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Ocean – atmosphere interactions have significant effects on climate variability, with
extremes in atmospheric conditions playing a key role. Atmospheric extreme events have
been associated with major marine ecosystem regime shifts and unusual weather patterns.
Regime shifts may be defined as abrupt changes in an ecosystem that propagate through
multiple trophic levels and have pronounced effects on the biotic and abiotic environment,
potentially resulting in ecosystem reorganization. Such major changes were reported in
winter 1976-1977 in the physics of the North Pacific with a prominent biological response
in the lower trophic levels and subsequent effects on the fisheries and economy of the
region. There are multiple mechanisms that can cause such shifts including natural and
anthropogenic factors. An extreme sea level pressure event has previously been linked to
abrupt changes of oceanic conditions in the late 1970’s, which were maintained by longterm alterations in air-sea interaction processes. The evolution of the oceanic response to
driving forcings, such as atmospheric extremes, able to cause abrupt shifts in complex
systems as the North Pacific, calls for further scrutiny.
This thesis begins by investigating the relationship of extreme atmospheric events with
sudden oceanic changes by calculating the dynamical proxies of reanalysis data. The
results show the occurrence of an extreme atmospheric event, specifically a deepened
Aleutian Low during winter 1976–1977, which constitutes a substantial part of the
triggering mechanism of the North Pacific shift. Subsequent sudden changes in the net heat
flux occurred in the western North Pacific, particularly in the Kuroshio Extension region,
which contributed to the maintenance of the new regime. In order to verify the relationship
of Aleutian Low extreme events with changes in Kuroshio Extension net heat flux,
statistical and dynamical approaches are applied to historical simulations of the large
ensemble of the Community Earth System Model (CESM-LENS). The response of
Kuroshio Extension net heat flux to Aleutian Low extremes is found to be intensified
around the time of the majority of detected events. The results suggest the validity of the
hypothesized mechanism, taking into account the internal variability of the system. The
results further allow the calculation of the dynamical proxies for future model simulations
under the RCP8.5 scenario. The comparison of the detected extreme events between

historical and future RCP8.5 ensemble members demonstrates that the frequency and
persistence of atmospheric extremes are expected to increase in the future. An
intensification of the net heat flux response in the Kuroshio Extension is also observed as a
result of more frequent and persistent Aleutian Low extremes. The results outline the
signature of climate change in the North Pacific atmospheric and oceanic properties, with
wider implications for future weather patterns and ecosystem dynamics in the region.
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Chapter 1

Chapter 1
1.1

Introduction

Motivation

There are both natural and anthropogenic factors that may trigger abrupt changes in the
physical and biological environment. Abrupt changes have had increased scientific
attention over the last few decades since they can change environmental conditions
dramatically and can have unprecedented consequences for ecosystems and our society.
The North Pacific has undergone such events, with the most prominent example being
the major regime shift in the late 1970’s. The understanding of mechanical processes that
link the oceanic and atmospheric environment has become essential, particularly under
the pressure of climate change.
The North Pacific plays a key role in the physical, ecological and socio-economic
conditions of our planet. The North Pacific is characterised by multi-scale temporal and
spatial variability that is directly affected by the Arctic Ocean and indirectly linked to the
El Niño Southern Oscillation (ENSO) and the Atlantic Ocean via atmospheric
teleconnections. It includes major western and eastern boundary current systems, for
example the Kuroshio, Oyashio and the California currents. The oceanic and atmospheric
circulations in the North Pacific regulate the climate of North America and East Asia,
controlling weather patterns and unusual events that may affect the lives of millions of
people. Furthermore, it is dominated by the North Pacific Subtropical Gyre as well as
smaller yet equally significant features, creating the largest open ocean habitat for
economically important fish species, which support the most profitable fisheries in the
world.
This thesis investigates the mechanisms that connect the North Pacific extreme
atmospheric events to oceanic responses that may lead to abrupt community changes,
using as an example the late 1970’s major regime shift. Although the 1976-77 shift has
been widely studied, the exact triggering mechanism has not been established. Here I use
a combination of statistical and dynamical analyses applied on reanalysis time-series to
examine the possible triggering patterns of the North Pacific regime shift. I then use the
historical runs of a climate model large ensemble to verify whether this mechanism
1
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occurs in multiple realisations. Finally, I analyse future simulations of the large ensemble
model under the ‘business-as-usual’ climate change scenario (RCP8.5) in order to quantify
the future progression of the proposed mechanism.

1.2

Background

This section consists of a literature review focused on the background knowledge that is
necessary for this thesis. It is intended to provide an introduction to the different physical
features used here, including definitions, explanations of oceanic and atmospheric
features and previous published work. Specifically, the first part focuses on defining the
regime shifts, giving examples of previous case studies and presenting the challenges that
the scientific community faces on accurately detecting these shifts. The second part is a
description of the North Pacific atmospheric dynamics and the large scale patterns that
dominate the area. Following, the North Pacific decadal variability is explained as the
main response to the atmospheric features presented previously and is linked to the
oceanic circulation patterns which are discussed in the next subsection. Finally, the
biological effects and the ecosystem response on regime shifts and large scale patterns
are presented in the last subsection of the literature review.

1.2.1

Regime Shifts

A regime is defined as a persistent state of the ocean (Beamish et al., 2004) and the
transitions between different states are known as regime shifts. In theory, every given
dynamical system presents some alternate states, or attractors (Lorenz, 1963). In natural
systems the passage from one dynamic regime to the other depends on some critical
points (deYoung et al., 2008; Beaugrand et al., 2015; Conversi et al., 2015). There are still
controversial opinions in the scientific community regarding the exact definition of
marine regime shifts (Lees et al., 2006; Möllmann et al., 2015). Regime shifts are typically
described as abrupt changes that present increased variability, affect multiple trophic
levels and lead to ecosystem restructuring (Lees et al., 2006; Conversi et al., 2015).
Different processes which include biotic and abiotic factors as well as structural changes
within the natural environment itself are the main mechanisms that may drive these
shifts (deYoung et al., 2008). Additionally, there may be multiple factors acting
synergistically that could initiate and maintain a shift (e.g. Figure 1-1; Cury & Shannon,
2
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2004). Thus, it has been challenging to define the exact mechanisms triggering these
sudden changes, due to the complexity of the ocean system and its multiple
environmental forcings (Lees et al., 2006; deYoung et al., 2008).

Figure 1-1 : Conceptual diagrams of four regime shift scenarios resulting from (a) a
smooth relationship, (b) a threshold-like ecosystem response, (c) bi-stable
systems with hysteresis and (d) a threshold-like ecosystem response to an
extreme event. The top row of the schematic presents the temporal evolution
of the driver and the bottom row the ecosystem response. The arrows
represent the threshold of the step-wise change. In the case (a) the ecosystem
state is linearly controlled by the abrupt shift in the state of the driver. In (b)
the exceeding of a threshold in the driver time-series triggers a shift in the
ecosystem state. Case (c) displays the hysteresis between the driver and the
ecosystem state, when the preceding driver forcing is slowly increasing and
then decreasing. Panel (d) presents the ecosystem abrupt response in the
case of an extreme jump in the driver time-series. Figure modified from
Andersen et al. (2009).
Various methods have been used for the detection of regime shifts. Most commonly
exploratory analysis is used including pre-processing of the time-series. For example,
composite methods such as the Average Standard Deviates (ASD; Hare & Mantua, 2000)
have been used for empirical regime shifts identification without statistical significance
testing. Empirical Orthogonal Functions (EOF) have been also used to compress a large
number of biological and physical variables representing the ecosystem to a smaller
number of independent ones (Ebbesmeyer et al., 1990; Hare & Mantua, 2000). Shifts are
3

