumori 2003; Izumo 2005; Capotondi et al. 2005) (150-300 m) and, importantly,

the subsurface transport integration occurs over the range of isopycnals feeding the

EUC (100-250 m).

Model studies have shown that there exist two main pathways for the equatorward

pycnocline flow, one along the western boundary and one through the interior ocean

(e.g., Liu et al. 1994; Lee and Fukumori 2003; Capotondi et al. 2005). As the WBC

is subject to different dynamics than the interior flow, it is defined here as a sepa-

rate branch. To be consistent with the vertical extent of the interior transport, the

WBC is integrated from the surface down to σ27 (Figure 2.4 c,d). The actual WBC

reaches depths of about 1000 m which is much deeper than what we include here,

however, the transports according to both definitions have a very similar variability

and only differ in their mean and slightly in their standard deviation (not shown).

Considering that we are interested only in the anomalies justifies our definition.
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Another issue is the longitudinal extent of the WBC. Owing to the lack of a con-

tinuous continental shelf in the western Pacific, we define the western edge of the

western boundary region manually at each latitude such that it includes the WBC

but not any currents west of that. This distinction is especially important around

the equatorial region where the impact of the Indonesian Throughflow (ITF) be-

comes large. It is important to note that the ITF is defined as its own branch and

is differentiated from the STCs. It was shown that the presence or absence of the

ITF does not considerably impact the STC transports (Lee and Fukumori 2003).

To separate the WBC from the ocean interior we define a "core" WBC at each

latitude, which is defined as the meridional transport integrated across 3◦ longitude

and vertically integrated from the surface to σ27. The "core" WBC is then corre-

lated with the vertically integrated meridional transport at each longitude. Based

on this method, the eastern edge of the WBC is defined as the last longitude (from

west to east) before the correlation crosses the zero line. From this analysis, we

get the following widths for the WBC at the respective latitude: 8.25◦ at 5◦N and

8◦ at 5◦S. Interior transports are, thus, defined as everything east of the western

boundary until the eastern coastline of the Pacific. This applies for both surface

and subsurface branches.

In order to examine the variability of the STCs we define an index of the combined

NH and SH STC transport. We integrate the meridional velocity horizontally and

vertically according to the above definition of the STC branches. The STC index

is then computed as follows, with northward (southward) transport being positive

(negative):

STCidx = STCNH + STCSH

= (SFC − SUB −WBC)NH + (SUB +WBC − SFC)SH , (2.2)

where SFC, SUB and WBC denote the surface, subsurface and WBC branches of

the STC. NH and SH refer to the Northern and Southern hemisphere, respectively.
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2.2.5 Model Validation

The model mean state is validated against observational and reanalysis data. Where

possible, the time periods of comparison have been chosen to be the same between

model and observations. The mean state of the tropical Pacific is very close to

the ORAS4 reanalysis with high spatial correlations of sections across 5◦N/5◦S for

mean meridional velocity (0.75/0.95) and mean density (0.99/0.996). The mean STC

strength in the EXPFULL control experiment is stronger in the Southern hemisphere

(35 Sv) than in the Northern hemisphere (29 Sv), This is consistent with Lohmann

and Latif (2005) who found the overturning to be 40 Sv and 25 Sv for the Southern

and Northern hemisphere STC at the same latitudes, respectively, using a stream

function to define the STC index. Table 2.1 shows a comparison of the model versus

observed mean STC transports. The mean Ekman divergence of 49 Sv as computed

from the Era-interim wind stress is comparable to but somewhat weaker than the

one calculated from ERS-1,2 scatterometer wind stresses (58 Sv) across the same

latitudes (Schott et al. 2004). In terms of the boundary currents, the mean SH WBC

is measured at 15 (±15) Sv using gliders (Davis et al. 2012), while the model mean

of 8.1 Sv is only about half, yet within the range of uncertainty. Butt and Lindstrom

(1994) observed the SH WBC to mainly occur through the straits between Papua

New Guinea and New Britain and between New Britain and New Ireland, which is

consistent with our model (cf. Figure 2.4c). In the Northern hemisphere, Wijffels

Table 2.1: Model versus observed mean transports of surface, subsurface interior and WBC
branches of the STCs at 5◦S and at 5◦N. Units are Sv. Positive means northward transport.
Numbers in brackets indicate the interval of confidence.
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et al. (1995) used ADCPs to measure the Mindanao Current to be 23 (±4) Sv on

average of which 9 Sv turn west and form part of the ITF (Gordon et al. 1999) while

the remaining 14 (±1.5) Sv feed the EUC (Johnson and McPhaden 1999). The latter

number coincides with the modelled 14 Sv of the mean NH WBC. An observational

validation of the mean SH subsurface interior transports (Figure 2.4a) is given by

Zilberman et al. (2013) who observed meridional geostrophic velocity derived from

Argo floats at 7.5◦S (their Figure 3a). Spatially, the mean subsurface transports

extend from 170◦E-90◦W both in the model and in the observations. Also the ver-

tical extent of the mean equatorward transports compares well between model and

observations, reaching down to a maximum of about 200 m between 170◦W-150◦W

and shoaling towards the east reaching the 50 m level at about 100◦W. Zilberman

et al. (2013) observe an amplitude of 5 cm
s

for the geostrophic velocity below the 50

m level which is slightly higher than the modelled amplitude of 4 cm
s

for the sub-

surface branch. The strong southward velocity simulated at the Eastern boundary

was also detected by the Argo floats and corresponds to the Peru-Chile Undercur-

rent as discussed by Montes et al. (2010) (their Figure 3 c,d). The integrated mean

equatorward interior transports in EXPFULL amount to 3.2 Sv and 10.6 Sv for the

Northern and Southern hemisphere, respectively. This is in qualitative agreement

with the observed transports by Johnson and McPhaden (1999) amounting to 5

(±1) Sv and 15 (±1) Sv, respectively, although with reduced magnitude.

The interannual variability of the model upper ocean transport (surface to pycno-

cline) at 9◦ latitude is comparable to the observed Ekman and geostrophic transports

across 8◦ latitude in Meinen and McPhaden (2001) (their Figure 9) showing similar

peaks around ENSO events. The modelled temporal evolution of the STC sub-

surface branches at both 5◦ and 9◦ latitude is also consistent with the geostrophic

transports calculated by Bosc and Delcroix (2008) from observed sea level anomalies

at 5◦ and 8◦ latitude. However, the amplitude of the modelled STC transport at 5◦

and 9◦ latitude is about half compared to the observations.
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2.3 Results

2.3.1 STC index variability

The fully forced (EXPFULL) STC index calculated at 5◦ latitude exhibits large

temporal variations of up to +/-30 Sv (mean: 73 Sv), especially around El Niño

and La Niña events (Figure 2.5 a). During El Niños the STCs slow down, meaning

that less subtropical water intrudes the tropics and is upwelled along the equator.

Also, at the surface less water escapes from the tropical region. This process is

reversed during La Niñas when the STCs are strong and lead to an increase of

subtropical water in the tropical region.

Figure 2.5: a) Anomalies of STC strength at 5◦N + 5◦S for EXPFULL. The linear trend for
the period 01/1979-05/2016 has not been removed here. The linear trends for the periods 1979-
1993 and 1993-2008 are plotted as grey lines, however, the linear trend in the earlier period is
insignificant while it is significant in the latter period at the 90% confidence level. The standard
deviation and the linear trends are displayed in the plot. b) Anomalies of STC strength at 5◦N
+ 5◦S. Grey: EXPFULL, red: ENSOALL, blue: ENSOLIN , and cyan: ENSONONLIN . The
vertical dashed black lines indicate the strong El Niño events of 1982/83, 1997/98, and 2015/16.
Positive means anomalously strong STC.

A good agreement exists with the ENSOALL STC index variance explaining 56%

of the EXPFULL STC index (corr: 0.75, Figure 2.5 b). ENSOALL reaches about

2/3 of the standard deviation of EXPFULL. Further breaking down the forcing

shows that the linear wind stress forcing seems to play the dominant role explaining

85% of ENSOALL. The ENSONONLIN STC index explains 37% of ENSOALL and

shows clear peaks during ENSO events, also suggesting a non-negligible role for

ENSONONLIN .

On decadal time scales, the STC index also shows some variation which can be
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represented by the two linear trends before and after the observed phase shift in

the tropical Pacific in the mid 1990s (McPhaden and Zhang 2004). EXPFULL

shows a decreasing linear trend for the time period 1979-1993 and a reversed trend

after that (Figure 2.5 a). These trends are consistent with other model studies

as well as observations (e.g., McPhaden and Zhang 2002; Lee and Fukumori 2003;

McPhaden and Zhang 2004; Capotondi et al. 2005). Interestingly, for the targeted

ENSO experiments (ENSOALL, ENSOLIN , ENSONONLIN), neither of the two

linear trends can be reproduced with a reasonable magnitude (Figure 2.5 b). A

detailed investigation of the linear trends is presented in section 3.2.4.

2.3.2 Hemispheric separation of STC variability

As the STC index may mask some of the variability by combining the NH and

SH STCs, we now analyse the STCs in each hemisphere separately. Examining

the Northern and Southern hemispheric contributions to the total EXPFULL STC

transport reveals three fundamental differences (Figure 2.6 a): i) the NH STC dis-

plays interannual transport variability that is approximately 26% larger than that

of the SH STC; ii) the two STCs do not occur simultaneously. Rather, the NH STC

leads the SH STC variations by 3 months; consequently, the behaviour of the NH

STC during El Niño/La Niña events strongly differs from the behaviour of the SH

STC; iii) the decadal linear trend present in the STC index after 1993 is much more

prominent in the SH STC.

Each of these hemispheric disparities and their physical origin are examined in detail

in the following sub-sections utilising the ENSO targeted experiments. By compar-

ing ENSOALL to EXPFULL we are able to estimate to what extent the STCs can be

reproduced by only forcing them with winds that are linked to ENSO. By means of

ENSOLIN and ENSONONLIN we can further draw conclusions about the physical

mechanism behind the STC transports.
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2.3.2.1 Hemispheric difference in interannual transport

We find that on interannual time scales the variability of the NH STC (std: 5.7 Sv)

is 26% larger than that of the SH STC (std: 4.5 Sv) in EXPFULL (Figure 2.6 a).

Looking at the individual branches of the STCs in EXPFULL reveals two things.

Firstly, the compensation between the subsurface interior and WBC branches is high

in both hemispheres. Secondly, the compensation between the surface and the com-

bined subsurface interior plus WBC branches is larger in the SH (corr:-0.75, Figure

2.6 b,c). This alone would imply a stronger SH STC variability. However, even

though the degree of compensation is slightly weaker in the NH, the STC branches

themselves display a stronger variability, which leads to the increased variance of

the NH STC. The exception is the WBC which displays similar variability in both

hemispheres.

Figure 2.6: a) Anomalies of STC strength at 5◦N (black) and 5◦S (grey) for EXPFULL. Standard
deviations and correlation coefficients between the hemispheres as well as the linear trend are
displayed in the plot. Positive means anomalously strong STC according to STC index. Panels
b) and c) show the transport anomalies of the different branches of the STC integrated at 5◦S
and 5◦N, respectively, for EXPFULL. Solid grey/black line: STC strength, green shading: surface
branch, blue shading: subsurface interior branch, red shading: WBC. Standard deviation of each
branch and correlation coefficients between the surface branch and the sum of subsurface interior
and WBC are displayed in each plot. The vertical dashed black lines indicate the strong El Niño
events of 1982/83, 1997/98, and 2015/16. Positive means northward transport for the branches
and anomalously strong STC for STC index.
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Figure 2.7: Anomalies of STC strength at a) 5◦S and b) 5◦N for all experiments. Grey:
EXPFULL, red: ENSOALL, blue: ENSOLIN , and cyan: ENSONONLIN . Standard deviations
and correlation coefficients between the experiments are displayed in the plot. The vertical dashed
black lines indicate the strong El Niño events of 1982/83, 1997/98, and 2015/16. Positive means
anomalously strong STC.

Here we investigate whether this hemispheric difference can be reproduced with

the ENSO experiments. Analysing the ENSOALL experiment output reveals that

the hemispheric difference as discovered in EXPFULL is reproduced reasonably well

(Figure 2.7). On the basis that in ENSOALL the NH STC (3.8 Sv) varies with 44%

more intensity than the SH STC (2.63 Sv), we first take a look at the ENSOLIN

experiment which represents the common linear view of ENSO dynamics. The inter-

annual variance of ENSOLIN transports is 24% larger at 5◦N (2.75 Sv) compared

to 5◦S (2.21 Sv). Thus, including the variability generated by ENSONONLIN is

synonymous with adding another 20% of hemispheric difference in interannual vari-

ance. This is taking into account the relative amplitudes of the ENSOLIN versus

ENSONONLIN transports.

The question can be raised why the ENSOLIN wind stresses generate stronger trans-

port variability in the NH even though the wind stresses themselves vary stronger in

the SH (Figure 2.2a). The answer is twofold. First, the surface branches are forced

by the zonally integrated wind stresses, i.e., even though the centre of maximum

variability is in the SH, the variability of the integrated wind stress along 5◦N and

5◦S is about the same in each hemisphere resulting in approximately equal Ekman

variability. Second, the variability of the wind stress curl is stronger in the NH where

it induces a stronger geostrophic flow (not shown). The resulting STC overturning

transport, therefore, varies stronger in the NH.

We summarise this section by stating that the hemispheric disparity in the magni-
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tude of the variance of the STCs can well be reproduced by forcing the STCs with

ENSO related winds only. This is due to both the ENSOLIN and ENSONONLIN

winds with comparable contributions.

2.3.2.2 Covariability of the STCs in both hemispheres

As discussed above, the EXPFULL STCs are not symmetric about the equator in

terms of their transport variance. Focusing on the evolution of the STCs over

time reveals that they are also not symmetric temporally, i.e. they do not vary

synchronously. The NH STC seems to lead the SH STC by 3 months (lagged corr:

0.75, zero lag correlation: 0.68, Figure 2.6 a). This finding is qualitatively consistent

with earlier studies that noticed that the zonal wind stress and the accompanying

meridional Ekman transport at 5◦N leads the one at 5◦S (Meinen and McPhaden

2001; Alory and Delcroix 2002; Kug et al. 2003; Izumo 2005). The lag is well

captured by the ENSOALL experiment (lag: 4 months, lagged corr: 0.87, zero lag

correlation: 0.71, Figure 2.8 a), i.e. ENSO related winds appear to be responsible

for the lag.

Based on the results of the previous section exhibiting a high compensation between

the subsurface interior and the WBC transports in both hemispheres, we here com-

bine these two branches to one branch and refer to it as the "subsurface branch".

Looking for the source of the lag in EXPFULL (Figure 2.8 b), we find that the STC

subsurface branches in the NH and SH are fairly synchronous (corr: -0.69 at zero

lag). The SH surface branch also displays a strong temporal similarity to the NH

and SH subsurface branches, which is reflected by the correlation coefficients of 0.78

and -0.75 at zero lag, respectively (not shown). The NH surface branch, on the other

hand, displays its strongest correlation with the SH surface branch when it leads

by 7 months (lagged corr: -0.66, zero lag correlation: -0.30). This result indicates

that the source of the lead/lag relationship is in the NH surface transports. The

lead time of 7 months only applies to the NH STC surface branch, while the SH

surface branch and the subsurface branches (interior+WBC) of both hemispheres
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Figure 2.8: a) Anomalies of STC strength at 5◦N (black) and 5◦S (grey) ENSOALL. Positive
means anomalously strong STC according to STC index. Anomalies of the STC branches at 5◦N
(solid) and 5◦S (dashed) for b) EXPFULL and c) ENSOALL. Black: surface branch; green:
subsurface interior branch + WBC. Lagged correlation coefficients between the hemispheres are
displayed in each plot. The vertical dashed black lines indicate the strong El Niño events of
1982/83, 1997/98, and 2015/16. Positive means northward transport.

act synchronously (zero lag).

As the STC index is computed as surface-subsurface (NH) and subsurface-surface

(SH), respectively, and the magnitudes of the surface and subsurface branches are

similar, the lead-lag relationship of the STC indices is the average of the surface and

subsurface lags. This yields the lag of 4 months for the STC index. Again, we find

the same lead/lag relationships between all branches in ENSOALL (Figure 2.8 c),

reinforcing our hypothesis that ENSO related winds are the primary cause for the

lag.

Comparison of the ENSOALL experiment with ENSOLIN and ENSONONLIN re-

veals a strong temporal consistency between the ENSOALL and ENSOLIN trans-

ports in the SH (see correlations in Figure 2.7 a). This means that the SH STC

is largely forced by winds that are linearly related to ENSO, i.e. primarily by the

strong zonal winds between ∼5◦S-5◦N. These winds are also the underlying forcing

of the warm water volume (WWV) changes as explained by the recharge-discharge-

oscillator (RDO) theory, with anomalous westerlies (easterlies) leading to a WWV
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discharge (recharge) through the slow ocean adjustment via upwelling (downwelling)

Rossby waves. This suggests that the SH STC largely follows the linear RDO theory.