Chapter 1
identified in the principal components visually. However, an improved shift detection can
be achieved using a combination of EOF and multivariate time-series analysis (Andersen
et al., 2009) such as the chronological clustering (Weijerman et al., 2005). The
disadvantage of these approaches is that they are based on a subjective interpretation
lacking statistical significance testing (Andersen et al., 2009). Artificial neural networks
were also tested for abrupt shifts identification on very noisy data (Hsieh, 2007), although
the method was previously shown to be inclined to false-positive detection of shifting
events (Christiansen, 2005).
Sequential t-tests, in which the means of segments of time-series are compared to
identify abrupt steps have also been applied (Rodionov, 2004; Overland et al., 2008;
Möllmann et al., 2009). However, these methods may be prone to detection of false shifts
due to repetitive testing on the same data or due to the presence of consistent temporal
trends (Spencer et al., 2011). Furthermore, Rudnick & Davis (2003) highlighted that serial
correlation can be falsely detected as a series of shifts by such approaches. Thus, false
attribution of non-linear processes leading to regime-like changes is likely to happen on
strongly autocorrelated time-series (Rudnick & Davis, 2003; Beaulieu et al., 2012).
Stepwise changes in the time-series are the most commonly applied approaches for
regime shifts identification (Andersen et al., 2009). More recently, Beaulieu et al. (2019)
demonstrated the efficacy of change-point analysis to detect abrupt changes in
environmental time-series, with an application to the late 1970’s regime shift in the Gulf
of Alaska presented also in Beaulieu et al. (2016). The newly developed approach
accounts for the presence of long-term trends and autocorrelation and uses an optimal
algorithm to detect the number of shifts and their timing, thus also preventing from
repetitive testing issues.
Previous studies have detected regime shifts in different regions of the global ocean,
presenting multiple possible triggering factors. The North Sea underwent an abrupt shift
in the 1980’s forced by hydro-meteorological factors (Beaugrand, 2004). Its effects were
observed in most of the trophic levels, from phytoplankton to fish populations
(Beaugrand, 2004; Weijerman et al., 2005). Around the same period, major alterations in
physical and ecological parameters have been detected in the Mediterranean Sea linked
to large scale climatic changes in the late 1980’s (Conversi et al., 2010). Conversi et al.
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(2010) detected sudden changes in the oceanic circulation patterns of the Mediterranean
Sea causing subsequent abrupt shifts in the water temperature and nutrients in the
region. These shifts caused a restructuring in the marine community, affecting the species
phenology, abundance as well as changing the dominant species of the area. The
Mediterranean Sea case represents a regime shift caused by a rapid change of the
ecosystem driver, as seen in Figure 1-1a. An analysis of 100 indicators including biotic and
abiotic parameters revealed an abrupt change of the ecosystem of the Gulf of Mexico in
the mid 1990’s. Climatic factors, specifically a shift in the Atlantic Meridional Oscillation,
were suggested to be responsible for the community restructuring (Karnauskas et al.,
2015). Anthropogenic parameters, such as eutrophication and overfishing, have also been
found responsible for a plethora of reported regime shifts. A sudden change in the late
1990’s in the Black Sea due to intensive fishing activities effects on the bottom-up
processes of the area was studied by Daskalov et al. (2007). They presented consumerresource relationships that involve alternative states which depend on the trophic control
they are under. The response to overfishing and to the introduction of invasive species in
the ecosystem of the Black Sea and its subsequent recovery which included alternative
stable states, provide with a hysteresis example as presented in Figure 1-1c. Similarly,
Möllmann et al. (2009) considered both the atmospheric and anthropogenic parameters
pressuring the Baltic Sea to describe the regime shift, although Alheit et al. (2005) has
previously linked the change with anomalous heat fluxes due to a positive NAO. Cury &
Shannon (2004) documented the regime shifts in late 1990’s in northern and southern
Benguela ecosystems and discussed the effects of bottom-up and top-down processes on
the initiation of structural perturbations depending on the way each of these ecosystems
functions. System reorganization has been also detected at larger spatial scales. For
example, latitudinal shifts in plankton communities have repeatedly occurred in the North
Atlantic as a response to variations in sea surface temperature as well as shifts in North
Atlantic Oscillation phases (Beaugrand, 2009; Beaugrand et al., 2009). The continuous
increase of the sea surface temperature since 1999 is the driver of the ecosystem that
causes a range of changes from phenological to biogeographical shifts in the North
Atlantic (Beaugrand, 2009; Figure 1-1b).
In a global synthesis, Beaugrand et al. (2019) presented a framework for the explanation
and prediction of the reported regime shifts, using a set of ecological concepts to describe
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different spatial and temporal community patterns. They identified the strong links
between regime shifts globally and the sea level pressure (SLP) and sea surface
temperature (SST). Beaugrand et al. (2015) also show, by comparing different future
warming scenarios that the intensity of the ecological reorganization over large oceanic
regions depends on the magnitude of the temperature anomalies. Regime shifts are
difficult to detect and predict, however understanding the dynamics of the system may
significantly improve our ability to forecast possible future climate states.

1.2.2

North Pacific Atmospheric Dynamics

The two main oscillatory modes that govern the North Pacific atmospheric circulation are
the Pacific-North American teleconnection pattern (PNA; Wallace & Gutzler, 1981) and
the North Pacific Oscillation (NPO; Linkin & Nigam, 2008). The PNA is defined as the first
mode of geopotential height fluctuations and has four centres of action. Its positive phase
is characterised by two of the centres with above-normal heights being located near
Hawaii (20°N, 160°W) and over Alberta, Canada (55°N, 115°W), and the other two with
below-normal heights centred over the North Pacific (45°N, 165°W) and over the Gulf
Coast region of the United States (30°N, 85°W) (Wallace & Gutzler, 1981). The PNA is an
independent pattern of climate variability, however the ENSO cycle plays an important
role in regulating it. The positive phase of the PNA pattern is linked to El Niño conditions,
whereas the negative phase tends to be related to La Niña conditions.
On the other hand, the NPO is the meridional dipole of the SLP, with a higher than usual
SLP in the subtropics and a centre of lower than usual SLP over the Gulf of Alaska (Walker
& Bliss, 1932). There are two phases that characterize the NPO: the Aleutian Below
(positive phase) and the Aleutian Above (negative phase). The Aleutian Below
corresponds to an eastward shift and a deep Aleutian Low (AL) whereas the opposite
describes the Aleutian Above phase (Rogers, 1981). Furthermore, the NPO is the SLP
signature of the second leading pattern of the upper-level geopotential height after the
PNA, namely the West Pacific teleconnection pattern (Wallace & Gutzler, 1981; Linkin &
Nigam, 2008).
The two distinctive SLP features of the NPO are the AL and the North Pacific High. The AL
is defined as the cyclonic low atmospheric pressure system above the Aleutian Islands
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and the Gulf of Alaska, which dominates the region during boreal winter (Wang et al.,
2012). Changes in the intensity of the AL are reflected in the North Pacific Index, which is
calculated from the area-weighted SLP over the North Pacific (Trenberth & Hurrell, 1994).
The position and strength of the AL play a fundamental role in regulating the weather in
the North Pacific, North America and Eurasia (Wallace & Gutzler, 1981; Deser et al.,
2004). The AL has been linked to upper-level teleconnection patterns, such as the PNA
and the Arctic Oscillation (Overland et al, 1999); thus it has been associated with powerful
cyclones. An intensified AL increases the cyclonic flow in the North Pacific, which brings
colder and drier air to the western North Pacific. The opposite holds for a weaker AL
formation. These changes in the wind flows result in decreases in precipitation over
coastal Asia and increases over the western North America (Deser et al., 2004; Honda et
al., 2005). The position of the AL and its effects on the storm track of the area also
considerably regulate the climate and the pack ice formation of the Bering Sea (Overland
& Pease, 1982; Rodionov et al., 2005; Rodionov et al., 2007). Furthermore, due to the
influence of the AL on the wind stress curl it contributes to the variability of the oceanic
gyres, the net heat flux and the SST of the North Pacific (Kwon & Deser, 2006; Pickart et
al., 2009). Having strong effects on the SST and gyre variability, it is expected to influence
the fisheries and population dynamics of the area (Hollowed et al., 2001; Chavez et al,
2003; Lehodey et al., 2006). Changes of the AL are further related directly to the North
Pacific low frequency variability (e.g. Latif & Barnett, 1994; Schneider & Cornuelle, 2005),
but also remotely to the tropical ENSO (Alexander et al., 2002).
On the other hand, the North Pacific High is an anti-cyclonic high pressure system formed
above the Californian region and is fully developed during boreal summer (Kenyon, 1999).
The dynamics of the North Pacific High are determined by monsoonal heating (Rodwell &
Hoskins, 2001), local air-sea interaction (Seager et al., 2003), and contrast between the
higher-temperature land and the lower-temperature ocean (Miyasaka & Nakamura,
2005). The semi-seasonal variability of the North Pacific High is an important factor in
regulating biologically important processes (Bograd et al., 2002). The strengthening of the
North Pacific High is associated with cooling of the tropical eastern Pacific (Yun et al.,
2013) and it causes increased coastal upwelling and upper-ocean stratification in the
California Current area, therefore highly influencing the ecosystem productivity
(Schroeder et al., 2013).
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In general, the NPO variability has been closely related to the hydro-climate in North
America and Asia, including temperature and precipitation variations (Linkin & Nigam,
2008; Chen & Song, 2018). It has also been suggested that the NPO strongly influences
changes in the extent of the marginal ice zone in the Arctic with a positive phase of the
NPO enhancing the ice zone expansion (Linkin & Nigam, 2008). Specifically in positive
NPO phases, the ice thickness is reduced in the Beaufort Sea due to the enhanced
easterly winds over the area, which are the result of a stronger and northeast-ward
extended AL (Zhang et al., 2019). The oceanic response of the AL and the NPO
atmospheric variability are the Pacific Decadal Oscillation (PDO) and North Pacific Gyre
Oscillation (NPGO) respectively (Di Lorenzo et al., 2008).