In contrast, the influence ofENSOLIN is smaller in the NH STC where ENSONONLIN

also appears to play a prominent role (see correlations in Figure 2.7 b). The cyclonic

structure in the Northwestern tropical Pacific wind field (Figure 2.2 b) induces Ek-

man transport that primarily affects the NH surface branch (e.g., McGregor et al.

2014a). The time evolution of the ENSONONLIN wind stresses is out of phase with

the ENSOLIN wind stresses (see Figure 2.2 b,c). Thus, the associated Ekman trans-

ports according to each forcing are out of phase, too. This result is consistent with

Table 2 in Izumo (2005). Consequently, the lead time of 8 months for the ENSOALL

surface branches is consistent with the lead time between the two wind forcing time

series (7 months, Figure 2.2 c). Plotting only the NH surface branch for all experi-

ments confirms that its major contributor is the ENSONONLIN experiment (Figure

2.9). ENSONONLIN explains 77% of the variance of ENSOALL and reaches clearly

higher amplitudes than ENSOLIN . Nonetheless, the contribution by ENSOLIN ,

although weaker than the ENSONONLIN contribution, is also clearly apparent and

far from being negligible.

Summarising this section, we can say that the 3-month lag between the NH STC

and SH STC transport has its origin in the NH surface branch. Moreover, we know

that ENSO related winds are responsible for the phase shift. In particular, it is the

cyclonic wind stress pattern over the North Western tropical Pacific corresponding

to ENSONONLIN that induces the lag between the hemispheres as seen in the fully

forced STCs. The reason for the phase shift is the southward shift of anomalous

zonal wind stress during an ENSO event. These winds are first shifted north early

in an ENSO event and they then migrate southward (McGregor et al. 2012a). The

cause of the southward wind shift has been investigated by earlier studies which re-

late the shift to the climatological weakening of the wind speeds south of the equator

toward the end of the calendar year (MccGregor et al. 2012a; Stuecker et al. 2013).
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Figure 2.9: Anomalies of the NH STC surface branch at 5◦N for all experiments. Grey:
EXPFULL, red: ENSOALL, blue: ENSOLIN , and cyan: ENSONONLIN . Standard deviations
and correlation coefficients between the experiments are displayed in the plot. The vertical dashed
black lines indicate the strong El Niño events of 1982/83, 1997/98, and 2015/16. Positive means
northward transport.

2.3.2.3 Evolution of El Niño/La Niña events

The phase difference between the STCs, as described in the previous section, causes

them to play different roles during the development and decay of El Niño and La

Niña events. The focus of this section is to analyse how the NH and SH STC evolve

during the ENSO cycle. We therefore here apply a 3-month moving average to

emphasise interannual variations. We distinguish between Eastern Pacific (EP) El

Niños and Central Pacific (CP) El Niños following the "Nino" methodology set out

by Yu and Kim (2013). Based on the Oceanic Nino Index (running 3-month mean

SST anomaly averaged over the Nino3.4 region), we select the five strongest EP El

Niños and the four strongest CP El Niños as well as the five strongest La Niña events

from the 1979-2016 period to build event composites (Figure 2.2 d,e). It is noted

that four of the five strongest El Niño events in our time period are EP types and

only one is a CP type. Our analysis therefore mainly focuses on the EP type El Niño

events. Again, the combination of the subsurface interior and the WBC transports

is referred to as "subsurface branch" motivated by the compensating effect of the

former two.
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EP type El Niño events

We are first going to look at the average temporal evolution of the STCs in EXPFULL

during the EP type El Niño events (Figure 2.10). Prior to an El Niño event peak,

the NH surface branch has the biggest influence as its transport strongly decreases

between January to September of the El Niño year, slowing the NH STC. Around the

event peak (Oct-Feb), the NH STC becomes stronger again due to a rapid switch of

the surface branch towards positive anomalies, despite an ongoing gradual decrease

in transport of the subsurface branch. During this peak period, the SH STC trans-

port reduces significantly due to reductions in the transports of both the surface

and subsurface branches. It is noted that the STC reduction in both hemispheres is

dominated by the surface branches whose changes are roughly double those of the

subsurface branches in the respective time periods given the partial compensation

of the subsurface interior transport through the WBC.

During the event decay and post event (Mar to Nov of the year after the event), the

NH surface branch remains anomalously strong while the SH surface branch changes

sign and becomes strong, as well, further increasing the rate of the STCs. The NH

subsurface branch adds to the STC strengthening later in the year (from August)

while there is no effect of the subsurface branch in the SH integrated over this pe-

riod. It should be noted that the enhanced STCs towards the end of the composite

time frame are caused by the fact that El Niño events are mostly followed by La

Niña events (Figure 2.2 c). Hence, what is actually shown is the build-up phase of

a subsequent La Niña event. Looking at the STC evolution of the individual EP El

Niño events, depicted by the grey shading in Figure 2.10a and b, reveals some diver-

sity between the individual ENSO events. Still, the events tend to display similar

characteristics in each hemisphere to the mean during all ENSO phases.

The ENSO forced (ENSOALL) STC composites have a very similar temporal evo-

lution to the fully forced simulation described above, although with reduced am-

plitudes (correlation coefficients of all composite time series lie between 0.77-0.98).

This confirms that the ENSO forcing (ENSOLIN+ENSONONLIN) as defined in our

study is sufficient to reproduce the temporal evolution of the STC branches during
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El Niño/La Niña events.

We now break the ENSO driven STC down into linear and nonlinear ENSO changes

to provide a better understanding of the drivers. Looking into the SH changes firstly,

we find that the temporal evolution of the SH STC El Niño composite closely fol-

lows the linear ENSO theory (ENSOLIN). The nonlinear forcing (ENSONONLIN)

in the Southern hemisphere has a very minor impact on the SH STC. As to the NH

STCs, both the ENSOLIN and ENSONONLIN forcings play equivalent roles in the

subsurface transports. At the surface, on the other hand, the transport is almost

exclusively forced by the nonlinear wind stresses (ENSONONLIN). Specifically, the

switch of a weak to a strong NH surface branch just prior to the event peak co-

incides with the switch of the tropical Northwest Pacific anti-cyclone to a cyclone.

Thus, nonlinear wind stress forcing is required to explain the NH STC changes with

maximum weakening occurring prior to the event peak.

CP type El Niño events

We also analyse the STC evolution during Central Pacific (CP) El Niños (dashed

line in Figure 2.10). The temporal evolution of the STC strength resembles the EP

evolution, although with only about 60% of the amplitude for the STC minimum

prior to the event peak in both hemispheres. After the peak time the SH STC

reaches the same strength for both El Niño types, while the NH STC regains much

greater amplitude after CP El Niños. This strong regeneration after CP El Niño

events is likely related to the development of La Niña events after every CP El Niño

which is not the case for EP El Niño events.

We find that the ENSO driven part of the CP El Niños is almost exclusively driven

by ENSOLIN winds, while ENSONONLIN winds have no effect in either hemisphere.

Figure 2.2e shows that the ENSONONLIN winds are much weaker during the CP

El Niño events explaining the minimal effect of these winds for the CP type of

event. The strong regeneration of the STC strength at 5◦N is not captured by the

ENSO related winds. This suggests that the difference between EP and CP El Niño

events lies in the residual winds. It also suggests that the ENSONONLIN wind stress
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Figure 2.10: El Niño composites (1982/83, 1987/88, 1991/92, 1997/98, 2002/03, left column)
and La Niña composites (1988/89, 1998/99, 1999/2000, 2007/08, 2010/11, right column) of the
anomalous branches of the STC at 5◦N and 5◦S for a) EXPFULL, b) ENSOALL, c) ENSOLIN ,
and d) ENSONONLIN . Solid black line: STC strength for EP El Niño/La Niña events, grey
shading: spread of single events, green shading: surface branch, blue shading: subsurface interior
branch, red shading: WBC, dashed black line: STC strength for CP El Niño events (1994/95,
2004/05, 2009/10, 2015/16). The vertical dashed black line indicates the month of the event peak.
Shown are the 11 preceding and following months of the event. A 3-month moving average has
been applied to the data prior to analysis and plotting. Positive means northward transport for
the branches and anomalously strong STC for the STC strength according to STC index.
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pattern is predominantly related to EP El Niño and not CP El Niño events, which

is corroborated by the minimal effect of ENSONONLIN winds on the STC strength

during CP El Niño events (cf. Figure 2.10d).

La Niña events

We now consider the evolution of the fully forced STCs during La Niña events

(Figure 2.10). During the event growth period (Jan-Sep), the NH STC is largely

responsible for the increase in STC transport. Both the surface and subsurface play

a role in these NH STC changes, but as the surface transport lead those of the

subsurface (i.e., NH surface transports peak 3 months prior to the event peak, while

the subsurface transports peak 1 month prior to the event peak) they appear to be

more important during this event growth phase. During the event peak (Oct-Feb),

the NH surface branch returns to its mean value while the NH subsurface branch

is at its peak strengthening magnitude. The SH STC branches start strengthening

around July midway through the event growth period, and reach their peak magni-

tude in October. These SH STC changes occur in both the surface and subsurface

maintaining a similar level through the event peak and decay in the following year.

The ongoing strong SH STC goes back to the fact that La Niña events are usually

followed by another La Niña event. In contrast to the SH STC, the NH STC returns

back to normal within 4 months from the event peak.

Consistent with the El Niño composites, the ENSO forced (ENSOALL) La Niña com-

posites reproduce the temporal evolution of the EXPFULL composites in both hemi-

spheres quite well. Looking to better understand the drivers of the STC changes,

we break the ENSO driven STC down into its linear and nonlinear components.

We find that the SH STC is solely forced by ENSOLIN event composite winds, as

ENSONONLIN winds produce only very small changes of SH STC transport (Figure

2.10). For the NH STC, both linear and nonlinear winds play an essential role. In

the pre-event period, the nonlinear winds induce a strong NH surface branch which

enhances the transport of the NH STC. Then during the event peak (Oct-Feb), the

linear winds become the dominant contributor, forcing a strong NH STC, while the

STC contribution of the non-linear winds returns to zero. During the event decay
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(Mar-May), the ENSOLIN winds diminish and the NH STC returns to mean values.

Effect of STC transport variations on equatorial heat content

The STCs can affect the equatorial heat content through variations in their transport

(v′T mechanism), without the need for the transport of off-equatorial temperature

anomalies to the equator. At the surface, the diverging branches of the STCs trans-

port warm water out of the equatorial region. At the subsurface, relatively cold water

that has previously been subducted in the subtropics is brought into the equatorial

region via the STC subsurface branches. Consequently, an increased overturning

rate of the STCs comes along with more warm water leaving and more cold wa-

ter entering the equatorial region, thus with a decreased heat content. Conversely,

"slow" STC overturning results in an increased equatorial heat content.

ENSO summary

In summary, we can state that the temporal evolution of the SH STC largely follows

the linear ENSO theory with zonal easterly (westerly) winds generating an accel-

erated (decelerated) STC. However, in contrast to theory these changes are most

prominent in the surface transports, which means that much less upper ocean heat

content is lost from the equatorial region to the Southern hemisphere. This result is

consistent with earlier studies (Kug et al. 2003; McGregor et al. 2014a; Izumo et al.

2019). Note again that the subsurface branch is defined as the sum of subsurface

interior and WBC transports. The variation of the subsurface interior transport

is still dominating the surface and WBC transport variations. While the linear

component is important in the NH STC changes during ENSO events, as well, the

nonlinear winds also play a prominent role. Their influence is most apparent during

the build-up and decay phase of El Niño events, when the NH STC is largely forced

by ENSONONLIN winds. For La Niña events, the impact of ENSONONLIN winds

is most important during the build-up phase. In both cases, the nonlinear winds act

to shift the peak of anomalous NH STC changes to earlier in the event evolution

period.
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2.3.2.4 Multi-decadal changes

Here, we focus on understanding the longer term variability of the STCs which are

thought to be related to changes in the background state in which ENSO operates.

Observational studies have looked at the decadal variability of the Pacific Ocean’s

dynamics by means of changes in the average state over decade-long time periods

(e.g., McPhaden and Zhang 2002, 2004). Accordingly, McPhaden and Zhang (2002)

found a decrease of the STC convergence at 9◦N and 9◦S of about 0.5 Sv
yr

prior to

the 1990s, followed by a substantial increase of about 1 Sv
yr

between the 1990s and

the early 2000s (McPhaden and Zhang 2004).

Our analysis is done at 5◦ latitude but, when using the same time periods, we

find qualitatively similar trends. The total STC (5◦N+5◦S) decreases by 0.56 Sv
yr

be-

tween 1979-1993. It subsequently increases by 0.98 Sv
yr

between 1993-2008. However,

McPhaden and Zhang (2004) did not consider the STC trend in each hemisphere

separately, only discussing the combined trend of the pycnocline convergence (9◦S-

9◦N).

Figure 2.11: Linear trend of STC transports (Sv/yr) at a) 5◦S and 5◦N and b) 9◦S and 9◦N in
EXPFULL for the period 1993-2011. The blue arrows indicate the trends of the surface branch
(above circle) and the subsurface branch (below circle). The subsurface branch is separated into
the subsurface interior trend (red) and the WBC trend (cyan). Also shown are the trends of the
Ekman transport (above circle) and the geostrophic transport (below circle) derived from the wind
forcing of EXPFULL (black). The trend values are stated next to the corresponding arrows, where
positive (negative) values represent an increase in northward (southward) transport. The circle
indicates the trend of the STC strength and is the sum of the surface, subsurface interior and
WBC trends in their mean direction. The WBC trends at 5◦S and 5◦N are insignificant at the
90% confidence level.
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Following from there, we take a look at the trends of the individual STCs. To rule

out possible discrepancies in the first couple of model years right after the model

initialisation, we focus our analysis of the decadal STC changes on the period from

1993-2011. This period also captures the peak of the recent Pacific trade wind inten-

sification (McGregor et al. 2018) and both its start and its end mark phase changes

in the Pacific decadal state (e.g. Hare and Mantua 2000; Bond et al. 2003). It is

therefore reasonable to take this representative period when analysing the decadal

changes of the STCs.

In EXPFULL, the decadal variability of the STCs at 5◦N and 5◦S appears asym-

metric across the hemispheres (Figure 2.11a). The SH STC (+0.87 Sv
yr
) increases

at double the rate as the NH STC (+0.42 Sv
yr
). The surface and subsurface inte-

rior branches change at a very similar rate within each hemisphere, although much

stronger in the SH. The WBC does not appear to play any role in the STC spin up

in both hemispheres during this period. Specifically, we do not find a compensation

of the subsurface interior and WBC branches at 5◦ latitude, as Lee and Fukumori

(2003) and Capotondi et al. (2005) did at 9◦ latitude. The STC trends at 9◦N and

9◦S are generally weaker than at 5◦N and 5◦S. However, the fact that the difference

in trends is also seen at 9◦N and 9◦S (Figure 2.11b) gives us confidence that the

meridional STC asymmetry is not dependent on the choice of latitude. None of these

trends in STC transport is produced by the targeted ENSO simulations (Figure 2.5

b), a result which is consistent with past work (e.g., England et al. 2014). To better

understand these changes we estimate surface and subsurface transports from the

linear trend of the surface wind stress forcing in EXPFULL (Figure 2.12).

We expect the surface branches to be primarily forced by the overlying zonal wind

stress and the accompanied Ekman transport. The zonal wind stress trend averaged

across 5◦N is 27% weaker than across 5◦S (Figure 2.12a). The corresponding Ekman

transports have according trends (Figure 2.11). However, the trends in the surface

branches, in particular at 5◦N, are much weaker than what Ekman theory suggests

(72% weaker at 5◦N, Figure 2.11).
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As to the subsurface interior branch, Sverdrup theory suggests that this is forced

by the basin-wide zonal pressure gradient which generates a geostrophic transport

in meridional direction. The geostrophic transport can either be calculated directly

from the sea surface height or as a residual by subtracting the Ekman transport from

the Sverdrup transport, where the Sverdrup transport is derived from the wind stress

curl. For both methods, the theoretically expected trend in geostrophic transport is

approximately equal in both hemispheres (Figure 2.12b). However, the trend of the

modelled subsurface interior branch at 5◦N is only about half of that at 5◦S (Figure

2.11).

Owing to the poor agreement between the modelled branches and the theoretical

transports, we conducted a multilinear regression analysis to determine the relative

contributions of the Ekman and geostrophic components to the modelled surface

Figure 2.12: Linear trend for the period 1993-2011 in EXPFULL. a) wind stress (zonal compo-
nent τx shaded). The horizontal lines indicate the latitudes 5◦N and 5◦S. The numbers indicate
the trends zonally averaged across the basin between the magenta lines. Red means increased
eastward wind stress. b) sea surface height (SSH). Boxes A and B are the same as used by Feng
et al. (2010), while box C is added to represent the SH trend. The numbers indicate the differences
between the box averages. Red means increased sea surface height. In a ) and b) the stippling
indicates regions of significant trends at the 90% confidence level.
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and subsurface STC branches (Tab. 2.2). We therefore solve the set of Eq. 2.3 for

the parameters a, b, c, and d which quantify the Ekman and geostrophic compo-

nents, respectively. A least squares estimation is applied in order to minimise the

deviation of the observed data points from the fitted regression.

SFC = a · TEk + b · TGeo

SUB = c · TEk + d · TGeo (2.3)

The analysis reveals that at 5◦S the ocean dynamics controlling these branches

are consistent with linear and steady Ekman and Sverdrup theories. The surface

branch is mainly driven by the Ekman component but is also partly influenced by

the geostrophic transport, which explains the reduced trend of the modelled branch

compared to that expected by calculations of Ekman transport. These findings are

in accordance with Izumo (2005) who found a similar relation between theoretical

and actual transports on interannual time scales.

At 5◦N, however, Sverdrup theory cannot explain the weak modelled trends for

both the surface and subsurface interior branch in EXPFULL. The modelled sur-

face branch trend is only 28% of the trend in Ekman transport, while there is no

geostrophic influence in the surface layer according to the multilinear regression

analysis. The modelled trend in subsurface interior transport is 41% that of the

geostrophic transport and in contrast to the SH, the NH subsurface transport ap-

pears to be strongly influenced by Ekman transport (Tab. 2.2).

Table 2.2: Regression coefficients for the multilinear regression of surface and subsurface STC
branches against Ekman and geostrophic transports at 5◦S and at 5◦N.

To further investigate this unexpected behaviour of the decadal trends at 5◦N, we
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Figure 2.13: Linear trend of meridional velocity (v) for the period 1993-2011 in EXPFULL across
a) 5◦N and b) 5◦S. Red means increased northward velocity. The stippling indicates regions of
significant trends at the 90% confidence level.

plot a section of the meridional flow showing its trend at each grid point across the

basin at 5◦N and 5◦S (Figure 2.13). The plot shows that at 5◦N the linear trends

do not coincide with the definition of the branches. Instead, positive and negative

trends are highly mingled across the 50 m level. Because of the interference be-

tween the surface and subsurface branches the linear trends of the two branches are

partially cancelling. This explains the strongly reduced trends that we find for the

modelled STC branches at 5◦N. The origin of this vertical interference is thought

to be the high eddy activity across 5◦N (Chen et al. 2015b). At 5◦S, on the other

hand, the two branches can be clearly separated by means of the decadal trends.

Summing up, we find a strong hemispheric discrepancy for the decadal trends be-
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tween 1993-2011. The trends at 5◦S are in accordance with the driving forces

and the theory. The strongly reduced trend of the NH STC can be traced back

to enhanced vertical interference at 5◦N. Our targeted experiments (ENSOALL,

ENSOLIN , ENSONONLIN) can not reproduce any trend implying that the multi-

decadal variability of the STC transport is not influenced by ENSO dynamics (Figure

2.5 b).

2.4 Discussion and Conclusions

We have analysed the shallow overturing circulation in the Pacific Ocean by means

of a high-resolution ocean model forced by observed atmospheric conditions. Us-

ing a set of model experiments based on different wind forcings we could relate the

features of the STC variability to the oceanic and atmospheric processes that drive

them. Our analysis leads to the following conclusions.

The temporal evolution of the interannual variability of the STCs can well be re-

produced by forcing the ocean only with winds that are linearly and non-linearly

related to ENSO (ENSOALL). In terms of variance, ENSOALL generates about

2/3 of the STC transport forced by the total wind variability (EXPFULL). This

suggests that ENSO related winds play an important role in driving the STCs on

interannual time scales. Given the strong relationship between STC subsurface con-

vergence and equatorial SST (e.g., Izumo 2005; Capotondi et al. 2005), these winds

evidently impact the climate of the tropical Pacific on these time scales.

The hemispheric difference in transport variance that was found for the STCs on

interannual time scales appears to be induced by winds related to ENSO. The dif-

fering transport variance is nearly equally explained by the equatorial zonal wind

stresses related to ENSOLIN and by the ENSONONLIN wind stresses. In addition

to the study by Kug et al. (2003) who divided the winds that are linearly related to

ENSO into hemispherically symmetric and anti-symmetric parts, we find the winds

with a nonlinear relationship to ENSO almost double the hemispheric disparity in
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ocean transports. It is also noted that both Kug et al. (2003) and McGregor et al.

(2014a) focus on the upper ocean mass exchange (integrated from the surface to

the pycnocline), while the present study examines how the rate of the NH and SH

STC branches varies with the different forcings which ultimately changes the rate

of upwelling at the equator.

We find a temporal asymmetry of the STC transports in the two hemispheres,

whereby the NH STC leads the SH STC by 3 months. As most studies concentrate

on the subsurface STC convergence which is proposed to occur in phase across the

hemispheres (e.g., Cheng et al. 2007; Lübbecke et al. 2008; Schott et al. 2008; Far-

neti et al. 2014a; Chen et al. 2015a), this temporal asymmetry has only briefly been

mentioned before by Izumo (2005) and Ishida et al. (2008). In (Izumo 2005), the au-

thors note a low simultaneous correlation between the Ekman transports at 5◦N and

5◦S and relate this to the anomalous displacement of the intertropical convergence

zone (ITCZ). In (Ishida et al. 2008), the authors highlight the temporal asymmetry

between the NH and SH upper ocean meridional transports. They attribute the

asymmetry to the NH WBC explaining that it lags the NH interior transport by

several months while both transports are in phase (negative) in the SH.

In the present study, however, we distinguish between the surface and the subsur-

face interior transports. This separation allows us to identify that the WBC and the

subsurface interior transports are anti-correlated in both hemispheres (not only in

the SH). Moreover, we find that rather than the NH WBC lagging the NH interior

transports, it is the NH surface branch which leads both the NH subsurface interior

and NH WBC branches. This circumstance ascribes particular importance to the

NH surface transport, turning out to be a crucial factor in impacting the meridional

mass exchange between the tropics and subtropics. The surface branch asymmetry

is a consequence of the anti-cyclonic wind stress pattern over the Northwest tropical

Pacific (ENSONONLIN). The fact that the timing of the ENSONONLIN wind stress

evolution is out of phase with the ENSOLIN wind stresses eventually results in the

NH leading the SH surface branch by 8 months. Combined with the in-phase rela-

tionship of the subsurface and WBC branches the total STC time lag is 3 months.
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The time lag between NH and SH STCs leads to both cells playing different roles

during the evolution of ENSO events. In this regard, the ENSONONLIN winds crit-

ically influence the temporal evolution of the NH STC. This influence is reflected

by a shift of the peak anomalous NH STC changes to 3 months earlier than when

forced by the zonal wind stresses only. Since the SH STC is mainly forced by the

ENSOLIN wind stresses, this means that the NH STC is strongest (weakest) prior

to the SH STC during El Niño (La Niña) events, which might attribute predictive

skill to the NH STC. On a similar note, Widlansky et al. (2014) suggested predictive

skill emerging from the tropical North Pacific anti-cyclone inducing prolonged low

sea levels after strong El Niño events. Further to this, based on the differing evo-

lution of the STCs in each hemisphere combined with each hemisphere‘s differing

mean state, temperatures could act to modulate the temporal evolution of ENSO

events and play a role in the apparent event seasonal synchronisation.

During the recent (multi-)decadal period, the SH STC appears to have played the

most prominent role in the observed change of the tropical Pacific background state

as the STC at 5◦S increases at double the rate compared to 5◦N. The reduced

variability at 5◦N relative to 5◦S is not found to be due to reduced forcing, but is re-

lated to the enhanced vertical interference which appears to be induced by the high

eddy activity that is present across the basin at this latitude (Chen et al. 2015b;

Holmes et al. 2018). It is interesting to note that a similar hemispheric difference

is found when the STCs are defined at 9◦ latitude, although the underlying physics

are thought to be quite distinct from those occurring at 5◦ latitude, as this indicates

the asymmetry is not sensitive to the latitude of the STC definition.

While it is currently unclear if this asymmetry would be apparent during past

decadal changes, our results are in line with Luo and Yamagata (2001) who also

ascribed a major role to the SH. Their mechanism is based on an atmospheric tele-

connection from the Eastern equatorial Pacific to the subtropics and the subsequent

advection of temperature anomalies back to the equator (vT′). This is fundamen-

tally different to the mechanism in the present study which is based on the varying

overturning rate of the STCs (v′T ). We still need to better understand if the STC
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changes identified here influence the actual properties of the water upwelled in the

equatorial region. However, as described in section 2.4, it appears that the major

portion of pycnocline water that is transported towards the equator across 5◦ lat-

itude actually originates from the subtropics and has the potential to modify the

properties of the upwelled water.

Our results show that the (multi-)decadal variability of the STC transport in ei-

ther hemisphere is not driven by ENSO-related winds. The long-term trends in the

volume transport of the STCs cannot be reproduced by our targeted ENSO exper-

iments. Therefore, we can exclude this mechanism to be responsible for changes in

the background state of the tropical Pacific Ocean, consistent with England et al.

(2014). In contrast to earlier studies (McCreary Jr and Lu 1994; Farneti et al.

2014b), the observed wind forcing utilised in EXPFULL and its decomposition for

the other three experiments does not have clear distinctions between tropical and

subtropical regions. However, in terms of the wind decomposition carried out, the

ENSONONLIN experiment winds (Figure 2.2b) clearly has the strongest wind sig-

nature in the subtropical Northern hemisphere region. We find that while these

winds drive STC interannual variability, they do not seem to play a role in driving

the observed decadal STC changes.

Interestingly, the WBC in each hemisphere does not display a decadal trend during

the 1993-2011 period. This is in contrast to analysis that was done for a similar pe-

riod at 9◦ latitude, where the WBC and subsurface interior flow clearly oppose each

other (e.g., Lee and Fukumori 2003; Lee and McPhaden 2008). We have repeated

our analysis at 9◦ latitude and our results are consistent with the above mentioned

studies, i.e. the decadal trends of the WBC and subsurface interior transport anoma-

lies are counteracting each other. The reason for the missing trends of the WBC

at 5◦ latitude can be attributed to the strong anomalies in the years 1995/96 which

are much weaker at 9◦ latitude (Figure 2.14). This implies that the interannually

varying level of compensation between the WBC and the subsurface interior trans-

ports strongly affects the level of compensation on decadal time scales. The varying

level of compensation between boundary and interior transports is thought to be
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Figure 2.14: WBC transport anomalies and linear trends for the period 1993-2011 in EXPFULL.
Solid black (red) lines indicate transport at 5◦N (5◦S), dashed black (red) lines indicate transport at
9◦N (9◦S). Positive means northward transport. The WBC trends at 5◦N and 5◦S are insignificant
at the 90% confidence level.

very important for the tropical Pacific Ocean heat budget (Hazeleger et al. 2004).

Relating our results back to McPhaden and Zhang (2004), we find the same asym-

metry of decadal STC trends at 9◦ latitude which is consistent with their study and

can be inferred from their Figure 3a. We find that the reason for the reduced STC

trend at 9◦N is largely related to the reduced increase of the Ekman driven surface

branch (66% weaker, subsurface branch 22% weaker, Figure 2.11b). However, an

additional component of the NH STC trend weakening originates from a stronger

WBC at 9◦N which poses a greater compensation to the subsurface interior transport

(49%) compared to 9◦S (32%). The intention here is to point out the hemispheric

difference in decadal STC trends and the potential impact of this difference on the

tropical decadal variability rather than providing a physical explanation of the re-

duced trend in the Northern hemisphere. Hence, the proposed explanations are not

meant to be definite but are rather a suggestion of possible causes for the difference

in trends that have to be examined further in a future study.

Despite the SSH pattern of the tropical Pacific being closely related to the subsurface

STC transport on interannual time scales (SSH leading by 2 months), this relation-

ship appears to break down at longer time scales, in particular at 5◦N. Thus, our

results raise questions over the use of sea level measurements to monitor the decadal
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variability of the interior subsurface transport which is an integral part of the STCs

(e.g., Feng et al. 2010). Given that the actual NH STC trend (Figure 2.11) is only

half of that expected via calculation with the SSH gradients (cf Figure 2.12b), our

results suggest that caution should be placed in interpreting decadal STC changes

derived from SSH. This in turn might lead to false conclusions on the amount of up-

welled water at the equator and the associated SST and air-sea heat flux anomalies

which determine the tropical Pacific climate.

We understand that the definition of the branches may introduce some uncertainty

here. As can be seen from Figure 2.4b the distinction between the mean surface

and subsurface interior branches at 5◦N seems to be not very clear. This is also

represented in the high regression coefficient between the subsurface branch and the

Ekman transport (0.31). However, we have tested various definitions of the STC

branches. Separating the surface and subsurface interior transports by an isopycnal

surface instead of a constant depth level, did not change the main results of this

study. We have also tested numerous different definitions of the WBC, in particular

at 5◦N, some of which also include the re-circulations and offshore branches. These

definitions were based on various methodologies in order to find the longitude that

best separates the WBC from the interior flow. Based on the correlation analysis as

described in section 2.4, defining the WBC width by correlation with the core WBC

transport is clearly physically meaningful. Thus, we believe that our definition of

the STC branches provides a solid foundation for our analysis.

Previous studies have shown that spiciness anomalies that are generated in the sub-

tropics and are largely transported with the STC branches have the potential to

reach the equatorial Pacific where they can impact the heat exchange with the at-

mosphere (Schneider 2000, 2004). Even though the decadal trend of the STC at

5◦N is small large amounts of water are transported towards the equator. Given

the strong spiciness gradients found in each hemisphere, an open question is how

the transport of spiciness anomalies of the NH and SH STC impacts the tropical

climate. This will be the focus of future work.
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Subtropical to Tropical Pathways of
Pacific Ocean Spiciness

This Chapter has been submitted for publication as:

Zeller, M., McGregor, S., Capotondi, A., and van Sebille, E., ’Subtropical to tropical
pathways of ocean spiciness’, Climate Dynamics

Preface

Understanding mechanisms of tropical Pacific decadal variability is of high impor-
tance for differentiating between natural climate variability and human induced
climate change in a region that sets the framework for the El Niño - Southern Os-
cillation. Here, we investigate the advection of density compensated temperature
anomalies ("spiciness mechanism") as a potential contributor to tropical Pacific
decadal variability. We use an ocean general circulation model along with a La-
grangian tracer simulator to backtrack spiciness anomalies from the equatorial re-
gion. Consistent with observations, we find the primary source regions of spiciness
generation to be in the eastern subtropics of each hemisphere. Our results indicate
that 75% of the equatorial subsurface water originates in the subtropics, of which
two thirds come from the Southern Hemisphere. We further show that for a warm
spiciness peak at the equator, ∼90% of the spiciness anomalies are sourced from the
Southern Hemisphere. As opposed to previous studies, our results suggest that the
majority of these warm spiciness anomalies travel via the interior pathway and a
much smaller fraction travels via the western boundary current (WBC). The relative
importance of the pathways changes when following cool spiciness anomalies. Here,
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the major contributor to the cool peak at the equator is the Northern hemisphere
(NH) WBC (48%), followed by smaller contributions by the Southern hemisphere
(SH) WBC and SH interior. A possible explanation for this varying relative impor-
tance of the pathways is hemispheric differences in the mean spiciness distribution
in the Pacific basin. The NH mean pycnocline temperatures are up to 4◦C cooler
than the corresponding SH temperatures. Consequently, the relative contributions
of NH versus SH pathways may affect the spiciness signal emerging at the equator.
Our results do support this explanation.
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3.1 Introduction

In recent decades, a lot of effort has been put into the understanding of the Pacific

Decadal Oscillation (PDO) which has its dominant expression in the extratropi-

cal North Pacific. A summary of the findings and the current state of knowledge

is provided by Newman et al. (2016). The PDO along with its often recognised

Pacific-wide sea surface temperature (SST) manifestation, the Interdecadal Pacific

Oscillation (IPO), both display a clear decadal SST signal in the tropical Pacific.

However, the origin of this tropical SST signal remains unclear. Despite this, these

decadal SST changes in the tropical Pacific have been found to be of great impor-

tance for various reasons. Setting the framework of the El Niño - Southern Oscil-

lation (ENSO), low-frequency changes in the tropical Pacific have been associated

with changes in the frequency, intensity (Zhao et al. 2016), flavour (Freund et al.

2019), and predictability (Neske and McGregor 2018) of ENSO events. Moreover,

the recent negative phase of the IPO was shown to explain a large portion of the

pause in global surface warming at the beginning of the 21st century (Kosaka and

Xie 2013; England et al. 2014). Considering the unique impact of the tropical Pacific

on the global climate, a better understanding of the drivers of the tropical Pacific

decadal variability would be of great scientific and societal value. Various theories

exist that aim to identify the drivers that generate tropical Pacific decadal variabil-

ity. These drivers can broadly be separated into two main categories: i) local drivers

that reside in the tropical Pacific and ii) remote drivers that impact the tropics via

teleconnections.

Local drivers are largely related to the occurrence of ENSO. Vimont (2005) suggests

that simple averages over ENSO cycles along with a changing ratio of El Niño ver-

sus La Niña events over time imprints on the decadal signal in the tropical Pacific.

Another explanation is given by Rodgers et al. (2004) who argue that the dynami-

cal nonlinearities associated with ENSO lead to a "rectification" of the interannual

ENSO variations into the mean state.