1.2.3

North Pacific Decadal Variability

The PDO was identified in the late 1990’s as the primary pattern of the North Pacific SST
variability and is defined as the leading Empirical Orthogonal Function (EOF) of the SST
anomalies (Mantua et al., 1997). The PDO has been linked to variability in both oceanic
and terrestrial ecosystems as well as to the global climate system. The time-series of the
PDO exhibits considerable decadal variability comprising of a positive and a negative
phase. The former is expressed as positive SST anomalies along the eastern coast of the
North Pacific and negative anomalies in the central and western basin, whereas the latter
is represented by the opposite pattern (Mantua et al., 1997). The SST transitions are
accompanied by widespread changes in the atmosphere, ocean, and marine ecosystems
(Deser et al., 2010). Despite the decadal variation of the pattern, the PDO also undergoes
seasonal changes. The maximum amplitude of the PDO spans from November through
June with peak variability in midwinter and late spring, and a late summer – early fall
minimum (Wang et al., 2012). The decadal variability of the PDO involves three processes
contributing approximately equally to its formation: changes in the ocean net heat fluxes
and wind-driven transport due to the AL variability (and subsequently the ENSO), ocean
persistence which includes a re-emergence mechanism of the SST and changes of the
Kuroshio-Oyashio Extension dynamics on a decadal scale (Deser et al., 2010; Newman et
al., 2016). Taking into account the diversity of the key mechanisms defining its variability,
the PDO is considered to be a summary of different physical phenomena, rather than a
mode of climate variability (Deser et al., 2010).
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A simple statistical model developed by Frankignoul & Hasselmann (1977) describes how
the AL is driving the PDO, which is expressed as a first-order autoregressive model. The
SST anomalies exhibit a red noise spectrum and are damped by a negative air-sea
feedback with enhanced (reduced) heat transfer to the atmosphere from increased
(decreased) water temperature. Although such an idealised model may typically explain
the slow oceanic response to atmospheric forcing in areas away from strong currents and
fronts (Beaulieu et al., 2019), it can generally display how stochastic large-scale
atmospheric patterns (such as the AL) can trigger SST changes in the North Pacific
(Newman et al., 2016). Furthermore, a mixed layer ocean model demonstrated the
association of the AL with net heat flux and SST in the region (Alexander, 2010). A strong
AL increases the wind speed and decreases the air temperature and humidity in the
central-west region causing heat flux losses from the ocean to the atmosphere, while
advection of warm air to the eastern North Pacific increases the SST and vice versa. The
simulated configuration resembles a PDO-like SST pattern and reflects the close relation
between the AL and PDO (Alexander, 2010; Newman et al., 2016). The ENSO
teleconnection and the ‘atmospheric bridge’ induce an extra variability component to the
AL which drives the changes in the SST captured in the PDO pattern (Di Lorenzo et al.,
2013). Specifically, the tropical ENSO SST anomalies cause fluctuations in the tropical
precipitation through atmospheric teleconnections (Liu & Alexander, 2007) which change
the air temperature, humidity and winds in areas far away from the tropical Pacific. As
such, ENSO events are remotely connected to alterations of heat fluxes, circulation
patterns and SSTs in other oceanic basins (Alexander et al., 2002).
Alexander et al. (1999, 2001) showed that the PDO pattern could occur in consecutive
winters via the re-emergence mechanism. Due to the thermal capacity of the sea-water
and the mixed layer depth, a delayed SST anomaly response is expected. The reemergence mechanism was termed and described by Alexander & Deser (2005) through
observational SST measurements in the North Atlantic and North Pacific oceans.
Temperature anomalies formed at the sea surface penetrate into the ocean following the
deepening of the mixed layer during winter, when they remain isolated beneath the
mixed layer after it abruptly shallows in the spring time. During the next deepening of the
mixed layer in the following autumn these temperature anomalies mix back with the
surface waters generating a re-emergence mechanism on annual temporal scales. Re9
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emergence of anomalous temperatures may extend into a second year, enhancing in this
way the inter-annual to decadal variability of the PDO (Schneider & Cornuelle, 2005).
In western boundary currents (Kuroshio and Oyashio) and their extension in the North
Pacific the SST variability is defined mostly by atmospheric forcing, but also by their
internal variability (Smirnov et al., 2014). The Kuroshio Extension, the Oyashio front and
the frontal zone between them play an important role in regulating the SST decadal
variations related to the PDO (Nonaka et al., 2006). In this region the SST anomalies are
adjusted by westward propagating Rossby waves originating in the eastern North Pacific
due to anomalous wind stress curl. Changes in the position and strength of the currents
(Qiu, 2003; Taguchi et al., 2007) as well as alterations in the Kuroshio Extension jet (Qiu &
Chen, 2005; Kwon et al., 2010; Qiu et al., 2016) cause SST anomalies and anomalous heat
transports (Sugimoto & Hanawa, 2010), which regulate the decadal variability of the PDO.
The second leading pattern of North Pacific decadal variability is the North Pacific Gyre
Oscillation (NPGO) defined by Di Lorenzo et al. (2008). The NPGO is defined as the second
leading mode of sea surface height anomalies in the central and eastern North Pacific,
closely tracking the second mode of North Pacific SST anomalies. Fluctuations in the
NPGO are driven by regional and basin-scale variations in wind-driven upwelling and
horizontal advection and its variability has been related to fluctuations in sea surface
salinity, nutrient concentration and chlorophyll-a over the whole North Pacific. The NPGO
is statistically independent from the PDO and in its positive phase it favours coastal
upwelling in the California Current and downwelling in the Subtropical Gyre and Alaska
Coastal Current. In the California current the NPGO reflects changes in the winds that
force coastal upwelling, and therefore it is used as an index for upwelling strength and
nutrient distribution, and subsequently chlorophyll-a and phytoplankton concentrations
in the region. A synthesis of the relationship between the atmospheric and oceanic largescale variability in low frequencies in the tropic and sub-tropic regions is presented in
Figure 1-2.
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Figure 1-2 : Schematic presenting the relationship between oceanic and atmospheric
patterns of the large-scale and low frequency Pacific variability. The red path
represents the low frequency teleconnections of the Pacific Decadal
Oscillation (PDO) and the blue path the teleconnections of the North Pacific
Gyre Oscillation (NPGO). Figure modified from Di Lorenzo et al. (2013).