In terms of remote drivers, various studies have focused on atmospheric dynamics
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attributing tropical Pacific decadal variability to subtropical-tropical interactions

via changes in strength of the Hadley circulation (Barnett et al. 1999; Di Lorenzo

et al. 2015) and inter-basin teleconnections via changes in the zonal Walker circula-

tion (McGregor et al. 2014b; Chikamoto et al. 2016).

In the ocean, the Pacific subtropical cells (STCs) are the oceanic counterpart to the

atmospheric Hadley cells connecting the subtropics with the equator (McCreary Jr

and Lu 1994; Liu et al. 1994; Lee and Fukumori 2003; Schott et al. 2004; Capotondi

et al. 2005). As the STCs regulate the supply of cold subsurface water to the equa-

tor, they have been associated with decadal changes in the tropical Pacific through

several different mechanisms. Kleeman et al. (1999) proposed that long-term varia-

tions in the STC strength have the potential to modulate the tropical Pacific climate

through changes in the rate of equatorial upwelling. In a recent study, Zeller et al.

(2019) suggested that this mechanism is specifically contributed to by the changes in

the Southern hemisphere STC strength. The consequential hemispheric asymmetry

of STC transports may critically modulate this mechanism given the difference in

mean subsurface ocean temperature between the Northern and Southern hemispheric

extratropics. An alternative mechanism is based on the advection of temperature

anomalies from the mid-latitudes to the tropics with the mean STC circulation (Gu

and Philander 1997; Giese et al. 2002; Zhang et al. 1998). This mechanism is neg-

ligible as temperature anomalies subducted in the central North Pacific, where the

decadal signal is strongest, have been shown to decay before reaching the equator

(Schneider et al. 1999a,b; Hazeleger et al. 2001b). The relative importance of each of

the above mentioned mechanisms to produce the full decadal signal is still unknown.

Schneider (2000) proposed a third mechanism to drive tropical Pacific decadal vari-

ability which involves the spiciness of the ocean. Ocean spiciness has been defined

by Munk (1981) as density compensated anomalies of temperature and salinity.

On a layer of constant density, hot and salty water is defined as being more spicy

than cool and fresh water. Density compensated temperature (spiciness) anoma-

lies are fundamentally different from thermal anomalies generated by subduction

as the ones analysed by Gu and Philander (1997) and Schneider et al. (1999a).
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Subducted thermal anomalies modify the vertical density structure of the ocean by

uplifting/suppressing the mean thermocline and are of diabatic origin. Spiciness

anomalies, on the other hand, are density-compensated and do therefore not affect

the density profile. They behave like passive tracers and propagate with the mean

circulation along isopycnal surfaces without significant dissipation.

Spiciness can be generated by two distinct mechanisms. i) Through anomalous ad-

vection across mean temperature gradients as explained by Schneider (2000). In this

case, anomalous winds and wind stress curl force anomalous ocean currents which

shift temperature gradients on isopycnals away from their mean position. This shift

causes temperature anomalies on isopycnals, hence spiciness anomalies. ii) Through

convective mixing at the base of the surface mixed layer, as explained by Yeager

and Large (2007). The generation occurs predominantly during winter when strati-

fication is weak in the subtropical and mid-latitude regions where unstable vertical

salinity gradients prevail. These conditions allow for enhanced vertical mixing which

causes a sharp gradient of both temperature and salinity at the base of the mixed

layer. Through the penetrative mixing at the base of the convective boundary layer

a shallow layer of strongly density compensated water with various combinations of

temperature and salinity properties is formed between the mixed layer above and

the permanent pycnocline below. This layer is the region where spiciness anomalies

are generated and from where they are advected away by the mean circulation.

Observations substantiate the existence of spiciness anomalies in the mid-latitudes

of all ocean basins (Yeager and Large 2007) as well as in the tropical Pacific Ocean

(Li et al. 2012). The model study by Schneider (2000) suggests the existence of a

decadal mode of coupled ocean-atmosphere dynamics based on the oceanic advection

of spiciness anomalies from the subtropics to the equator. Upon reaching the equa-

tor, these spiciness anomalies are upwelled to the surface where they create equa-

torial sea surface temperature anomalies which in turn produce a fast atmospheric

response responsible for changing the sign of the subtropical spiciness anomalies and

reversing the phase of the cycle.
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However, it is still unclear if spiciness anomalies can persist from the source region

to the Eastern equatorial Pacific where they potentially upwell and interact with

the atmosphere. Another contentious question is whether spiciness anomalies travel

to the tropical Pacific via the Western boundary as suggested by Schneider (2000),

Giese et al. (2002), and Yeager and Large (2004) or if they propagate through the

interior ocean as suggested by Li et al. (2012) and Thomas and Fedorov (2017). In

the present study, we aim to shed light on the pathway of the subtropical to tropical

exchange and the potential contribution of the "spiciness mechanism" to tropical

Pacific decadal variability using a high resolution ocean general circulation model

(OGCM) along with a Lagrangian particle simulator.

The paper is structured as follows: section 2 details the OGCM and the Lagrangian

tracer model as well as the Lagrangian tracer experiments that have been carried

out. Section 3 describes the occurrence and pathways of spiciness anomalies. A

discussion and conclusions are provided in section 4.

3.2 Model and Methods

3.2.1 The Ocean Model

We use a global coupled ocean sea-ice model (GFDL-MOM025) which is based on

the GFDL CM2.5 coupled climate model (Delworth et al. 2012) and is coupled to the

GFDL Sea Ice Simulator model. The GFDL-MOM025 model has a 1/4◦ Mercator

horizontal resolution globally and 50 vertical levels. The vertical level thicknesses

range from 10 m at the surface to about 200 m at depth. Sea surface salinity is

restored to a seasonally varying climatology on a 60 day time scale. To reach equi-

librium, the model is forced with the ERA-interim climatology of heat, freshwater

and momentum fluxes in a 40 year spin-up control simulation. The OGCM resolves

mesoscale variability in the tropics and subtropics and the use of 5-day average

output enables us to reliably include the spatially complex transport of tracers by
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mesoscale eddies.

After reaching equilibrium, the ocean model is forced with climatological heat and

freshwater fluxes and a fully varying wind field derived from the ECMWF ERA-

interim reanalysis product (Dee and Uppala 2009) that extends from January 1979

to May 2016. The ERA-interim winds were selected to overcome the strong trend

biases in wind stress and wind stress curl over the tropical Pacific that are known

to be present in the NCEP/NCAR (National Centers for Environmental Predic-

tion/National Center for Atmospheric Research) wind product (McGregor et al.

2012a). While this choice moved us away from the more balanced fluxes of CORE

(Coordinated Ocean-ice Reference Experiments) forcing (Large and Yeager 2009),

the more realistic wind stress forcing appears to be more appropriate to address the

proposed research questions.

3.2.2 Decadal Spiciness Variability

Here, we define spiciness as temperature on isopycnal surfaces. This is equivalent

to choosing salinity on the same surfaces, as by definition they show the same be-

haviour. The mean spiciness distribution is characterised by two zonal lobes of

spiciness maxima, one in each hemisphere, stretching from the west to the east.

The SH lobe is clearly warmer than the NH lobe with SH temperatures reaching up

to 25◦C compared to 21◦C in the NH. The mean spiciness structure agrees well with

Argo observations (Figure 3.1a). Based on Argo floats, Yeager and Large (2007) and

Li et al. (2012) identified the subtropical Northeastern and Southeastern Pacific as

prominent regions for the generation of strong spiciness anomalies during winter.

Consistent with these observations, we find the strongest variance of modelled spici-

ness in the Northeastern and Southeastern subtropical Pacific (Figure S3.1).

We focus on the spiciness anomalies in the eastern/central equatorial Pacific where

spiciness anomalies are meant to upwell after their advection from the subtropics.

Averaging over the equatorial region (EQbox, 160◦E-100◦W, 2◦S-2◦N, Figure 3.1a)
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Figure 3.1: a) GFDL-MOM025 mean spiciness averaged over the σ24.5, σ25, and σ25.5 surfaces.
Cyan contours with white labels show Argo observations. The dashed boxes indicate the observed
source regions of spiciness anomalies. The solid boxes at the western boundary are used to distin-
guish WBC pathways from interior pathways. The solid box along the equator indicates the region
where spiciness anomalies emerge after they are advected from their source region. b) Mean den-
sity section across equatorial Pacific. The σ24.5 and σ25.5 isopycnals are highlighted. c) Evolution
of spiciness anomalies averaged over the equatorial box on different isopycnal surfaces ranging from
σ23 to σ26. The isopycnal layers σ24.5 to σ25.5 are highlighted as they show the strongest decadal
variability. The green lines show Argo observations. A 5-year moving average has been applied to
highlight low frequency changes. Overlying red, blue, and grey boxes/lines indicate the particle
release periods/dates for the warm, cool, and neutral experiments, respectively. d) Percentage of
particle outcrops (particles crossing MLD) averaged over all experiments for all released particles.
Contours indicate the number of outcropped particles.

we find the strongest decadal spiciness signal to emerge on the σ24 to σ25.5 isopycnal

surfaces (Figure 3.1c). This is also the range of isopycnals that Schneider (2000)

found to exhibit the strongest decadal changes in spiciness. Further to this, spiciness
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anomalies on the σ24 isopycnal surface do not propagate outside the tropics as they

are largely confined to the surface and are thus strongly affected by the seasonal out-

cropping of isopycnals (not shown). We therefore restrict our analysis to the σ24.5,

σ25, and σ25.5 isopycnal surfaces. Figure 3.1b shows the mean density structure in

a vertical zonal section through the equatorial Pacific averaged between 2◦S and

2◦N. The σ24.5 and σ25.5 isopycnals are highlighted and illustrate a shallowing from

west (>100m) to east (<50m). We identify two warm peaks (POS1, POS2) with

anomalous isopycnal layer temperatures of up to +0.33◦C and +0.16◦C, respectively,

and one cool peak (NEG) with anomalous temperatures of down to -0.17◦C. In the

following, we are seeking to identify the source regions of the contributing spiciness

anomalies by backtracking particles from the equatorial region.

3.2.3 The Lagrangian Particle Simulator

To follow the potential pathways of the spiciness anomalies through the ocean we

make use of the OceanParcels Lagrangian particle simulator (Lange and Sebille

2017). Using a fourth order Runge-Kutta time integration OceanParcels allows us

to simulate the trajectories of virtual particles through space and time. As by

definition spiciness anomalies can only travel along isopycnal surfaces, we convert

the 5-day average ocean model output (horizontal velocities, temperature, salinity)

from Cartesian coordinates to density coordinates by linear interpolation onto pre-

defined density surfaces. Particles are therefore tracked on 2-D isopycnal surfaces.

The tracer simulations are computed off-line and use the ocean model 5-day average

horizontal velocities. We also sample the hydrographic field along the particle tra-

jectories which enables us to readily monitor the evolution of temperature, salinity

and depth of each particle.
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3.2.4 The Tracer Experiments

Particle sets, which behave like passive tracers akin to spiciness anomalies, are re-

leased in the EQbox region on the isopycnal surfaces exhibiting the strongest decadal

spiciness signal (σ24.5, σ25 , σ25.5). For each decadal peak of spiciness anomalies

(POS1, POS2, NEG) particle sets are released at 3-month increments providing 12

different release dates. This procedure increases the number of particles tracked and

also ensures that the particle trajectories are independent of the exact release date.

We find this to be a reasonable trade-off between the number of particles released

and computational efficiency. For comparison, a reference particle set (REF) is re-

leased at 41 release dates in between the identified decadal spiciness peaks. The

REF release dates were distributed across the entire time period to ensure inde-

pendence between release dates and thus increase the number of degrees of freedom

when calculating the significance of the changes in the other experiments. For all

experiments, each particle set is tracked backward in time for 10 years on daily

time steps. Particle positions, spiciness and other properties are saved every month.

As spiciness anomalies lose their characteristic as a passive tracer once they are

upwelled into the mixed layer and come into contact with the atmosphere, in the

following we consider only those particles which have not yet crossed the temporally

and spatially varying mixed layer depth (MLD) as they are advected backward in

time. The MLD is an output variable of the OGCM and is determined by density

criteria. To account for the effect of subgrid-scale advection through baroclinic ed-

dies, we apply horizontal Brownian diffusion to the advection scheme. According to

Okubo (1971), diffusivities of 10-100 m2

s
are representative for turbulent diffusion at

spatial scales of 10-100 km, respectively. In consideration of our model resolution

with a grid cell length of ∼25 km, we choose a default diffusivity of 10 m2

s
. In a

more recent estimate, Ruehs et al. (2018) suggests a diffusivity of about 300 m2

s
for

the same length scale. We, therefore, test the sensitivity of our results to the chosen

value of diffusivity (see section 3.3) and the results appear to be insensitive to this

choice.
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3.3 Results

3.3.1 Subtropical-Tropical Water Pathways

As a first step we focus on the pathways of water parcels propagating between the

subtropics and the tropics. To this end, we apply the condition that particles origi-

nating in the equatorial region have to cross 10◦ latitude at some point during their

trajectory, while all other particles are disregarded. We also distinguish between

four pathways for the advection of particles from the subtropics to the equator: the

Western boundary and the interior pathway in both the Northern and Southern

hemisphere. To be classified as a NH (SH) western boundary pathway, particles

have to cross the NH (SH) WBC box (cf. Figure 3.1 d) and 10◦N (10◦S). Particles

that cross 10◦ latitude outside of the respective WBC box are classified as travelling

on the interior pathway.

Figure 3.2: Tracer pathways on top of σ24.5−25.5 (all four experiments combined) along the
different pathways: a) NH WBC, b) NH interior, c) SH WBC, d) SH interior. The boxes are
the same as in Figure 1a. The shading indicates the particle density (percentage of particles that
cross grid cell) to identify the pathways, with the colour scale being logarithmic, i.e. 1=10%,
0=1%, -1=0.1%. Overlying arrows show the time mean ocean current velocities averaged over the
respective isopycnal surfaces. Black contours indicate the median travel time of particles in years.
The relative contribution of each pathway is indicated as a percentage with respect to all particles
crossing 10◦ latitude in the upper left corner of each panel.
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The examination of the pathways reveals that there are no major differences in the

particle density distribution between the four experiments (cf. Figures S3.2-S3.5)

which corroborates our assumption that the particles are advected with the mean

circulation. It is therefore legitimate to consider the composite of all experiments

for this case. In our time frame of 10 years, 75% of all particles arriving at the

equator have their origin in the subtropics (Figure 3.2, Table 3.1) while the remain-

ing 25% come from within the tropics. Half of all particles enter the tropics from

the SH while a quarter enters from the NH. This preference for the SH pathways

is consistent with the existence of the potential vorticity barrier between 10-15◦N

which inhibits the exchange of water from the subtropics to the tropics through the

interior (Lu and McCreary Jr 1995). The SH exchange displays a clear preference

for particles to enter the equatorial region via the interior pathway (with the inte-

rior transports typically being 50% larger than the WBC transports), while both

pathways are generally of equal prominence in the NH.

On average, water parcels take about 4 years to propagate from the eastern sub-

tropical Pacific to the EQbox region via the interior pathway, and about 6 years

when they propagate via the WBC (Figure 3.2). The 25th and 75th percentiles of

the particle propagation time deviate from the median by about 1-1.5 years. These

reported propagation times are in line with previous findings (Schneider 2000).

3.3.2 Advection of Spiciness Anomalies

We now consider the spiciness (temperature) anomalies that these water parcels

carry to assess and quantify the relative importance of the four pathways and their

impact on the EQbox decadal spiciness anomalies. To this end, particles are only

tracked as long as they maintain a temperature anomaly above 0.1◦C for the warm

peaks and below -0.1◦C for the cool peak. We consider this threshold to be reason-

ably small to include as many spiciness anomalies as possible but still large enough

to have an impact on the equatorial Pacific temperature budget. Going forward in

time, this is equivalent to removing the particle’s trajectory before the associated
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spiciness anomaly is generated. Applying this additional condition affects the rela-

tive importance of the resulting pathways differently for the different experiments.

Therefore, investigating the composite of all experiments is not legitimate in this

case.

Table 3.1: Percentage of particles following each pathway (and maintaining their tempera-
ture anomaly) for each experiment and the average over all experiment (AVG). Note that the
bold numbers in AVG do not take into account the values of REF when taking the average.

3.3.2.1 Positive spiciness anomalies

Table 3.1 reveals that POS1 is clearly the most efficacious experiment when it comes

to the advection of spiciness anomalies. More than 25% of all particles released in

POS1 maintain their spiciness anomaly and are sourced from outside the tropics.

This is equivalent to more than one third of all particles that are sourced from

outside the tropics maintaining their spiciness anomaly. In POS1, it is evident that

the SH plays a much more important role in carrying subtropical spiciness anomalies

to the EQbox region than the NH (Figure 3.3). The combined percentage of particles

carrying spiciness anomalies from the NH subtropics to the tropics is 2.6%, which is

roughly 10% of the magnitude of the SH (Table 3.1). The overall dominant pathway

is the SH interior which accounts for to 16.6% of all particles released, more than

half of the particles following the SH interior pathway, and two thirds of all particles

which maintain their spiciness anomaly.