1.2.4

Features of North Pacific Oceanic Circulation

Large-scale oceanic circulation of the North Pacific is dominated by two basin-wide
features: the counter-clockwise subpolar gyre and clockwise subtropical gyre (Reid,
1997), separated by a sharp SST front, the subarctic frontal zone (Seager et al., 2001). The
frontal zone is formed along the two strong western boundary currents, the Kuroshio and
Oyashio and their eastward extension. The Kuroshio current is characterised by warm
temperatures and high salinity northward-flowing waters near Japan and its extension is
defined as the flow of the current to the east after it separates from the Japanese coast
(Qiu & Chen, 2005; Qiu et al., 2014). The Oyashio current is low in temperature and
salinity but high in nutrients, as it is formed by the mixing of upwelled waters from the
Western Subarctic and the Sea of Okhotsk (Yasuda, 2003; Kida et al., 2015). The two
currents meet off the east coast of Japan, creating an area of eastward jets, called the
Kuroshio – Oyashio Confluence Region (Mitsudera et al., 2004). The main features of the
North Pacific oceanic circulation are presented in Figure 1-3.
Ocean-atmosphere interactions are particularly strong in the western boundary current
areas and their extensions as they tend to be regions of maximum heat fluxes (Wallace &
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Hobbs, 2006). Particularly in the Kuroshio Extension the air-sea interactions play a key
role for the preservation of the oceanic state, since the atmospheric variability, and
specifically the wind stress curl anomalies, are its primary forcing. The transport and
position of both the Kuroshio and Oyashio currents are affected by the wind stress
changes related to atmospheric patterns in the eastern North Pacific (i.e. the Aleutian
Low), through the propagation of barotropic Rossby waves and Ekman currents (Qiu,
2002; Nonaka et al., 2006). It has been shown that during the late 1970’s the geostrophic
transport of the Kuroshio – Oyashio region underwent changes related to wind stress
variability over the central North Pacific (Deser et al., 1999). Further, dynamic states of
the Kuroshio Extension have been fluctuating between stable and unstable on a larger
and more regular, decadal basis after the regime shift in 1976-77 (Qiu et al., 2014).

Figure 1-3 : The North Pacific key oceanographic features, including major currents
(arrows) and gyres (green areas); Okhotsk Sea Gyre (OSG), Western Sub-arctic
Gyre (WSAG), and Bering Sea Gyre (BSG). Figure obtained from FAO (2018).

1.2.5

Ecosystem Response

A major shift was identified in the North Pacific in winter 1976-77 (Hare & Mantua, 2000),
which was related to a switch from a negative to positive phase of the PDO (Mantua et
al., 1997) and consequently linked to the variability of the El Niño Southern Oscillation
(ENSO; Newman et al., 2016). The late 1970’s North Pacific regime shift has been widely
12
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documented. Long-term changes and community reorganization have been reported in
the whole region (Yatsu et al., 2008) and especially in the ecosystem and fisheries of the
Gulf of Alaska (Hare & Mantua, 2000; Wooster & Zhang, 2004). In addition to the collapse
of foraging fish populations, a rapid increase of ground fish and salmon populations in the
Gulf of Alaska was reported (McGowan et al., 1998; Anderson & Piatt, 1999).
Commercial fish stocks in the North Pacific are known to be affected by environmental
decadal variability through climatic forcing which affects physical conditions, productivity
levels and trophic interactions in the ecosystems (Yatsu et al., 2006). Biological processes,
such as growth, survival, recruitment and maturation depend on the surrounding
environmental parameters and they differ from fish stock to fish stock (Winemiller, 2006).
Abrupt changes substantially alter the structure and dynamics of the marine
environment, resulting in some cases in dramatic changes in the biology of the region,
such as primary production and fish populations. For example, there have been changes
in the productivity of different species in the North Pacific as a result of the abrupt
changes in 1976-77, such as ground fish and salmon (Hare & Mantua, 2000), or long-term
changes and community reorganization, as for example a large decrease of foraging
shrimp and capelin species combined with an increase in catch biomass of ground fish in
the Gulf of Alaska (McGowan et al., 1998; Anderson & Piatt, 1999). Regime shifts can
present significant consequences for dependent economies and societies; hence
knowledge of the mechanisms driving them is of fundamental importance for managers
and policy makers.
The North Pacific fishery is the USA’s most profitable, having produced two-thirds of the
country’s total seafood value in 2015 (Alaska Seafood Marketing Institute, 2015).
Specifically, the commercial fishing industry in Alaska creates substantial benefits for the
state’s economy and provides consumers around the world with a wild, sustainable
product. Seafood contributed an estimated $5.9 billion in economic output per year in
2013-14 (Alaska Seafood Marketing Institute, 2015). The socio-economic value of marine
resources is expected to increase in the future, although they are progressively
threatened by growing human pressures (Costanza et al., 1997). A rigorous assessment of
abrupt environmental changes will aid understanding of the processes driving these
changes and thus provide the basis to assess the vulnerability of the marine environment
into the future. Therefore, it is essential to investigate the oceanic biological responses to
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climate change in order to promote sustainable environmental, but also socio-economic,
management.

1.3

Aim and objectives

The overall aim of this thesis is to identify the mechanisms in the North Pacific that link
the extreme atmospheric events to oceanic responses which may subsequently lead to
abrupt community changes, using as an example the late 1970’s major regime shift.
The overall aim has been achieved by addressing three objectives as follows:
a) To statistically identify the unique signatures that are associated with the initiation
and persistence of the conditions of the major North Pacific regime shift in 19761977
b) To access the oceanic response to extreme atmospheric events in multiple
realizations of the Community Earth System Model Large Ensemble compared to
the single realization of the reanalysis dataset; and
c) To access future Aleutian Low events by comparing the intensity and frequency of
the North Pacific extreme SLP events in the past and future simulations of the
Large Ensemble of the Community Earth System Model.

1.4

Thesis Overview

The structure of this thesis is as follows. Chapter 2 provides details on the data and the
statistical and dynamical approaches used. Chapter 3 includes the detection of
atmospheric extreme patterns and their subsequent abrupt changes in net heat flux, in
order to identify the triggering and maintenance mechanisms of the late 1970’s regime
shift in the North Pacific. Chapter 4 investigates the linkages of the Aleutian Low extreme
events to the Kuroshio Extension net heat flux in reanalysis data and historical realizations
of the large ensemble Community Earth System Model (CESM-LENS). Chapter 5 extends
the investigation of the same mechanism into the future by using the multiple ensemble
simulations of CESM-LENS under the RCP8.5 scenario. In Chapter 6 a summary of all the
preceding work is made, summarizing the key findings, highlighting the implications, and
finally making suggestions about how this work can be built upon in the future.
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Chapters 3 - 5 are written as independent, but related manuscripts. Chapter 3 has been
published in the Journal of Geophysical Research - Oceans, Chapter 4 is submitted to
Journal of Geophysical Research - Oceans and Chapter 5 will be submitted to Nature
Communications. As such there may be some degree of overlap between the
introductions, methods, and conclusions in these chapters and those of the overall thesis.