The temporal evolution of the POS1 spiciness anomalies from their source region

to the equator exhibits a gradual decrease along the interior pathways from about

0.8◦C to about 0.4◦C, and a rather constant value of about 0.4◦C along the NH

and SH WBC (Figure 3.4, thick red line). The evolution indicates that particles are
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Figure 3.3: Same as Figure 3.2 but with the additional condition that spiciness anomalies of
each tracer must not fall below 0.1◦C. Shown is the POS1 experiment. Black contours indicate the
median travel time of particles in years.

more prone to lose their spiciness anomaly when they travel along the interior while

particles largely preserve their spiciness anomaly along the WBC pathway. The

explanation is given by the spatial distribution of the temperature anomalies along

each pathway (Figure S3.7). The distribution shows that for the interior pathways

subtropical spiciness anomalies are rather generated within the region of strongest

spiciness variability, i.e. spiciness anomalies have a comparatively high magnitude.

Spiciness anomalies following the WBC pathway, on the other hand, tend to be

generated outside the main area of strongest spiciness variance and therefore are

smaller from the start (cf. Figure 3.4 and Figure S3.7). The thin lines in Figure 3.4

show the temperature anomaly averaged over all particles. Comparing the thin to

the thick line reveals that the subtropical spiciness anomalies have a large effect on

the total spiciness anomaly in POS1.

Along with the evolution of averaged spiciness anomalies, the evolution of the num-

ber of particles maintaining spiciness anomalies also has to be considered (Figure

3.5). In the Northern hemisphere, we see a gradual increase in the number of par-

ticles, however, the total numbers are very small and their effect may be negligible.

In fact, the amount of particles is either still below or has just reached the 1%
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Figure 3.4: Temporal evolution of spiciness anomalies along the different pathways: a) NH
WBC, b) NH interior, c) SH WBC, d) SH interior. The thick lines show the temperature anomaly
averaged over all particles which maintain their spiciness anomaly for each pathway. The thin
lines show the temperature anomaly averaged over all particles for each pathway. Note that NEG
anomalies have been multiplied by -1. Thick lines become dashed when less than 1% of particles
relative to all particles released are left. The shading represents the particle spread (std) at each
time step. The vertical lines indicate the average time when particles have reached 10◦ latitude.

mark when they arrive at the tropics (vertical lines in Figure 3.5). In the Southern

hemisphere, the number of particles maintaining spiciness anomalies rather gradu-

ally increases along the WBC pathway, indicating a constant generation of spiciness

anomalies along the way. The number of particles for the SH interior pathway ex-

hibits a remarkably strong increase between 1-3 years before arriving at the equator

(Figure 3.5). This strong increase coincides with the time when particles are at the

spiciness generation region in the Southeastern subtropics (cf. Figure 3.1d).
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Figure 3.5: Temporal evolution of number of particles and percentage of all particles released
along the different pathways: a) NH WBC, b) NH interior, c) SH WBC, d) SH interior. The
horizontal line indicates the 1% mark. The vertical lines indicate the average time when particles
have reached 10◦ latitude.

In POS2, only 3.6% of the particles carry their spiciness anomaly from the sub-

tropics to the equator (Table 3.1). Roughly two thirds of these particles propagate

via the SH WBC and one third via the SH interior (Figure S3.6). However, given

the low percentage their contribution to the equatorial heat budget is negligible as

can be inferred from comparing the thin with the thick magenta line in Figure 3.4.

This comparison shows that the subtropical spiciness anomalies (thick lines) have

no effect on the total spiciness anomaly averaged over all particles (thin lines) which

is mostly hovering around zero. The small impact of POS2 spiciness anomalies is
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also demonstrated by the fact that by the average time that the particles enter the

tropics at 10◦ latitude the amount of particles is still less than 1% for all pathways

(Figures 3.4 and 3.5, magenta line). The spatial distribution of the temperature

anomalies along each pathway is depicted in Figure S3.8.

3.3.2.2 Negative spiciness anomalies

When particles carry a cool temperature anomaly, 11.1% maintain their anomaly

from the subtropics to the equator (Figure 3.6). In total, half of the spiciness

anomalies are sourced from the Northern hemisphere and the other half from the

Southern hemisphere (Table 3.1). Interestingly, cool spiciness anomalies during this

event preferably propagate along the NH WBC (5.3%) while the NH interior only

carries a very small amount (0.2%). The SH contribution is partitioned into 3%

via the SH interior and 2.6% via the SH WBC. In terms of the temporal evolution

(Figure 3.4, blue line), the spiciness anomalies largely stay on a constant level,

however, for the NH WBC pathway the temperature anomaly almost doubles from

about 0.4◦C to 0.8◦C during the last year before arriving at the equator. The

spatial distribution of the temperature anomalies along the pathways (Figure S3.9)

Figure 3.6: Same as Figure 3.3 but for NEG experiment.
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reveals that the remotely generated spiciness anomalies grow as they pass the far

west equatorial Pacific. This explains the rapid increase in the magnitude of the

spiciness anomalies that follow the NH WBC pathway.

The number of spiciness anomalies increases gradually along the NH WBC pathway

(Figure 3.5a, blue line) and along the SH interior pathway (Figure 3.5d). In contrast

to POS1, there is no substantial rise along the SH interior pathway during years 1-3

before arriving at the equator (Figure 3.5d).

3.3.3 Sensitivity to horizontal diffusion coefficient

We have tested the sensitivity of the advection of particles to different diffusion

coefficients (Table 3.2). The results indicate that with increasing diffusivity the per-

centages of the WBC pathways generally increase, except for the SH WBC pathway

at a diffusivity of 1000 m2

s
. This relationship applies to both plain water parcels

and spiciness anomalies. The increased percentages result from an increased spatial

radius of probability for the location of each particle during the advection. This

radius increases with a higher diffusion. As a consequence, at a higher rate of dif-

fusion the probability that particles can cross 10◦ latitude increases. Interestingly,

diffusion does not appear to impact the interior pathways given the negligibly small

changes, except for the increase of the NH interior pathway at a diffusivity of 1000
m2

s
. This is thought to be related to the smaller spatial temperature gradients in

the interior as compared to the western boundary which inhibits diffusion even at

high diffusivity values.

While we do not have an explanation for the reduced percentage of the SH WBC

pathway at a diffusivity of 1000 m2

s
, the sensitivity analysis shows that our results

are not sensitive to the chosen value of diffusivity. As the percentages in our default

case are somewhere in the mid of the range, we believe that κ=10 m2

s
is a reasonable

value for the diffusion coefficient.
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Table 3.2: Percentage of particles following each pathway (and maintaining their tempera-
ture anomaly) for different horizontal diffusion coefficients κ [m

2

s ].

3.4 Discussion and Conclusions

The present study provides a quantitative assessment of the relative contribution of

different pathways to the transport of water and spiciness anomalies from the Pacific

subtropics to the equator. We find that approximately 50% of the water arriving

at the equator is sourced from the SH subtropics, one quarter is sourced from the

NH subtropics, and the remaining quarter has its origin within the tropics (defined

here as 10◦S-10◦N). These results compare well with Blanke and Raynaud (1997)

who also used backward Lagrangian simulations to quantify the origin of the EUC

water. The results are also in very good agreement with the recent study by (Nie

et al. 2019) who found a subtropical to tropical ratio of 4/1. In their study, the au-

thors further determined that the subtropical contribution primarily stems from the

North and South Eastern subtropical mode waters, while the tropical contribution

arises from the equatorially confined tropical cells. Similar to (Nie et al. 2019), our

results suggest an increasing contribution of the WBC (interior) water towards the

western (eastern) equatorial undercurrent (Figure 3.2). Knowing the source regions

of upper Pacific Ocean equatorial water emphasises the need of observations in the

respective remote areas to better estimate the water properties which are advected

to the equator. Information about the pathways further helps to better understand

the mechanisms and predict the interannual to decadal climate of this region.

The most important outcome of this study is that spiciness anomalies can travel

from the subtropics to the equator. We show this for two out of the three case

studies where we backtrack spiciness anomalies from the equator at periods of equa-

torial spiciness peaks, namely POS1 and NEG. In both cases, we find a considerable
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impact of subtropical spiciness anomalies for the formation of equatorial spiciness

peaks. The "spiciness mechanism" thus constitutes a valid instrument of inducing

TPDV. In the case of the positive peak in equatorial temperature in the early 1990s

(POS1), almost all of the subtropical spiciness anomalies originate from the South-

ern hemisphere and the large majority of the SH spiciness anomalies (72%) travel

via the interior pathway. This is in disagreement with previous studies suggesting

that temperature anomalies travel via the western boundary pathways Giese et al.

(2002); Yeager and Large (2004), while it corroborates the studies that propose the

interior pathway to be the more dominant Li et al. (2012); Thomas and Fedorov

(2017). This result is important as it implies a shortened lead time for the pre-

dictability of equatorial spiciness peaks because interior pathways on average have

a two year shorter transit time (4-6 years) than the WBC pathways (6-8 years).

Assuming that spiciness anomalies make up a substantial portion of the equatorial

SST variance, the shortened lead time also affects the predictability of the tropical

Pacific climate as a whole.

Further, our results for POS1 show a decrease of temperature anomalies over time

for the interior pathways and no change for the WBC pathways (Figure 3.4, red

line). The reason for this is that spiciness anomalies propagating via the WBC

pathways do not originate from further poleward than 20◦ latitude, whereas spici-

ness anomalies propagating via the interior pathways originate from as far poleward

as 30◦ latitude (cf. Figure 3.3). Thus, early spiciness anomalies propagating via the

interior pathway originate from the region with the strongest variance in spiciness

(Figure S1) resulting in strong spiciness anomalies accordingly (Figure S7). Inter-

estingly, once the POS1 spiciness anomalies arrive at the equator they tend to have

similar magnitudes no matter which pathway they took.

It is interesting that in contrast to the positive peak in spiciness (POS1) which has

its largest spiciness anomaly contribution from the SH interior, the negative spici-

ness peak (NEG) is primarily contributed to by spiciness anomalies following the

NH WBC pathway (48%). As a consequence, the lead time for the potentially pre-

dictable cold equatorial spiciness signal is two years longer than that of POS1. It is
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unknown whether the hemispheric difference in spiciness contribution identified by

POS1 and NEG is a symptom of some larger scale process.

A special case is given by POS2. In this case, the contribution of remotely generated

spiciness anomalies is negligible while there still exists a warm spiciness peak at the

equator. We propose that the signal is still remotely forced but not by the advection

of spiciness anomalies, but by the changing proportion of NH versus SH advection of

mean spiciness. Given the large differences in mean spiciness of up to 4◦C between

both hemispheres (Figure 3.1a), deviations from the normal transport proportion

lead to the generation of spiciness anomalies at the equator once the water masses

merge and join the EUC.

This consistency between the source hemisphere of the anomaly and the mean tem-

perature of the hemisphere applies to all three case studies and can be inferred from

the ratio of Northern versus Southern hemisphere pathways (Figure 3.7). The ratio

is clearly smaller for the two warm spiciness events (POS1, POS2) compared to

the reference experiment (REF), which suggests that an anomalously large portion

of warm equatorial waters comes from the Southern hemisphere. Moreover, the

POS1 and POS2 ratios are outside the distribution of ratios derived from 10,000

times randomly subsampling 12 out of the 41 release dates of the REF experiment,

highlighting the significance of the difference of these ratios from the reference ra-

tio (Figure 3.7). Conversely, for the cold spiciness event the NH versus SH ratio is

greater than for the REF experiment, although within the range of possible ratios for

REF conditions, indicating that more equatorial water than usual originates from

the Northern hemisphere. As mentioned before, this explanation mainly applies to

the POS2 spiciness event where there is almost no contribution from remotely gener-

ated spiciness anomalies. Conversely, POS1 and NEG both show clear contributions

from subtropical spiciness anomalies, so the relevance of locally generated spiciness

anomalies as described above remains unclear and is subject to more data in the

future.
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Figure 3.7: Ratio of NH versus SH contributions to equatorial water indicated as vertical lines
for POS1 (red), POS2 (magenta), NEG (blue), and REF (black) experiments. The vertical lines
indicate the mean ratio averaged over all release dates. The grey bars show the histogram of ratios
derived from 10,000 random subsamples of 12 out of the 41 release dates for the REF experiment.

As we utilise climatological heat fluxes to force the ocean, the generation mech-

anism through convective mixing at the base of the surface mixed layer is likely

poorly represented. Instead, the majority of spiciness anomalies will be generated

through anomalous advection across mean temperature gradients as explained in

section 1. It also has to be kept in mind that the length of the considered time pe-

riod only allows us to investigate three decadal peaks. Therefore, we cannot claim

statistical significance for the exact contributions of each pathway for the different

experiments. It may be possible that the relative importance of the pathways will

change for future peaks in equatorial spiciness.

In terms of the robustness of the results, the largest uncertainty arises from the po-

tential impact of diapycnal diffusion which is not considered in this study. Diapycnal

diffusion can have a considerable impact on the magnitude of spiciness anomalies

over time as observed by (Johnson 2006), although their study only focuses on a

single spiciness anomaly in the Southern hemisphere subtropics. An estimate of the
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uncertainty of the pathways is implicitly provided by the width of the pathways in

the probability distribution maps in Figures 3.2, 3.3, and 3.6.

Finally, the main outcome of this study is the demonstration that for large tem-

perature peaks at the equator the "spiciness mechanism" can act as an important

contributor. Under consideration of the relative importance of the different path-

ways, spiciness anomalies are able to be advected from the subtropics to the tropics

while preserving a considerable fraction of their anomaly. Under the assumption

that the corresponding temperature anomalies are upwelled along the equator this

may have an appreciable impact on the decadal variability of the tropical Pacific.

In a future study, we will assess the contribution of these spiciness anomalies to

the equatorial heat budget and compare it with the contributions provided by other

oceanic mechanisms.
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3.5 Supporting Information

Introduction

The Supplementary material provides additional information about the study. How-

ever, the information provided here is not necessary for the understanding of the

main results of the study. In the Supplementary, we first show a map of the stan-

dard deviation of spiciness anomalies which indicates regions of strongest spiciness

generation. The figure shows that simulated spiciness is in good agreement with

observed spiciness. We further present the particle density maps of the individual

experiments without considering the spiciness anomaly of the particles. In the main

study, we combine these maps into one composite map due to the high similarity

between the individual maps. We also show the particle density map of POS2 con-

sidering the spiciness anomaly of the particles. As stated in the main study, this

map demonstrates that the effect of POS2 spiciness anomalies can be regarded as

negligible. Finally, we display maps showing the spatial distribution of the mean

spiciness anomalies for the POS1, POS2 and NEG experiments. These maps provide

further information in addition to the temporal evolution of the spiciness anomalies

which is shown in the main study.

Map of standard deviation of spiciness anomalies

Figure S3.1 shows the standard deviation of spiciness anomalies in the GFDL-

MOM025 model together with the observed standard deviation by Argo floats. This

figure provides additional information about the regions of strongest spiciness gen-

eration.

Information on individual experiments referring to Figure 2 in the main

manuscript

Figures S3.2-S3.5 show the pathways of water parcels for the individual Lagrangian

experiments. The relative importance is largely similar in all cases which justifies
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our approach of combining all particles (cf. Figure 2).

POS2 pathways of spiciness anomalies

Figure S3.6 shows the pathways of spiciness anomalies in the POS2 experiment.

This figure has been omitted in the main manuscript due to the negligible impact

of these spiciness anomalies given their very low number.

Maps of mean temperature anomalies

Figures S3.7-S3.9 show maps of the mean temperature anomalies for each experi-

ment. The figures provide additional information on the spatial distribution of the

temperature anomalies as they propagate along the different pathways. The figures

should be considered in conjunction with Figure 3, Figure 4, and Figure 6 in the

main manuscript and Figure S3.3, respectively.
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Map of standard deviation of spiciness anomalies

Figure S3.1: Standard deviation of spiciness anomalies averaged over the σ24.5, σ25, and σ25.5
surfaces. Black contours with white labels show Argo observations. The dashed boxes indicate the
observed source regions of spiciness anomalies. The solid boxes at the western boundary are used
to distinguish WBC pathways from interior pathways. The solid box along the equator indicates
the region where spiciness anomalies emerge after they are advected from their source region.
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Information on individual experiments referring to Figure 2 in the main

manuscript

Figure S3.2: Tracer pathways on top of σ24.5−25.5 for POS1 experiment. a) NH WBC, b) NH
interior, c) SH WBC, d) SH interior. The boxes are the same as in Figure 1a. Particles have
to cross the NH (SH) WBC box and 10◦N (S) to be counted to the NH (SH) Western boundary
pathway. Particles that cross 10◦ latitude without crossing the respective WBC box are counted
towards the interior pathway. The shading indicates the particle density (percentage of particles
that cross grid cell) to identify the pathways, with the colour scale being logarithmic, i.e. 1=10%,
0=1%, -1=0.1%. Overlying arrows show the time mean ocean current velocities averaged over the
respective isopycnal layers. The relative contribution of each pathway is indicated as a percentage
with respect to all particles crossing 10◦ latitude in the upper left corner of each panel.
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Figure S3.3: Same as Figure S3.2 but for POS2 experiment.