15

Chapter 2

Chapter 2
2.1

Data and Methods

Data

Daily and monthly global SLP and the individual components comprising the net heat flux,
i.e. latent heat flux, sensible heat flux, net solar and net long wave radiation, are used in
Chapters 3, 4 and 5. No further data treatment is done other than the summing of all
individual components for the net heat flux calculation and the extraction of the North
Pacific region that the analysis focuses on. Negative values of net heat flux represent heat
loss from the ocean to the atmosphere, and vice versa.
The SLP and net heat flux data for Chapter 3 were obtained from the National Center for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis project (Kalnay et al., 1996) with spatial resolution of 2.5° x 2.5° from January
1948 to August 2016. The same datasets are used in Chapter 4 over a longer time period
from January 1948 until August 2018. Reanalysis datasets have a consistent temporal as
well as global spatial coverage resulting from a constantly improved data assimilation
system. Essentially, reanalysis datasets are the output of model simulations constrained
by observations. The reliability of reanalyses relies on measurements and therefore
observational biases and constraints apply (Dee et al., 2016). The availability of the
observational records provides the limit to the internal variability of the model. The
smaller the observational constraint, the higher the internal variability (Sterl, 2004). On
the other hand, an increased amount of measurements force the model to follow the real
variability

of

the

system

(Sterl,

2004).

Nevertheless,

spatial

and

temporal

inhomogeneities may arise mainly because of changes in the observing networks (Yang et
al., 2019). Especially after the introduction of satellites the amount of assimilated
observations has vastly increased (Kistler et al., 2001). During the earliest decade (194857) of the NCEP/NCAR reanalysis there were fewer upper-air data observations than the
current times which were concentrated largely in the Northern Hemisphere (Kistler et al.,
2001). Moore and Renfrew (2002) have tested the NCEP/NCAR reanalysis against in situ
data over the western boundary areas and specifically in the Kuroshio Extension region.
They found that components of the net heat flux (sensible and latent) are overestimated,
which may add uncertainty to the results of this thesis, specifically the change point
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analysis applied in Chapter 3. A possible solution to that would be the use of several
reanalyses in order to make estimates of the reliability of the results, particularly for
parameters that cannot be estimated from direct measurements, such as the net heat
fluxes (Kistler et al., 2001). On the other hand, Sterl (2004) compared the NCEP/NCAR SLP
reanalysis with the European Centre for Medium-Range Weather Forecasts (ECMWF) 40year Reanalysis (ERA-40) and found small differences between them in the Northern
Hemisphere which he concluded that there were enough observations to sufficiently
constrain the reanalysis model, whereas this was not the case for the Southern
Hemisphere. Additionally, Kistler (2001) concluded that reanalysis time-series are
sufficient to use for daily to seasonal and interannual timescales but not for trends
estimation. Parker (2016) pointed out that the reanalysis time-series can be treated as
observational, since the differences with the raw measurements are considered
insignificant and also Hitchcock (2019) highlighted the importance of the improved
sampling power that the reanalysis provides when the early decade is included in
comparison to the reduced precision of the dataset when the early observations are
excluded.
The North Pacific Index (NPI), also used in Chapter 3, is obtained from the ‘The Climate
Data Guide: North Pacific’ (Hurrell et al., 2016). The NPI is the area-weighted SLP over the
region and is used as a measure of the North Pacific atmospheric variations on interannual to decadal time-scales (Trenberth & Hurrell, 1994).
Chapters 4 and 5 data are sourced from the 38 and 36 ensemble members of the
historical and the future RCP8.5 simulations of the Large Ensemble of the Community
Earth System Model (CESM-LENS; Kay et al., 2015), respectively. The model uses the
CESM version 1 (Hurrell et al., 2016) including coupled atmosphere, ocean, land and sea
ice components. All the ensemble members use the same model and external historical
forcing for the 1920-2005 simulations and RCP8.5 scenario for 2006-2100. The RCP8.5
scenario provides an estimate of a high emissions state where radiative forcing is
approximately 8.5 Wm-2 in the year 2100 (Taylor et al., 2012). The imposed forcings
comprise well-mixed greenhouse gases (Meinshausen et al., 2011) and short-lived gases
and aerosols (Lamarque et al., 2010). Furthermore, ozone concentrations are derived
from CESM1/Whole Atmosphere Community Climate Model (WACCM) with specified
ozone depleting substances (Kay et al., 2015).
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Each individual ensemble member represents one possible response of the climate
system due to small round-off differences in air temperature in the initialization of
individual ensemble members. Only the first ensemble member was started on the 1st of
January 1920 with 1-day lagged ocean temperatures (Kay et al., 2015). By using the same
external historical and RCP8.5 forcing scenarios and the use of the same model
components, the differences in the projections can be ascribed to internal climate
variability alone. Consequently, this gives the advantage of identifying features of certain
processes, such as the PDO (Kumar et al., 2016) and ENSO (Deser et al., 2017) variability.

2.2
2.2.1

Methods
Empirical Orthogonal Functions

Empirical Orthogonal Functions are applied in Chapters 3 and 4. Empirical Orthogonal
Functions (EOFs) are often used to explore data patterns and their relationship with the
temporal variability of climate modes. The aim of the method is to lessen the number of
variables describing a system, while maintaining most of the explained variance (von
Storch, 1995). The simultaneous retention of spatial and temporal information, as well as
the development of algorithms efficient in handling large datasets, has led to their
extensive use (Hannachi et al., 2006). Conceptually, EOF analysis calculates the leading
modes (leading EOFs) accounting for the maximum covariance between pairs of data
points in the time-series. Specifically for a time-series in 𝑚 locations and 𝑛 time-steps,
each location can be represented by a vector 𝒙! = 𝑥! 1 , 𝑥! 2 , … , 𝑥! 𝑛 , and the data
can be organized in an 𝑚×𝑛 array

𝑥! 1
𝑥! 1
𝑿𝒂 =
⋮
𝑥! 1

𝑥! 2
𝑥! 2
⋮
𝑥! 2

… 𝑥! 𝑛
… 𝑥! 𝑛
⋮
⋮
… 𝑥! 𝑛

,

(1)

where the rows of the matrix describe the values at the same spatial location and the
columns describe values at the same time-step. The data matrix is transformed so as to
19

Chapter 2
have zero mean over time, which is achieved by subtracting the time mean value at each
point such that 𝑿 = 𝑿𝒂 − 𝒙𝟏𝑻 where 1 is the column vector of all ones, while 𝒙 is the
vector of corresponding to the means of each row. Using the scaled data, the covariance
matrix is defined as:
𝑺 = 𝑿𝑿! ,

(2)

where 𝑿! denotes the transposed 𝑿 matrix. Sometimes a factor of 1/(n-1) is used but, as
this does not affect the derived notes, it is often omitted, as here.
Based on the Singular Value Decomposition (SVD) any 𝑚×𝑛 matrix 𝑿 can be written as
the product of three matrices
𝑿 = 𝑼𝚲𝑽𝑻 , (3)
where 𝑼 is 𝑚×𝑚 and satisfies 𝑼𝑻 𝑼 = 𝑼𝑼𝑻 = 𝟏, 𝐕 is 𝑛×𝑛 and satisfies 𝑽𝑻 𝑽 = 𝑽𝑽𝑻 = 𝟏,
the columns of which (𝑼 and 𝑽) are referred to as the left and right singular vectors,
respectively. 𝚲 is a diagonal matrix of real numbers 𝜎!, 𝜎!, … 𝜎! with 𝜎!!! ≤ 𝜎! , 𝑖 =
1, … , 𝑛 − 1, and 𝜎! ≥ 0, 𝑖 = 1, … , 𝑛. The real numbers 𝜎! are called singular values.
Therefore, combining (2) and (3):
𝑿𝑿𝑻 = 𝑼𝚲𝟐 𝑼𝑻 ,

𝑿𝑻 𝑿 = 𝑽𝚲𝟐 𝑽𝑻 (4)

indicating that the columns of the matrix 𝑼 are the eigenvectors of the matrix 𝑺, while
the columns of 𝑽 are the eigenvectors of the transpose matrix 𝑺𝑻 .
The eigenvectors of the covariance matrix 𝑺 represent the orthogonal modes of the timeseries. The columns of 𝑼 define the Empirical Orthogonal Functions. As σi2 decreases in
size with i the EOFs explain progressively less of the variance in S. Only the first few
modes are robust in terms of the orthogonality limitation, since each mode has to be
orthogonal (i.e. uncorrelated) in time and space to all the previous EOF patterns (Deser et
al., 2010). For further details on the method see von Storch (1995) and Navarra &
Simoncini (2010).
Space-time processes can be represented by mutually orthogonal spatial patterns with a
maximized data variance over the entire analysis domain using EOFs. EOFs have been
widely applied to represent the North Pacific SST, SLP and net heat flux modes of
variability (Miller et al., 1994; Latif & Barnett, 1996; Mantua et al., 1997; Schneider et al.,
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2002; Di Lorenzo et al., 2008; Amaya et al., 2016; Di Lorenzo & Mantua, 2016). However,
the accuracy of the representation of the climate modes is not guaranteed, especially in
the case of non-orthogonal patterns (Hurrell, 2003). Although it is possible for two
independent patterns in time to have similar spatial structures, the orthogonality
constraints may lead to non-meaningful results (Hurrell, 2003; Nigam & Baxter, 2015).
2.2.1.1

EOFs on model North Pacific SLP output

The monthly SLP output from 1920 to 2005 of the historical simulations of CESM-LENS
ensemble member 2 was used to illustrate the leading EOF mode of North Pacific SLP
(Figure 2-1). A dipole between a low and a high pressure centre describe a total of 99.9%
of the variability of the North Pacific SLP time-series. This pattern resembles the North
Pacific Oscillation, which includes a deepened Aleutian Low dominating the region during
winter and a strong North Pacific High extending in the area during summer time.
Although these two formations dominate the area in different periods throughout the
year, they are not uncorrelated. Therefore, due to the orthogonality restriction, they are
revealed as one EOF mode, which describes the whole North Pacific SLP time-series
variability.

Figure 2-1 : Leading mode of variability of the monthly North Pacific SLP of ensemble run
2 for the period 1920-2005.
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2.2.2

Change-Point Analysis

Change-point analysis is used in Chapter 3. A change-point is defined as a point in a timeseries at which a distribution or model representing the data abruptly changes (Beaulieu
et al., 2012). The environmental time-series change-point detection approach ‘EnvCpt’
distinguishes long-term trends, abrupt step-wise changes and internal variability
(Beaulieu & Killick, 2018). The eight models fitted within EnvCpt are able to characterize
different types of signal and noise, e.g. no changes, long-term trends, change-points in
the mean and/or trend, also including white noise and AR(1). Internal variability is
represented by a first-order autocorrelation. The simplest models consider a constant
mean or a linear trend to represent the time-series with a white-noise background. These
models are also fitted with a first-order autocorrelation model (AR(1)) in each case. Then,
models including change-points are fitted in all model parameters. The eight models are
defined as following:
a) Constant mean
𝑦! = 𝜇 + 𝑒! ,

(5)

where 𝑦 represents the time-series with a mean value 𝜇 at a time-step 𝑡 including
normally distributed white noise 𝑒 which has a mean of zero and variance 𝜎 ! .
b) Constant mean with AR(1)
𝑦! = 𝜇 + 𝜑𝑦!!! + 𝑒! ,

(6)

where 𝜑 is the AR(1) coefficient.
c) Linear trend
𝑦! = 𝜆 + 𝛽𝑡 + 𝑒! ,

(7)

where 𝜆 is the intecept and 𝛽 is the trend parameter.
d) Linear trend with AR(1)
𝑦! = 𝜆 + 𝛽𝑡 + 𝜑𝑦!!! + 𝑒! ,
e) Multiple change-points in the mean
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𝜇! + 𝑒! ,
𝑡 ≤ 𝑐!
𝜇! + 𝑒! , 𝑐! ≤ 𝑡 ≤ 𝑐!
𝑦! =
,
⋮
⋮
𝜇! + 𝑒! , 𝑐!!! ≤ 𝑡 ≤ 𝑐!

(9)

where the time-series 𝑦 of length 𝑛 is split into segments 𝑚 with variance 𝜎! ! , … , 𝜎! !
and mean 𝜇! , … , 𝜇! ; the change-points between the segments are represented by
𝑐! , … , 𝑐!!! .
f) Multiple change-points in the mean and AR(1)
𝜇! + 𝜑! 𝑦!!! + 𝑒! ,
𝑡 ≤ 𝑐!
𝜇! + 𝜑! 𝑦!!! + 𝑒! , 𝑐! ≤ 𝑡 ≤ 𝑐!
𝑦! =
,
⋮
⋮
𝜇! + 𝜑! 𝑦!!! + 𝑒! , 𝑐!!! ≤ 𝑡 ≤ 𝑐!

(10)

where 𝜑! , … , 𝜑! represent the AR(1) coefficients for each segment.
g) Multiple change-points in the linear trend
𝑡 ≤ 𝑐!
𝜇! + 𝛽! 𝑡 + 𝑒! ,
𝜇! + 𝛽! 𝑡 + 𝑒! , 𝑐! ≤ 𝑡 ≤ 𝑐!
𝑦! =
,
⋮
⋮
𝜇! + 𝛽! 𝑡 + 𝑒! , 𝑐!!! ≤ 𝑡 ≤ 𝑐!

(11)

where 𝛽! , … , 𝛽! are the linear regression parameters.
h) Multiple change-points in the linear trend and AR(1)
𝜇! + 𝛽! 𝑡 + 𝜑! 𝑦!!! + 𝑒! ,
𝑡 ≤ 𝑐!
𝜇! + 𝛽! 𝑡 + 𝜑! 𝑦!!! + 𝑒! , 𝑐! ≤ 𝑡 ≤ 𝑐!
𝑦! =
,
⋮
⋮
𝜇! + 𝛽! 𝑡 + 𝜑! 𝑦!!! + 𝑒! , 𝑐!!! ≤ 𝑡 ≤ 𝑐!

(12)

The Akaike Information Criterion (AIC) is used for the best model selection. AIC assesses
performance based on the good fit and robustness of the statistical model and penalizes
models of increasing complexity, as they can result in over-fitting (Akaike, 1973). For
illustration purposes of the EnvCpt application, Figure 2-2 presents the fits on the first
EOF of the monthly net heat flux of the North Pacific and the corresponding AIC
differences between each model and the best fitted model. In this example, a step-wise
abrupt shift is detected in three model fits, which includes the one with the best
performance. This corresponds to a detected change-point on the linear trend including
autocorrelation.
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Figure 2-2 : Change-point analysis results for North Pacific net heat flux. (a) Eight EnvCpt
model fits and (b) the AIC differences Δ(AIC) between each model and the
best-performing model (smallest AIC). The star highlights the best fit, which is
represented by the model with change-point in the trend and background red
noise (Trend Cpt & AR(1)).
The approach is designed to distinguish abrupt changes in climate time-series and
correctly detect the timing of a shift. However, changes in the ecosystem that are induced
through long-term processes (e.g. by crossing a critical point; Lenton, 2011) and the
mechanistic linkages of the forcing-response relationship may need additional
investigation. Furthermore, while the method accounts for first-order autocorrelation,
longer memory in the system can be misinterpreted as a long-term trend or a changepoint (Beaulieu & Killick, 2018). Detailed information on the approach can be found in
Beaulieu & Killick (2018) and Beaulieu et al. (2016). Additionally an R package is available
(Killick et al., 2016; https://cran.r-project.org/web/packages/EnvCpt/index.html).