Figure S3.4: Same as Figure S3.2 but for NEG experiment.
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Figure S3.5: Same as Figure S3.2 but for REF experiment.
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POS2 pathways of spiciness anomalies

Figure S3.6: Same as Figure S3.3 but with the additional condition that spiciness anomalies of
each tracer must not fall below 0.1◦C. Shown is the POS2 experiment. White contours indicate
the mean travel time of particles in years.
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Maps of mean temperature anomalies

Figure S3.7: Mean temperature anomalies for the particles maintaining their temperature
anomaly. a) NH WBC, b) NH interior, c) SH WBC, d) SH interior. Shown is the POS1 ex-
periment. White contours indicate the mean travel time of particles in years.

Figure S3.8: Same as Figure S3.7 but for the POS2 experiment.
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Figure S3.9: Same as Figure S3.7 but for the NEG experiment.
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Chapter 4

On the Relative Importance of
Spiciness Anomalies on the
Equatorial Pacific Mixed Layer Heat
Budget

This Chapter is to be submitted for publication as:

Zeller, M., and McGregor, S., ’On the relative importance of spiciness anomalies on
the equatorial Pacific mixed layer heat budget’, Geophysical Research Letters

Preface

We investigate the equatorial Pacific mixed layer heat budget with a focus on the
contribution of "spiciness anomalies". Spiciness anomalies are generated in the
subtropical Pacific of both hemispheres and are advected with the mean circulation
towards the tropics where they finally upwell at the equator and interact with the
atmosphere. Equatorial upwelling is known to be a dominant process for generating
equatorial temperature anomalies. Spiciness anomalies have been proposed as a
mechanism of inducing tropical Pacific decadal variability. However, a quantitative
assessment of the impact of spiciness anomalies on the equatorial heat budget is still
lacking. In the present study, we use an ocean general circulation model to examine
the impact of spiciness anomalies on the vertical heat advection into the equatorial
near-surface layer. We distinguish between locally and remotely generated spiciness
anomalies. Our results indicate that spiciness anomalies account for 30-60% of the
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vertical heat advection, with the influence increasing as the region gets confined
closer to the equator. The major impact originates from locally generated spiciness
anomalies. However, remotely generated spiciness anomalies also have an impact
on the equatorial heat budget making up 14-23% of the variance, with the impact
decreasing towards the western equatorial Pacific. Our results further suggest that
the impact of remotely generated spiciness anomalies is considerably larger during
La Niña phases as opposed to El Niño phases.
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4.1 Introduction

Ocean spiciness anomalies, which are defined as density-compensating temperature

or salinity anomalies (Munk 1981), have been proposed as a potential contributor

to tropical Pacific decadal variability (TPDV) (Schneider 2000, 2004). Their impact

on TPDV is suggested to arise from the equatorial emergence of remotely generated

spiciness anomalies at the surface. A measure of spiciness is anomalous tempera-

ture or salinity variations on an isopycnal surface. Spiciness is typically generated

in regions of weak ocean stratification stimulating convective vertical mixing. Both

in observations (Yeager and Large 2004, 2007) and in models (Zeller et al. subm),

these regions have been identified as the subtropical Northeastern and Southeast-

ern Pacific, where unstable vertical salinity gradients prevail. Under favourable

conditions, which usually occur in winter when stratification is weak, spiciness is

generated through strong diapycnal mixing at the base of the convective boundary

layer. This diapycnal mixing creates a shallow transition layer between the mixed

layer above and the permanent pycnocline below that is characterised by enhanced

stratification due to enhanced gradients of temperature and salinity. Moreover, the

transition layer is strongly density compensated with a wide range of different tem-

perature and salinity combinations.

A different generation mechanism of spiciness anomalies is based on the mean spici-

ness distribution in the Pacific basin (Schneider 2000). If anomalous currents cross

mean spiciness gradients, these gradients are displaced, creating spiciness anomalies.

Schneider (2000) proposed a decadal spiciness mode by which spiciness anomalies

generated in the subtropics are advected to the equator with the mean circulation

where they upwell to the surface which generates an atmospheric coupling back to

the subtropics where spiciness anomalies of a different sign are generated and trans-

ported to the equator closing a 10 year cycle.

In a subsequent study, (Schneider 2004) examined the impact of surfacing spiciness

anomalies on the overlying atmosphere by injecting artificial spiciness anomalies in

the equatorial Pacific upwelling region. His results confirmed a coupled mode of
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ocean-atmosphere variability. However, the author also suggests that the involved

feedbacks are relatively weak and therefore the implications on the decadal variabil-

ity are small.

Zeller et al. (subm) have shown that in some cases spiciness anomalies can be ad-

vected from their generation region in the subtropics to the equator. The aim of the

present study is a quantitative assessment of the impact of spiciness anomalies on the

equatorial Pacific mixed layer heat budget. We distinguish between locally gener-

ated spiciness anomalies and remotely generated spiciness anomalies that have been

advected from the subtropics. However, the remotely generated spiciness anomalies

are of bigger interest as they provide potential predictability given their transit time

of several years.

4.2 Model and Methods

4.2.1 The Ocean Model

We use the GFDL-MOM025 global ocean model (Spence et al. 2014) which is based

on the GFDL CM2.5 coupled climate model (Delworth et al. 2012). The GFDL-

MOM025 model is coupled to the GFDL Sea Ice Simulator model. The model has

a 1/4◦ Mercator horizontal resolution globally. It further has 50 vertical levels with

vertical level thicknesses ranging from 10 m at the surface to about 200 m at depth.

Sea surface salinity is restored to a seasonally varying climatology on a 60 day time

scale. A 40 year spin-up control simulation that is forced with the ERA-interim

climatology of heat, freshwater and momentum fluxes, is used to equilibrate the

model. The model output is provided as 5-day averages.

The ocean model simulation utilised here is forced with ECMWF ERA-interim re-

analysis data (Dee and Uppala 2009). The heat and freshwater fluxes are computed

from climatological surface temperature, surface humidity and surface winds via

bulk formulas. The momentum flux is computed with the fully varying reanalysed

105



CHAPTER 4. EQ. PACIFIC ML HEAT BUDGET

wind field. The simulation spans the time period from January 1979 to May 2016

which amounts to a bit more than 37 years. The ERA-interim winds were selected

to overcome the strong trend biases in wind stress and wind stress curl over the

tropical Pacific that are known to be present in the NCEP/NCAR (National Cen-

ters for Environmental Prediction/National Center for Atmospheric Research) wind

product (McGregor et al. 2012a). In their study, McGregor et al. (2012a) compared

the observed and modelled trend pattern of sea surface height (SSH) using differ-

ent wind forcings. They found that the spatial correlation of the trend patterns is

higher when SSH is forced by ERA-interim winds (0.83) than when it is forced by

NCEP/NCAR winds (0.41). It is noted that while this choice moved us away from

the more balanced fluxes of CORE forcing (Large and Yeager 2009), we believe that

the use of the more realistic wind stress forcing is more appropriate to address the

proposed research questions.

4.2.2 Calculation of the Heat Budget

Given a stationary three-dimensional box with volume VD and box averaged tem-

perature

TD =

∫∫∫
D
T dx dy dz

VD
, (4.1)

the change in TD with time is given by:

δTD
δt

=
Qsfc −Qpen

ρ0 Cp VD
+ 〈Qadv〉+ 〈resid〉, (4.2)

where Qsfc is the horizontally averaged net surface heat flux, Qpen is the horizontally

averaged penetrative solar flux at the base of the box, ρ0 = 1026 kg m−3 is a reference

ocean potential density, Cp = 3995 J kg−1 K−1 is the specific heat capacity of

seawater, and Qadv is the net oceanic advection of temperature into the box from

the sides and from the bottom. The term resid represents residual effects which

are not resolved by the model. These residual effects include sub-grid scale lateral

mixing, local and nonlocal vertical mixing, as well as entrainment from below. The
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angle brackets 〈 〉 signify a volume average over VD.

The advective term is calculated following the methodology of Lee et al. (2004):

〈Qadv〉 = −
1

VD

∫
SD

(u · n) δT dS, (4.3)

where
∫
SD

denotes the integral across the bounding surface of the box, u = (u, v, w)

is the three dimensional current velocity, and n is the outward pointing unit normal

vector along SD. δT = T −TD is the temperature anomaly at the boundary relative

to the box averaged temperature.

In the present study, we are interested in the relative contribution of the heat ad-

vection through the individual boundaries of the box. The methodology applied for

the calculation of the advective heat transport allows the computation of heat ad-

vection through single surfaces of the box by applying Equation 4.3 accordingly. For

instance, the temperature advection through the western boundary can be computed

as:

〈Qadv_west〉 =
[∫∫

Swest

u δT dy dz

]′
/VD, (4.4)

where the prime (′) denotes anomalies to the mean seasonal cycle. In this case,

the time dependent temperature anomaly is multiplied by the time dependent zonal

velocity at each grid point of the western boundary surface. The result is then

integrated over the western boundary surface and finally divided by the box volume

to yield the flux of temperature (K/s) into (positive) or out of (negative) the box.

4.2.3 Spiciness Anomalies

To detect the portion of a temperature anomaly that is density compensated by

salinity at each location and point in time, we convert the 3-D Cartesian model

temperature field to density coordinates by vertical linear interpolation onto defined

surfaces of constant density. The defined density surfaces range from σ22 to σ27 with

an increment of 0.1 kg/m3. Spiciness anomalies are then defined as nonseasonal
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anomalies of temperature on the isopycnal surfaces.

To examine the impact of spiciness anomalies on the equatorial heat budget, we

utilise the Nino3 region (5◦S-5◦N, 150◦W-90◦W). To assess the sensitivity of the

results to the position and extent of the equatorial region, we also define other boxes

along the equator (see boxes in Figure 4.2). These are: the Nino3.4 region (5◦S-5◦N,

170◦W-120◦W), an elongated equatorial box (2◦S-2◦N, 160◦E-100◦W), and a narrow

version of the Nino3 region (2◦S-2◦N, 150◦W-90◦W). As a lower vertical boundary

of all boxes, we choose the 75 m level. At this level, we still have a considerable

magnitude of upwelling of up to 4 cm/h (Figure 4.1). We also ensure that our

defined range of isopycnal surfaces all intersect with this level in our defined boxes

at least during some periods of the simulation (Figure 4.2).

Figure 4.1: Mean vertical velocity averaged over the entire time period (1979-2016) and between
2◦N and 2◦S. The 75 m level is indicated as a horizontal black line.

4.3 Results

4.3.1 Equatorial Heat Budget

As our model simulation is forced with heat and freshwater fluxes derived from cli-

matological surface conditions, changes in the equatorial heat content are primarily
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Figure 4.2: Density on the 75 m level averaged over a) the entire time period (1979-2016), b)
the three strongest El Niño events (DJF, 1982/83, 1997/98, 2015/16), and c) the three strongest
La Niña events (DJF, 1988/89, 2007/08, 2010/11). The σ24.5 and σ25.5 surfaces are highlighted
as black contours. The boxes indicate the Nino3.4 region (5◦S-5◦N, 170◦W-120◦W), the Nino3
region (5◦S-5◦N, 150◦W-90◦W), a narrow Nino3 region (2◦S-2◦N, 150◦W-90◦W), and an elongated
equatorial box (2◦S-2◦N, 160◦E-100◦W).

associated with advection of temperature into the box from the sides and from the

bottom (Figure 4.3). The temperature changes associated with the surface heat flux

act as a damping to the changes caused by advection. The sum of the tempera-

ture tendencies associated with the surface heat flux and the temperature advection

closely resembles the time derivative of the box averaged temperature (r=0.85),

which is expected from Equation 4.2. Any differences are due to residual effects

that are not explicitly calculated in the heat budget, as described in section 4.2.2.

We next subdivide the net temperature advection into the defined equatorial region

into the advection through the individual boundary surfaces of the box as demon-

strated in Equation 4.4. Heat is advected into the box in the lead-up to an El Niño

event and out of the box after the event peak setting the conditions for a subsequent

La Niña event (black line, Figure 4.4). The heat transport largely occurs through

the bottom and the Western boundaries which is in line with anomalous westerlies

(easterlies) moving warm water to the east (west) through the Western boundary

as well as with anomalous downwelling (upwelling) vertically moving warm (cold)

water through the bottom surface during El Niño (La Niña) events (e.g., Meinen and
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Figure 4.3: Heat budget of the Nino3 region above 75 m. Shown are the temperature tendencies
of the box averaged temperature associated with the net surface heat flux (cyan), the net advection
(red), and the sum of surface heat flux and net advection (black). Also shown is the temperature
tendency of the box averaged temperature (grey).

Figure 4.4: Contributions to the heat advection into the Nino3 region. Shown are the total
heat advection (black lines), the contributions through the Western (magenta) and Eastern (cyan)
boundaries, the contributions through the Northern (red) and Southern (green) boundaries, and
the contribution through the bottom (blue) boundary. The correlation coefficients between the
total advection and its individual components as well as the standard deviations are displayed in
the plot.

McPhaden 2000). Transports through the Eastern, Northern and Southern bound-

aries are comparatively small (Figure 4.4). The transport through the bottom (ther-

mocline feedback + Ekman feedback) and the Western boundary (zonal advective
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feedback) each explain about half of the total heat transport into the region. Both

transports are highly correlated with the total transport (bottom: 0.92, West: 0.97).

4.3.2 Vertical Heat Transport

Spiciness anomalies are upwelled to the surface in the equatorial outcropping region

after joining the equatorial undercurrent (EUC), forming part of the heat advection

through the bottom boundary of the equatorial box. We, therefore, further subdivide

the heat transport through the bottom boundary wδT by breaking its two variables,

w and δT = T−TD, down into their mean and anomalous parts, such that w = w+w′

and δT = δT + δT ′:

wδT ≡ w′δT + wδT ′ + w′δT ′ + wδT , (4.5)

where the overline (u) denotes the mean seasonality and the prime (′) denotes anoma-

lies to the mean seasonality. T and TD represent the temperature at the bottom

boundary of the box and the boxed averaged temperature, respectively. The domi-

nating component of vertical heat transport is the mean upwelling of anomalous tem-

perature (wδT ′, thermocline feedback) which represents the effect of Kelvin waves on

the equatorial heat content. In the leadup to an El Niño event anomalous westerlies

excite an equatorial downwelling Kelvin wave as well as an upwelling Rossby wave

(e.g., Neske and McGregor 2018). The eastward propagating Kelvin wave causes an

instantaneous recharge of heat in the equatorial Pacific. The westward propagating

Rossby wave is reflected at the western boundary into an upwelling Kelvin wave

which induces a delayed discharge of heat. The thermocline feedback correlates at

0.74 with the total vertical heat advection and exhibits almost the same variance

(blue line, Figure 4.5). The second largest contribution comes from the anomalous

upwelling of mean temperature (w′δT , Ekman feedback). The major effect of the

Ekman feedback is on the recharge of heat shortly after the peak of El Niño events

111



CHAPTER 4. EQ. PACIFIC ML HEAT BUDGET

due to its rapid reversal from weak to strong upwelling (red line, Figure 4.5). This

rapid reversal counteracts the general discharge of heat after the peak of El Niño

events driven by the mean upwelling of cold temperature anomalies and promotes a

fast transition back to neutral or El Niño-like conditions. The anomalous upwelling

of anomalous temperature w′δT ′ largely acts as a damping to the total vertical heat

advection (r=-0.41) and ENSO. However, due to its small magnitude it only has

a minor effect on the total vertical heat advection (green line, Figure 4.5). Since

we are looking at anomalies there is no effect from the mean upwelling of mean

temperature (wδT ).

Figure 4.5: Contributions to the vertical heat advection into the Nino3 region. Shown are the
total heat advection (grey), the mean advection of anomalous temperature (blue), the anomalous
advection of mean temperature (red), and the anomalous advection of anomalous temperature
(green). The correlation coefficients between the total vertical advection and its individual com-
ponents as well as the standard deviations are displayed in the plot.

4.3.3 The Contribution of Spiciness Anomalies

On the basis that the vertical heat advection into the upper equatorial Pacific is

dominated by the mean upwelling of anomalous temperature, we are seeking to

further separate the contribution of spiciness anomalies to the total wδT ′ mechanism.

A comparison of the Nino3 region bottom surface (75 m) temperature anomalies

with the spiciness anomalies averaged over the same regional surface suggests an

appreciable role of spiciness anomalies for the total vertical heat advection (Figure

112



CHAPTER 4. EQ. PACIFIC ML HEAT BUDGET

4.6). It is clear that both temperature anomalies are highly correlated and both

exhibit significant interannual peaks. It is also clear that the spiciness anomalies

have a reduced amplitude relative to the temperature anomalies, which suggests

that they play a secondary supporting role rather than dominating the temperature

changes.

Figure 4.6: Temperature anomalies (black) and spiciness anomalies (red) spatially averaged over
the bottom boundary of the Nino3 region at 75 m.

To compute the vertical heat advection through spiciness anomalies, we apply Equa-

tion 4.4 to the bottom surface. However, rather than using the temperature anoma-

lies with respect to the box averaged temperature for δT , we only utilise the anoma-

lous spiciness component of the temperature anomalies. The heat advection through

spiciness anomalies is clearly detectable but weaker than the total wδT ′ advection

(Figure 4.7). The effect of spiciness is mainly a reinforcement of the ENSO cycle,

however, the heat advection via anomalous spiciness appears to lag the total wδT ′

advection by 2 months.

Our primary interest lies in the contribution of subtropically generated spiciness

anomalies because of their proposed role in driving tropical Pacific decadal variabil-

ity and their associated potential predictability. Previous studies have shown that

these remotely generated spiciness anomalies preferably travel towards the tropics

on isopycnal surfaces between σ24.5 and σ25.5 (Schneider 2000 and Chapter 3 of this

thesis). We, therefore, divide the isopycnal range as defined earlier (see section
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Figure 4.7: Contributions to the total wδT ′ heat advection into the Nino3 region. Shown are the
total heat advection (grey), the heat advection through spiciness anomalies (red) and the difference
between the former two (cyan).

4.2.3) into three layers: isopycnals < σ24.5 (top layer), isopycnals between σ24.5 and

σ25.5 (middle layer), and isopycnals > σ25.5 (bottom layer).

Spiciness anomalies upwelled into the Nino3 region are strong in all three isopycnal

layers (Figure 4.8b) with magnitudes of up to 1.5◦C, both positive and negative.

However, the area of intersection with the Nino3 region’s bottom surface strongly

differs between the three isopycnal layers (Figure 4.8c). Generally, the top layer

covers the largest area (magenta line in Figure 4.8c), followed by the bottom layer

(green line in Figure 4.8c), while the middle layer mostly only shows narrow stripes

of intersection (blue line in Figure 4.8c). This means that even though remotely

generated spiciness anomalies may exhibit an appreciable magnitude, their contri-

bution to the total spiciness of the Nino3 region’s bottom surface is relatively small

after being weighted with the intersecting area (Figure 4.8a).

This is also apparent when calculating the vertical heat advection into the Nino3

region via spiciness anomalies in all three isopycnal layers (Figure 4.9). Generally,

the contributions to the total signal all vary in phase. However, the largest contri-

bution is made by the top layer (<σ24.5), which explains 85% of the total variance.

The signals from the middle and bottom layers are much smaller and closely re-

semble each other. The remotely generated spiciness anomalies of the middle layer
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Figure 4.8: a) Spiciness anomalies at the 75 m level integrated across all isopycnal surfaces and
weighted by the outcropping area of each isopycnal at each point in time. b) Spiciness anomalies
at the 75 m level. Shown are all isopycnals between σ22 to σ27 that intersect with this depth
level. The horizontal dashed lines indicate the σ24.5 and σ25.5 isopycnals. c) Area percentage of
outcropped (75 m) isopycnals at each time step relative to the total surface area of the Nino3
region. The magenta, blue, and green lines show the total area percentage of the top, middle, and
bottom isopycnal layers, respectively, as defined in the text.

have their biggest impact during La Niña phases while their impact during El Niño

phases is mostly very small, except for the first half of the 1990s.

4.3.4 Sensitivity to the Position and Extent of the Equatorial

Box

If we test the sensitivity of our results to the position and extent of the equatorial

box, we see a general consistency of the results (Table 4.1). In all regions, the heat
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Figure 4.9: Contribution of spiciness anomalies to the total wδT ′ heat advection into the Nino3
region. Shown are the total advection through spiciness anomalies (grey) and its contributions by
the top (magenta), middle (blue), and bottom (green) isopycnal layers as defined in the text. The
correlation coefficient between the total spiciness signal and the contribution by the middle layer
of isopycnals is 0.88.

budget is controlled by the net advection through the sides of the box and is damped

by the surface heat flux (cf. Figure S4.1). Also, in all cases, the transport through

the bottom boundary of the box is the dominating component (cf. Figures S4.2-

S4.4). However, towards the east (Nino3.4 region and elongated equatorial box) the

vertical heat advection increasingly leads the total heat advection, which is consis-

tent with the ocean dynamics theory of warm water volume changes that implies a

change of the thermocline depth (vertical heat advection via thermocline feedback)

before an upper ocean adjustment through horizontal currents (horizontal heat ad-

vection via zonal advective feedback). According to this mechanism, during an El

Niño event (conversely for a La Niña), anomalous westerly winds chronologically

lead to decreases in Ekman transport, surface divergence, South equatorial current,

equatorial upwelling, and eventually in geostrophic meridional transports, thus in

pycnocline convergence.

In terms of the different mechanisms of vertical temperature advection, the mean up-

welling of anomalous temperature (wδT ′) clearly dominates in the two Nino3 boxes

as well as in the Nino3.4 box (cf. Figure S4.5 a and b). This is particularly apparent

in the Nino3.4 region, which is almost exclusively driven by the wδT ′ mechanism
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Table 4.1: Correlation coefficients between various heat advection components (rows) for the
different equatorial boxes (columns).

as the other two mechanisms are relatively weak and appear to cancel each other.

Only in the elongated equatorial box the influence of the Ekman feedback (w′δT )

appears to be of equal importance to wδT ′ (Figure S4.5 c). This is due to the fact

that in the western equatorial Pacific the thermocline is generally much deeper than

75 m. Consequently, temperature anomalies on this level are comparatively small

(cf. Figure S4.6c) and anomalous vertical temperature advection is largely driven

by anomalous upwelling of cold water.

Despite considerable spiciness anomalies existing at the bottom surface of the Nino3

region, the associated vertical heat advection into the box shows a reduced impact

of spiciness anomalies (Figure 4.7). The same applies to the Nino3.4 region (Figure

S4.7 a). Interestingly, the impact of spiciness anomalies doubles when considering

the elongated equatorial box (Figure S4.7c) even though spiciness anomalies aver-

aged across the bottom boundary are slightly smaller (Figure S4.6c). The reason

for this is that the fraction of the temperature anomaly at the bottom boundary

which is density compensated is large compared to the other regions (Figure S4.6c).

Moreover, the mean upwelling is largest closer to the equator. Both conditions in-

crease the effect of spiciness on the mixed layer heat content. The narrow Nino3

region also shows an increased impact of spiciness anomalies compared to the de-

fault Nino3 region (Figure S4.7b). This increased effect is due to larger spiciness

anomalies closer to the equator (cf. Figure S4.6b and Figure 4.6).

The outcrop area of isopycnals differs between the different regions (cf. Figure 4.8
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and Figures S4.8-S4.10). In the Western and central equatorial Pacific isopycnals

< σ24.5 dominate while in the Eastern equatorial Pacific isopycnals > σ25.5 occupy

the largest areas of the boxes. As a consequence, the Nino3.4 region and the elon-

gated equatorial region are even more dominated by the locally generated spiciness

anomalies on isopycnals < σ24.5 (Figures S4.11 a and c). The narrow Nino3 region,

on the other hand, shows a clear signal of heat advection through remotely generated

spiciness anomalies, primarily during La Niña phases (Figure S4.11b).

4.4 Discussion and Conclusion

In the present study, we examined the near-surface heat budget in the equatorial

Pacific using an ocean general circulation model. Our results show a damping effect

of the surface heat flux relative to the advective term with a slight lag of about

2-3 months (Figure 4.3 and Figures S4.1). This predominant damping response is

because the ocean is forced with a prescribed climatological heat flux. Thus, pos-

itive ocean-atmosphere feedbacks (e.g., wind-evaporation-sea surface temperature

feedback) that can enhance heat flux variability cannot occur in the model. The

damping occurs due to positive (negative) anomalous heat advection into the box

creating a negative (positive) anomalous ocean-atmosphere temperature difference,

that consequently leads to negative (positive) anomalous surface heat flux. These

atmospheric feedbacks are important when further investigating the impact of SST

anomalies on the local and remote climate. However, this idealised model setting

does not influence the advection of spiciness anomalies to the equator and their im-

pact on the near-surface heat budget in the equatorial Pacific.

The finding that the temperature advection into the box is dominated by vertical

advection through the bottom boundary (Figure 4.4 and Figures S4.2-S4.4) is con-

sistent with previous studies (e.g., Lee et al. 2004; Huang et al. 2012; Boucharel

et al. 2015). Moreover, the increased importance of zonal temperature advection

towards the western equatorial Pacific is in line with the results of Vialard et al.
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(2001) and McPhaden (2002).

We further examined the different mechanisms of vertical temperature advection into

the box. Our results show that the vertical temperature advection is dominated by

the mean upwelling of anomalous temperatures for three out of the four regions

identified here, with the exception being the elongated equatorial box where the

anomalous upwelling of mean temperatures also plays a significant role. Consistent

with Huang et al. (2012), our results indicate that during the build-up phase of El

Niño events, both the thermocline feedback (wδT ′) and the Ekman feedback (w′δT )

contribute to the recharge of heat, while during the decay phase the discharge of

heat is controlled by the thermocline feedback alone. The nonlinear vertical advec-

tion term (w′δT ′) acts as a weak damping.

Our results further show an increased variance of the vertical temperature advection

and its components for the two regions closer to the equator (Figure S4.7 b and c).

The reason for the stronger signal in these regions compared to the Nino3 (Figure

4.5) and Nino3.4 (Figure S4.7a) regions is that the mean as well as the anomalous

upwelling is confined to a narrow band around the equator. On top of this, the

signal becomes even stronger towards the east where the mean upwelling has its

maximum (Figure 4.1).

Regarding the contribution of spiciness anomalies, about 30% of the total vertical

temperature advection arises from the mean upwelling of spiciness anomalies for the

Nino3 region and about 25% for the Nino3.4 region. For the regions confined closer

to the equator the fraction even rises to about 67%. The reason for the increased

influence of spiciness anomalies closer to the equator is the increased fraction of

spiciness anomalies versus temperature anomalies close to the equator. While this

fraction is about 40% for the meridionally wider regions it is 56% for the meridion-

ally narrower regions. In fact, while the temperature anomalies decrease towards

the west, spiciness anomalies seem to be rather evenly distributed across the entire

equatorial Pacific. This arises from a comparison of the spiciness anomalies in the

Nino3 region (Figure 4.6) and the elongated equatorial region (Figure S4.6c). The
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spiciness anomalies are of the same order of magnitude at a consistently high area

coverage (cf. Figure 4.8b,c and Figure S4.10b,c).

The bulk of spiciness anomalies upwelled into the equatorial Pacific mixed layer are

locally generated spiciness anomalies on the isopycnal range < σ24.5. As examined

in the previous chapter of this thesis (Chapter 3), there are two mechanisms that

can generate local spiciness anomalies: i) generation through anomalous advection

across mean spiciness gradients, and ii) generation through a changing proportion of

NH versus SH advection of mean spiciness. However, in the present study our initial

interest lies in the impact of remotely generated spiciness anomalies, due to their

proposed role in driving tropical Pacific decadal variability and the potential pre-

dictability they may provide. Knowing that remotely generated spiciness anomalies

propagate along isopycnals within the range σ24.5-σ25.5, our results suggest a rela-

tively weak vertical temperature advection signal associated with spiciness anomalies

of that range. For the Nino3 region, 23% of the total spiciness effect arises from

remotely generated spiciness anomalies. As expected, the impact decreases towards

the west with 18% for the Nino3.4 region and only 14% for the elongated equatorial

region. This is because of the outcropping region of the σ24.5-σ25.5 isopycnal range

mostly being confined to the eastern equatorial Pacific (Figure 4.2).

In summary, our results indicate a temporal asymmetry of the impact of remotely

generated spiciness anomalies on the tropical Pacific mixed layer heat budget. Dur-

ing El Niño phases, the impact of the subtropical spiciness anomalies seems negligi-

ble. However, during La Niña phases, these spiciness anomalies create a weak but

recognisable signal which amplifies the discharge of heat. Consequently, during a

longer period of increased La Niña events, subtropical spiciness anomalies contin-

ually act to enhance a negative anomalous upper ocean heat content over several

years. This prolonged negative upper ocean heat content further projects onto sea

surface temperature anomalies, which eventually alter atmospheric conditions in

the tropical Pacific. Thus, subtropical spiciness anomalies are able to imprint on

tropical Pacific decadal variability. While we acknowledge that spiciness anomalies

may constitute a minor component of the total equatorial mixed layer heat budget,
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these anomalies do impact the background state in which ENSO operates, and thus

leave open the question as to how these changes may modulate ENSO behaviour

and activity.
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4.5 Supporting Information

Introduction

The Supplementary material provides additional information about the study. How-

ever, the information provided here is not necessary for the understanding of the

main results of the study. In the Supplementary, we show the figures that corre-

spond to the sensitivity analysis (Section 3.4 of the main text). We therefore show

the same plots as in the main study, however, for the three additional equatorial

regions.

Heat budgets

Figure S1 shows the heat budget for each region. We compare the surface fluxes

to the net heat advection and show that the net heat advection tends to be the

dominant term.

Components of heat advection

In Figure S2-S4, the net heat advection is subdivided into the heat advection through

the individual boundary surfaces, for each region, respectively. In all cases, the heat

advection through the bottom surface is the dominating component.

Components of vertical heat advection

In Figure S5, we further subdivide the heat advection through the bottom surface

into contributions from the mean and anomalous terms. The main message is that

the vertical heat advection is dominated by the mean upwelling of anomalous tem-

peratures (wδT ′) in the Nino3.4 and narrow Nino3 regions, while in the elongated

equatorial box the total vertical advection is contributed to by both the mean up-

welling of anomalous temperatures (wδT ′) and the anomalous upwelling of mean

temperatures (w′δT ).

122



CHAPTER 4. EQ. PACIFIC ML HEAT BUDGET

Temperature and spiciness anomalies

Figure S6 compares the temperature anomaly to the spiciness anomaly both aver-

aged across the bottom surface at 75 m depth. The plots indicate that the tempera-

ture anomalies become smaller towards the west, while the spiciness anomalies tend

to be evenly distributed along the equator. This is equivalent with an increased

ratio of spiciness to temperature anomalies towards the west.

Components of wδT ′ heat advection

In Figure S7, we assess the contribution of spiciness anomalies to the wδT ′ heat

advection. A high correlation between the two is evident in all three regions. The

spiciness contribution is smaller than the remaining contribution.

Hovmoeller diagrams of spiciness anomalies

In Figure S8-S10, we show the contributions of spiciness anomalies from different

isopycnals to the total spiciness signal averaged across the outcropping area at the

75 m level. The plots indicate that the main contributor the the total signal is

the top layer of isopycnals (< σ24.5). The middle (σ24.5-σ25.5) and bottom (> σ25.5)

isopycnal layers have their largest signature during La Niña periods.

Contributions of spiciness anomalies to the total wδT ′(spic) heat advection

Figure S11 shows the contributions of the heat advection by spiciness anomalies of

the three isopycnal layers to the total heat advection by spiciness anomalies. Again,

the major contributor is the top layer, while the middle and bottom layers have

their biggest impact during La Niña periods.

123



CHAPTER 4. EQ. PACIFIC ML HEAT BUDGET

Heat budgets for the different regions

Figure S4.1: Mixed layer heat budget of a) the Nino3.4 region, b) the narrow Nino3 region,
and c) the elongated equatorial box. Shown are the temperature tendencies of the box averaged
temperature associated with the net surface heat flux (cyan), the net advection (red), and the sum
of surface heat flux and advection (black). Also shown is the temperature tendency of the box
averaged temperature (grey).
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Components of heat advection for the different regions

Figure S4.2: Contributions to the heat advection into the mixed layer Nino3.4 region. Shown
are the total heat advection (black lines), the contributions through the Western (magenta) and
Eastern (cyan) boundaries, the contributions through the Northern (red) and Southern (green)
boundaries, and the contribution through the bottom (blue) boundary. The correlation coefficients
between the total advection and its individual components as well as the standard deviations are
displayed in the plot.

Figure S4.3: Same as Figure S4.4 but for the narrow Nino3 region.
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Figure S4.4: Same as Figure S4.4 but for the elongated equatorial region.
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Components of vertical heat advection for the different regions

Figure S4.5: Contributions to the vertical heat advection into a) the Nino3.4 region, b) the
narrow Nino3 region, and c) the elongated equatorial box. Shown are the total heat advection
(grey), the mean advection of anomalous temperature (blue), the anomalous advection of mean
temperature (red), and the anomalous advection of anomalous temperature (green). The correla-
tion coefficients between the total vertical advection and its individual components as well as the
standard deviations are displayed in the plot.
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Temperature and spiciness anomalies for the different regions

Figure S4.6: Temperature anomalies (black) and spiciness anomalies (red) spatially averaged over
the bottom boundary of a) the Nino3.4 region, b) the narrow Nino3 region, and c) the elongated
equatorial box at 75 m depth.
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Components of wδT ′ heat advection for the different regions

Figure S4.7: Contributions to the total wδT ′ heat advection into a) the Nino3.4 region, b) the
narrow Nino3 region, and c) the elongated equatorial box. Shown are the total heat advection
(grey), the heat advection through spiciness anomalies (red) and the difference between the former
two (cyan). The correlation coefficients between the total advection and its spiciness contribution
are 0.69, 0.7, and 0.62, respectively.
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Hovmoeller diagrams of spiciness anomalies for the different regions

Figure S4.8: Same as Figure 4.8 but for the Nino3.4 region.
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Figure S4.9: Same as Figure 4.8 but for the narrow Nino3 region.
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Figure S4.10: Same as Figure 4.8 but for the elongated equatorial region.
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Contributions of spiciness anomalies to the total wδT ′(spic) heat advection

for the different regions

Figure S4.11: Contribution of spiciness anomalies to the total wδT ′ heat advection into a) the
Nino3.4 region, b) the narrow Nino3 region, and c) the elongated equatorial box. Shown are the
total advection through spiciness anomalies (grey) and its contributions by the top (magenta),
middle (blue), and bottom (green) isopycnal layers as defined in the text. The correlation coeffi-
cients between the total spiciness signal and the contribution by the middle layer of isopycnals are
0.67, 0.89, and 0.82, respectively.
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Discussion and Conclusions

It is commonly agreed that tropical Pacific decadal variability (TPDV) is a product

of many processes acting together to generate a low frequency signal that is de-

tectable in various climate variables. These processes can occur both in the tropics

locally and remotely in the subtropics and extratropics. While local processes are

largely comprised of coupled ocean-atmosphere processes related to ENSO, remote

processes include the transportation of a decadal signal into the tropics either via

the atmosphere or the ocean. This thesis seeks to advance our knowledge of the

oceanic role as a driver of tropical Pacific decadal variability. In the following, we

summarise and discuss the findings of each Chapter and include recommendations

for future research directions.