2.2.3

Wavelet decomposition

Wavelet decomposition and cross-wavelet coherence is used in Chapters 4 and 5.
Wavelets are mathematical functions that describe a set of waves with zero average that
are localized in time and frequency (Graps, 1995; Grinsted et al., 2004). In continuous
wavelet transform the signal is transformed into scaled and normalized versions of the
mother (original) wavelet giving the advantage of localization compared to the Fourier
transform (Torrence & Compo, 1998). However, the uncertainty principle of Heisenberg
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dictates that arbitrarily high resolution cannot be obtained in both time and frequency.
Therefore, a trade–off, balancing between the two domains (time and frequency
resolution), must exist. The approach applied here uses the Morlet wavelet, balancing in
an optimum way the localization in time and frequency (Grinsted et al., 2004).
The Morlet wavelet is defined as
𝜓! 𝜂 = 𝜋 !

!

!

! !

𝑒 !!! ! 𝑒 !!! ,

(13)

where 𝜓! 𝜂 is the wavelet function, 𝑖 is the imaginary unit, 𝜔! is dimensionless
frequency and 𝜂 is dimensionless time. The Continuous Wavelet Transform of a timeseries 𝑥! (𝑛 = 1, … , 𝑁) with uniform time steps 𝛿! is the convolution of 𝑥! with the
scaled and normalised wavelet
𝑊!! 𝑠 =
where 𝑊!! 𝑠

!

!"
!

!
!! !! 𝑥!! 𝜓!

𝑛! − 𝑛

!"
!

,

14

is defined as the wavelet power which can be interpreted as the local

phase and represents the variance with respect to the frequencies in the signal, 𝜓! is the
normalized wavelet, 𝑠 is the wavelet scale, 𝑛 is the localized time index, and 𝑛! the
translated time index of the time ordinate x.
Applications should take account of the Cone of Influence (COI), which is the area where
the edge effects of the wavelet transform become important, because the wavelet is not
fully localized in time. Errors occur at the beginning and the end of the time-series while
estimating the wavelet spectrum through discrete Fourier transform, which assumes that
the data is periodic. The time-series is thus padded with zeros until it reaches the next
higher power of two, which adds discontinuities at the ends of the time-series. As we get
closer to the end of the time-series, more zeros are included in the estimation of the local
wavelet spectrum, reducing in that way its reliability. The COI signifies the area near the
data boundary where the power drops to 𝑒−2 of the edge value (Torrence & Compo, 1998;
Cazelles et al., 2008).
Cross Wavelet Coherence is analogous to the correlation coefficient in a specified spatial
and temporal frequency space
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𝑅!!

𝑠 =

! ! !! !!!" !
! ! !! !!! !

!

!

∙! ! !! !!! !

!

, (15)

where 𝑍 is a smoothing operator in the scale axis and time domain and it is defined as
𝑍 𝑊 = 𝑍!"#$% 𝑍!"#$ 𝑊! 𝑠

, (16)

where 𝑍!"#$% and 𝑍!"#$ describe smoothing along the wavelet scale and time axes
respectively, which should have a similar form to the mother wavelet, here the Morlet
wavelet (Torrence & Webster, 1999). The statistical significance of the wavelet coherence
is tested with Monte Carlo methods, by generating large (order of thousands) surrogate
datasets of the examined parameters with the same AR(1) and calculating the wavelet
coherence for all the produced pairs (Grinsted et al., 2004).
The cross wavelet phase angle is also estimated in order to be able to determine the
leading pattern. The circular mean of the phase is calculated over the significantly high
power regions. The circular mean of a set of angles (𝑎! , 𝑖 = 1, … , 𝑛) is defined as
𝑎! = 𝑎𝑟𝑔 𝑋, 𝑌 ,
where 𝑋 =

!
!!! 𝑐𝑜𝑠

𝑎! and 𝑌 =

!
!!! 𝑠𝑖𝑛

17

𝑎! .

For further details on the approach see Grinsted et al. (2004) and Torrence & Compo
(1998).
2.2.3.1

Cross Wavelet Coherence application on Aleutian Low sea level pressure and
Kuroshio Extension net heat flux

The historical monthly spatial averages of the Aleutian Low SLP and the Kuroshio
Extension net heat flux obtained from the CESM-LENS ensemble member 2 are used to
illustrate the cross-wavelet coherence analysis results (Figure 2-3). The colour map
represents the standardized common power of the two examined fields (AL SLP and
Kuroshio Extension net heat flux). Increased common power denotes high common
variability between the two parameters in the subsequent period and vice versa. Areas
within the thick contour lines present the highly significant regions of the plot, tested
against first-order autocorrelation. The arrows display the phase relationship between
the two parameters. Right pointing arrows denote in-phase fields whereas left pointing
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arrows show an anti-phase relationship. Furthermore, downward pointing arrows
represent a 90° phase difference with the AL SLP preceding the Kuroshio Extension net
heat flux. In Figure 2-3 the feature that stands out is the consistent out of phase
relationship between the SLP and the net heat flux for the periods 8-16 months. This can
suggest that the Kuroshio Extension net heat flux mirrors the AL SLP on an annual scale.

Figure 2-3 : Wavelet coherence between the AL SLP and the Kuroshio Extension net heat
flux for ensemble member 2. The colour map represents the normalised
strength of the common power between the two time-series. Arrows indicate
the phase relationship and black thick contour lines the 95% significance
against first-order autocorrelation. The grey-shaded area represents the Cone
of Influence in which the results are affected by the edge effects of the
wavelet spectrum.

2.2.4

Dynamical Proxies

The calculation of the Dynamical Proxies is applied in Chapters 3, 4 and 5. A dynamical
system may be understood as a mathematical description of the evolution of a system
from a point in time (Alligood et al., 1997). It consists of a phase space (state) and a timestep, which evolves either continuously or in discrete steps (Strogatz, 1994). A dynamical
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system can be either linear or non-linear, with linear being defined as a simple system of
first order differential equations and nonlinear as a higher power, more complex equation
system. The curve drawn by one solution of the dynamical system is called a trajectory
and the space is called the phase space. The phase space is occupied by trajectories of
which each point represents an instantaneous state of the system (Lorenz, 1963). The
phase space of a general dynamical system is represented by an nth-order system with an
n dimensional phase space. A subset of points within the phase space in which the system
remains bounded is called an attractor (Lorenz, 1980).
In order to describe the North Pacific atmospheric system based on its dynamical
properties, I used estimates that best describe the characteristics of the dynamical system
and its evolution in time and in the phase space. The general idea of the approach is that
each trajectory 𝑥 𝑡 reaches a point 𝜁 on the attractor and its neighbours are all the other
states that have a small Euclidean distance with respect to 𝑥 𝑡 , defined by a threshold 𝑞.
Dynamical attractors are characterized by the repeatability of a state 𝜁 and the time the
dynamics remain in the neighbourhood of the state 𝜁 of the system, represented here by
the instantaneous dimension and the inverse-persistence respectively. Specifying these
two properties assists in understanding the behaviour of the system. These properties can
be estimated by setting a small distance as the threshold, 𝑞 (2nd and 98th percentile of the
time-series), and fitting a Generalized Pareto distribution (GPD) to the tail observations.
The approach follows the Peaks Over Threshold method stating that the exceedances
above an upper threshold follow a GPD, requiring that the cumulative distribution
function of the variable belongs to the max-domain of attraction of the generalized
extreme value distribution (Pickands, 1975). Figure 2-4 shows that the GPD distribution
provides a good fit to the exceedances. Furthermore, in order to formally test that these
tail observations come from a GPD, the Anderson-Darling test is applied. The null
hypothesis stated that the tail observations follow a GPD whereas the alternative
hypothesis stated the opposite. The resulting p-values were higher than 0.05 rejecting the
alternative hypothesis at the 5% significance level showing that the tail data follows a
GPD. Using the location and scale parameters of the GPD fit, I define the instantaneous
properties, instantaneous dimension 𝑑 and inverse-persistence 𝜃, for each time 𝑡 and
state 𝜁 of the time-series. For further details on the method and the dynamical systems
see Faranda et.al. (2017) and Lucarini et al. (2016).
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Figure 2-4 : Tail observations of the North Pacific SLP time-series (bins) and their
corresponding Generalized Pareto Distribution density function (red line).
2.2.4.1

Instantaneous dimension

The law of extreme values is used by this approach in order to characterize the point on
the attractor: a fixed point 𝜁 on a chaotic attractor presents a probability P that a
trajectory 𝑥 𝑡 approaches again the point 𝜁 within a sphere with radius 𝜀 centered on 𝜁.
The Euclidian distance between the state 𝜁 and all other observations of the system is:
𝑔 𝑥 𝑡

= − 𝑙𝑜𝑔 𝛿 𝑥 𝑡 , 𝜁

,

(18)

where 𝛿 𝑥, y is the Euclidean distance between two vectors, which tends to zero when 𝑥
and 𝑦 are close to each other but never reaches zero. The logarithm calculation increases
the discrimination of small values of 𝛿 𝑥, 𝑦 , which correspond to large values of 𝑔 𝑥 𝑡 .
The exponential law can describe the probability of the system returns close to the point
𝜁:
𝑃 𝑔 𝑥 𝑡

> 𝑞, 𝜁 ≈ 𝑒𝑥𝑝 −

!!! !
! !