5.1 Thesis summary

In Chapter 2 (Zeller et al., 2019), a high-resolution ocean general circulation model

(OGCM) was forced by observed winds to investigate the volume transport of the

STCs. Applying various subsets of full wind forcing, we could relate the STC vari-

ability to the underlying oceanic and atmospheric processes. We find that the STCs
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are to a large part driven by ENSO related winds (see Section 2.2.3 for the definition

of ENSO related winds) on interannual time scales. This suggests a considerable

impact of these winds on the tropical climate, given the strong relation between the

STC subsurface convergence and equatorial SST (e.g., Izumo 2005; Capotondi et al.

2005). In this study, we further identify three asymmetries between the Northern

hemisphere (NH) STC and the Southern hemisphere (SH) STC.

i) The NH STC displays a 26% stronger variability than its SH counterpart on

interannual time scales. We show this asymmetry to be equally driven by

the two modes of equatorial winds associated with ENSO (ENSOLIN and

ENSONONLIN).

ii) The NH STC leads the SH STC by 3 months. Our analysis could trace this

lead back to the NH STC surface branch which leads all other STC branches

by around 8 months. Further to this, we show that the NH surface branch

is mainly forced by the anticyclonic wind stress pattern in the Northeastern

tropical Pacific associated with ENSONONLIN . We also show how the time lag

between the two STCs affects the role of each STC during El Niño and La Niña

events. Specifically, the influence of ENSONONLIN winds is reflected by a shift

of the peak anomalous NH STC changes to 3 months earlier than the SH STC

changes which are largely forced by the zonal wind stresses only.

iii) During the recent period (1993-2011), the SH STC exhibits a decadal trend

which is twice as strong as the NH STC trend. This is despite the fact that the

wind forcing displays quite similar trends in both hemispheres. Our analysis

shows that the reason for the reduced NH STC trend is the strong vertical in-

terference occurring at 5◦N which is likely induced by the high eddy activity in

the form of tropical instability waves (Chen et al. 2015b; Holmes et al. 2018).

At 9◦N, the reduced STC trend is caused by a reduced increase of the Ekman

driven surface branch and by the stronger compensation between interior and

western boundary transports. We also demonstrate that as opposed to interan-

nual time scales, sea surface height (SSH) and STC subsurface convergence are
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not correlated on decadal time scales. This implies that SSH may not be an

appropriate proxy for STC transports and therefore decadal changes in tropical

climate.

In Chapter 3, we analysed the advection of density compensated temperature anoma-

lies, i.e. spiciness anomalies, with the mean STC transport as a potential contributor

to tropical Pacific decadal variability. To this end, we apply a Lagrangian particle

simulator with input data from the same OGCM utilised above to track water parcels

from the equator backward in time for 10 years. We find that 75% of the water ar-

riving at the equator in the equatorial pycnocline (in the range σ22-σ27) originates

from outside the tropics (10◦S-10◦N), which is in very good agreement with previous

findings (e.g., Nie et al. 2019). Further, two thirds of this water, i.e. 50% of the

total equatorial water, are sourced from the Southern hemisphere. Consequently,

one quarter of the equatorial water comes from the Northern hemisphere, while the

remaining quarter is recycled from within the tropics. When monitoring the spici-

ness anomaly that the water parcels carry, we show that for the warm equatorial

spiciness peak in the early 1990s, ∼90% of the associated spiciness anomalies orig-

inate from the SH. Our results also show that the majority of these SH sourced

spiciness anomalies (72%) are propagating via the interior pathways as opposed to

via the western boundary pathway. Moreover, spiciness anomalies following the in-

terior pathways in both hemispheres tend to be generated in the region of strongest

spiciness variance, which results in strong spiciness anomalies accordingly. Inter-

estingly, when tracking back spiciness anomalies from the negative equatorial peak

around the year 2000, the majority of the contributing spiciness anomalies (48%)

follow the Northern hemisphere western boundary pathway.

We compared the results for the propagation of water parcels obtained from the

different peak experiments against a reference experiment which represents the ad-

vection of water parcels during neutral conditions. The comparison shows that the

relative importance of the pathways (pathway percentages) for all experiments is

within the range of possible percentages derived from 10,000 times randomly sub-

sampling the release dates of the reference experiment. This suggests that the water
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parcels in all experiments are advected with the same currents, i.e. with the mean

circulation. We also tested the sensitivity of our results to the horizontal diffusivity.

We find that a change in diffusivity almost exclusively impacts the particles and

spiciness anomalies at western boundary but not in the interior. This is assumed to

be related to the smaller spatial temperature gradients in the interior as compared

to the western boundary which inhibits diffusion even at high diffusivity values.

In Chapter 4, we performed a heat budget analysis of the equatorial Pacific mixed

layer using the same OGCM as in the preceding two Chapters. We demonstrated

that the advective term of the heat budget equation is dominated by the vertical

heat advection through the bottom boundary of the mixed layer which is consis-

tent with previous studies (e.g., Lee et al. 2004; Huang et al. 2012; Boucharel et al.

2015). We then subdivided the vertical heat advection into its mean and anomalous

contributions and showed that the total vertical heat advection is dominated by the

mean upwelling of anomalous temperature (wδT ′). Specifically, during the course of

an El Niño event, both the thermocline feedback (wδT ′) and the Ekman pumping

feedback (w′δT ) equally contribute to the build-up phase, while the decay phase is

controlled by the thermocline feedback alone. The contribution by the nonlinear

advection (w′T ′) acts as a weak damping to the total vertical heat advection. Our

results show that the variance of the vertical heat advection becomes larger in a

region confined closer to the equator and further to the east. This is consistent with

expectations as the mean and anomalous upwelling become larger towards the equa-

tor, while the mean upwelling has its maximum in the eastern equatorial Pacific.

To quantify the contribution of spiciness anomalies to the total vertical heat advec-

tion, we further subdivide the anomalous temperatures utilised in the wδT ′ mecha-

nism into its spiciness anomaly and remaining part. This analysis reveals that ∼30%
of the wδT ′ heat advection arise from the mean upwelling of spiciness anomalies in

the Nino3 region and ∼25% in the Nino3.4 region. This number even increases to

about 67% when confining the region closer to the equator. This enhanced spiciness

influence towards the equator is due to a higher ratio of spiciness versus tempera-

ture anomalies closer to the equator. While temperature anomalies clearly decrease
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towards the western equatorial Pacific, spiciness anomalies remain broadly constant

along the equator. We additionally distinguish between locally and remotely gener-

ated spiciness anomalies by isolating the σ24.5-σ25.5 isopycnal range which was shown

to be the carrier of subtropically generated spiciness anomalies (see Chapter 3). The

contribution of remotely generated spiciness anomalies to the total vertical heat ad-

vection is 23% (std) in the Nino3 region with a decreasing tendency towards the

western equatorial Pacific. This decrease is due to the fact that the outcropping

region of the σ24.5-σ25.5 isopycnal range is mostly confined to the central and eastern

equatorial Pacific. Finally, we also detect a time dependence of the importance of

spiciness anomalies with spiciness anomalies having a considerably larger impact

during La Niña periods when the uplifted thermocline in the eastern equatorial

Pacific increases the area of outcropping of the respective isopycnals. This result

suggests an increased importance of La Niña periods with regard to the impact of

spiciness anomalies on the tropical Pacific decadal variability.

5.2 Key Findings

The key findings of the thesis can be summarised as follows:

• On interannual time scales, the STCs are to a large part driven by winds that

are related to ENSO (both linearly and nonlinearly). Given that the STCs

provide two mechanisms of inducing decadal variability to the tropical Pacific,

ENSO appears to share a prominent portion in changing its own background

state.

• On decadal time scales, recent tropical Pacific STC changes and any related

SST changes (1992-2011) are dominated by changes in the Southern hemi-

sphere. This is due to a cancellation of the decadal trend in the Northern

hemisphere STC branches. It is unclear how representative the trends in the
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recent period are of the past, but our results suggests that accurate monitor-

ing of the STC strength is required in both hemispheres and raises questions

about SSH as a proxy of STC strength.

• Spiciness anomalies can potentially act as an important contributor to large

decadal temperature anomalies at the equatorial Pacific. The preferred path-

way of remotely generated spiciness anomalies to the equator depends on their

sign. While warm spiciness anomalies predominantly propagate via the SH in-

terior, cool spiciness anomalies tend to propagate via the NH western bound-

ary. Keeping in mind that the sample size is very small, we cannot tell if the

disparity in the preferred pathways is genuine or just an artefact.

• Remotely generated spiciness anomalies have a small but detectable impact

(5%) on the equatorial Pacific mixed layer heat budget. Their impact is par-

ticularly discernible during La Niña periods when the isopycnals carrying the

spiciness anomalies outcrop in the eastern equatorial Pacific.

5.3 Thesis Overarching Discussion

Seeking to identify the ocean’s role transporting and inducing tropical Pacific decadal

variability, in this thesis we investigated the meridional oceanic transports that con-

nect the subtropical to the tropical Pacific Ocean. It has to be kept in mind that

while various studies have focused on the integrated upper ocean mass exchanges

(e.g., Kug et al. 2003; McGregor et al. 2014a) that are used to determine changes

in upper ocean warm water volume related to ENSO, the focus of this thesis is

the overturning transport of the STCs, which is a fundamentally different process.

The STCs are related to the equatorial upwelling and are usually used to exam-

ine decadal changes in the tropical Pacific. Traditionally, mechanisms proposed to

generate TPDV are either i) confined to the equatorial Pacific region and related

to ENSO occurrences, or ii) related to the transport of decadal signals from the

subtropics or the extratropics to the equator. Our finding that a large portion of
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the STC variability is driven by ENSO related winds raises an interesting further

addition to TPDV mechanisms by combining the two previously mentioned concepts

and arguing that ENSO itself can be responsible for the advection of decadal signals

from remote regions.

The hemispheric asymmetries in STC transports that have been revealed in Chapter

2 and the associated wind patterns driving these asymmetries also add new insights

to the current state of knowledge about the role of the STCs in changing tropical Pa-

cific climate through the w′T mechanism. Particularly in consideration of the large

difference in mean pycnocline temperatures between the NH (17◦C-22◦C) and SH

(21◦C-24◦C), our results suggest that a change in the asymmetric STC transport

contribution to the equatorial undercurrent can have a strong impact on tropical

Pacific climate.

In part, these new insights support previous findings. E.g., Kug et al. (2003) and

McGregor et al. (2014a) who also find stronger integrated upper ocean transport

variations. Moreover, the lead-lag relationship between Northern and Southern

hemisphere transports has been mentioned by Ishida et al. (2008). Again, in their

study the authors consider the upper ocean integral of meridional transports as op-

posed to STC transports. In terms of the low-frequency STC changes, we ascribe a

prominent role to the Southern hemisphere. Interestingly, Luo and Yamagata (2001)

also emphasise the contribution of the South Pacific to TPDV, however, based on

the mean advection of anomalous temperature.

In part our findings add much needed detail to the results of previous studies. E.g.,

Ishida et al. (2008) trace the lead-lag relationship back to a lag between the NH

WBC and NH interior transports. However, in the present work we distinguish

between surface and subsurface interior transports, such that we can attribute the

out-of-phase relationship to the NH surface transport which leads the subsurface

interior transport. In contrast to Ishida et al. (2008), our results indicate that the

western boundary and subsurface transports are anti-correlated both in the North-

ern and in the Southern hemisphere. Furthermore, our finding that sea surface
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height (SSH) is not well corresponding to STC transports on decadal time scales

questions the use of SSH as an indicator for STC strength as has been done before

(e.g., Feng et al. 2010)

We are aware that the definition of the STC branches may slightly affect the results

in Chapter 2. However, various tests have shown that our definition, in particular

the definition of the Northern hemisphere western boundary current, is the physi-

cally most meaningful and provides a good foundation for our analysis.

In regard to the advection of spiciness anomalies (Chapter 3), our results support the

studies that propose an increased influence of the interior over the western boundary

pathways (Li et al. 2012; Thomas and Fedorov 2017) while they controvert other

studies that stress the role of the western boundary pathways (Giese et al. 2002;

Yeager and Large 2004). The biggest limitation for this study is the missing di-

apycnal diffusion. Earlier studies have shown that diapycnal diffusion may have a

considerable impact on spiciness anomalies (Johnson 2006).

It also has to be kept in mind that the length of the model simulations only allows

us to investigate decadal changes on a limited time period. Because of that, we

could only consider one decadal trend in STC transports (Chapter 2) and could

identify only 3 decadal peaks in spiciness (Chapter 3). We therefore cannot claim

statistical robustness for the decadal results while still being able to reveal various

characteristics of STC changes and spiciness advection for the time period analysed.

It is striking that, within the limitations of our study, both the v′T mechanism

(Chapter 2) and the "spiciness mechanism" (Chapter3) are dominated by the in-

fluence of the Southern hemisphere. This may open up new avenues for obtaining

improved predictions of tropical Pacific decadal variability.
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5.4 Future Research Directions

As stated in the discussion section (section 5.3) of this thesis, the asymmetric changes

in decadal STC transports in combination with the large hemispheric difference in

mean pycnocline temperatures can generate TPDV by a changing ratio of the NH to

SH contribution to the equatorial waters. A future study could quantify the impact

of these changes in STC strength on TPDV by examining the associated meridional

heat transports by the STCs.

Numerous studies have concluded that the vT ′ mechanism from the North Pacific

to the equator is not an effective means of inducing TPDV (e.g., Schneider et al.

1999b; Hazeleger et al. 2001b). However, subsequent studies have shown that in the

Southern hemisphere this mechanism is a valid contributor to TPDV (e.g., Luo and

Yamagata 2001; Giese et al. 2002). Knowing about the distinctive mechanism of

spiciness generation as opposed to the generation of subducted temperature anoma-

lies, it would be interesting to look at the relative importance of spiciness anomalies

for the Southern hemispheric vT ′ transport.

This could be done by applying a coupled ocean-atmosphere general circulation

model which would allow for the generation of surface temperature anomalies in the

subtropics that are then subducted. The subducted temperature anomalies would

then have to be quantitatively compared to the spiciness anomalies. A coupled

ocean-atmosphere model would also allow for feedbacks to the equatorial emergence

of spiciness anomalies. This inclusion would help to further explore the impact of

spiciness anomalies on TPDV and would be a valuable review study to the former

work by Schneider (2004) who used a low resolution coupled model.

Applying an ocean only model, a way of further investigating the role of oceanic

subtropical to tropical exchanges is to implement "virtual walls" at the Northern

and Southern borders of the tropical Pacific. In these "wall regions", temperature

and salinity could be set to climatological values. Thus, by comparing the output

of such simulations to a control simulation, the importance of subtropical oceanic
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signals can be determined. A further idea to this is that the temperature and salin-

ity in the "wall regions" could be set to some perturbed value as this would allow

for a more direct assessment of the spiciness anomalies generating Pacific decadal

variability.

We have shown that for the positive spiciness peak the SH interior pathway was the

dominant contributor while for the negative spiciness peak it was the NH western

boundary pathway. It remains an open question what makes one source region and

pathway more relevant than others at different times. In this regard it would be

very insightful to re-perform the Lagrangian particle simulations with diapycnal dif-

fusion applied. It is also unclear whether this short term assessment is relevant on

the long term. As we are currently entering a positive phase of the PDO, it would

be enlightening to repeat the analysis once we have a clear spiciness peak at the

equator, to see if and how the pathways of the associated spiciness anomalies differ.

Figure 5.1: Snapshot of North Pacific sea surface temperature anomaly (◦C) on 02 Sep 2019.
Data courtesy of NOAA Coral Reef Watch.

Just now, in September 2019, a massive heat anomaly has developed in the North-

eastern extratropical Pacific (Figure 5.1) which is exactly the region of strongest
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spiciness variance as shown in Chapter 3. While it is unclear yet how deep this heat

anomaly goes it will be intriguing to investigate the potentially associated spiciness

generation and its advection to the equator and impact on TPDV. These questions

remain in the scope of future research.
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