,
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Where location (𝜇) and scale (𝜎) parameters depend on the selected point 𝜁 on the
attractor. Specifically, 𝜎 𝜁 = 1/𝑑(𝜁), where 𝑑(𝜁) is the instantaneous dimension around
the point 𝜁 (Lucarini et al., 2016). Also, 𝑞 is an upper threshold, and is related to the
radius 𝜀 of the trajectory of the system via 𝑞 = 𝑔!! 𝜀 . Asking that the series of 𝑔 𝑥 𝑡
is over the threshold 𝑞 (percentile selection) is similar to the requirement that the
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trajectory of the system falls within a sphere around the point 𝜁. Repeating several
iterations for different points 𝜁 makes it possible to obtain the dimension of the attractor:
𝐷 = 𝑑 𝜁 , 20
where 𝑑 𝜁 indicates the instantaneous dimensions averaged over all states of 𝜁.
2.2.4.2

Inverse-Persistence

Estimation of inverse-persistence in the phase space assists in testing whether the state 𝜁
is in the neighbourhood of a fixed point of the attractor or not. If the trajectory is stuck in
the same position in phase space (𝑥 𝑡 + 1 = 𝑥 𝑡 for all 𝑡) for an infinite time, then the
previous results for the instantaneous dimensions do not hold. Persistence time can be
estimated as an additional parameter to the previous law, the extremal index, 𝜃:
𝑃 𝑔 𝑥 𝑡

> 𝑞 ≈ 𝑒𝑥𝑝 −𝜃

𝑥−𝜇 𝜁
𝜎 𝜁

,
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where 𝜃 represents the inverse of the mean residence time within the sphere of radius 𝜀
centred on point 𝜁. The low 𝜃 values imply a high persistence of the system (i.e. close to
0), whereas high 𝜃 values (i.e. close to 1) denote that the trajectory immediately leaves
the 𝜁 neighbourhood. The value of 𝜃 is estimated by using the Süveges maximum
likelihood estimator (Süveges, 2007):

𝜃=

!!!
!!! 𝜌𝑆!

+ 𝑁 − 1 + 𝑁! −

!!!
!!! 𝜌𝑆! + 𝑁
2 !!!
!!! 𝜌𝑆!

− 1 + 𝑁!

!

− 8𝑁!

!
!!!
!
!!! 𝜌𝑆!

, (22)

where 𝑁 are the observations exceeding a defined threshold, 𝜌 represents the
distribution function for the selected threshold, 𝑆! is the exceedance distances and
𝑁! =

!!!
!!! 𝐼

(𝑆! ≠ 0), where 𝐼 is the indicator function for the selected 𝑆! . For further

details on the calculation of the extremal index see Süveges (2007).
2.2.4.3

Dynamical Proxies for North Pacific daily SLP

The instantaneous dimension d(ζ) calculated for the daily North Pacific SLP reanalysis
time-series is presented in Figure 2-5. A strong seasonal cycle is displayed, with summers
corresponding to the depressions and to winters the peaks, i.e. winter daily atmospheric
configurations are more often revisited by the system than summer configurations. High
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variability of the instantaneous dimension shows that the state changes fast from day to
day. Similarly, the inverse-persistence θ(ζ) (Figure 2-6) also shows seasonality patterns
with troughs representing the summer periods and peaks the winter ones. This indicates
that the winter daily SLP patterns are more persistent, since they present smaller θ
values.

Figure 2-5 : Time-series of the instantaneous dimensions, d(ζ), and inset of the last 2
years. Instantaneous dimension, d of an atmospheric state ζ is defined as the
number of similar atmospheric patterns in the sea level pressure time-series.

31

Chapter 2

Figure 2-6 : Time-series of the inverse-persistence, θ(ζ), of each daily sea level pressure
pattern describing the persistence time of a state ζ of the system. The lower
the θ, the more persistent the SLP pattern and vice versa.
The dynamical proxies of the daily North Pacific SLP time-series of ensemble member 2 of
CESM-LENS historical simulations (1920-2005) are calculated for illustration purposes.
Figure 2-7 presents the inverse persistence and instantaneous dimension estimated for
each day of the time-series. Each point represents a daily SLP state of the North Pacific.
Inverse persistence is a measure of the residence time of the dynamical trajectory within
a neighbourhood of similar states. Instantaneous dimension describes the degrees of
freedom necessary to characterise the neighbourhood of similar states. The extreme
areas are defined by the 2% and 98% quantiles of the dynamical proxies time-series.
Extremely low inverse persistence values resemble the most persistent SLP patterns and
vice versa. On the other hand, extremely high instantaneous dimension represents the
most commonly occurring and most complex SLP patterns.
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Figure 2-7 : Inverse persistence against instantaneous dimension calculated for the daily
North Pacific SLP of ensemble member 2 for the period 1920-2005. Each point
represents a daily SLP North Pacific configuration. Dashed black lines denote
the lower 2% and upper 98% quantiles for each dynamical proxy. The points
falling within these quantiles are defined as the extremities of the North
Pacific daily SLP.
2.2.4.4

Dynamical proxies for the Lorenz attractor

Faranda et al. (2017) calculated the dynamical proxies for 75,000 ζ points on the Lorenz
attractor. The estimated proxies sufficiently display the main attributes of the butterfly
shaped attractor. For example, at the central areas of the two lobes of the attractor, low
values of both instantaneous dimension (Figure 2-8) and persistence (Figure 2-9) is
revealed. These are areas for which the trajectories do not visit frequently (low
dimension), however when they visit they remain in that vicinity for longer time periods
(low inverse-persistence).
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Figure 2-8 : Instantaneous dimension calculated for the Lorenz attractor shown on a
three-dimensional phase space. Low values of instantaneous dimension
represent neighbourhoods of the attractor that are not highly visited such as
the centres of the lobes. High instantaneous dimensions occur in
neighbourhoods which are frequently visited, as for example the area where
the two lobes cross. Figure obtained from Faranda et al. (2017).

Figure 2-9 : Inverse-persistence calculated for the Lorenz attractor on a threedimensional phase space. Low values of inverse-persistence represent areas
of the attractor in which the trajectory gets ‘stuck’ when visited such as the
centres of the lobes. High inverse-persistence indicates where the trajectories
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leave the neighbourhood quickly, such as the outer area of the two lobes.
Figure obtained from Faranda et al. (2017).
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Chapter 3

Signatures of the 1976-77 regime shift in the

North Pacific revealed by statistical analysis
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3.1

Abstract

Regime shifts are abrupt changes in an ecosystem that may propagate through multiple
trophic levels and have pronounced effects on the biotic and abiotic environment,
potentially resulting in ecosystem reorganization. There are multiple mechanisms that
could cause such abrupt events including natural and anthropogenic factors. In the North
Pacific a major shift in the physics of the system, including a sudden increase in sea
surface temperature, was reported in 1977 with a prominent biological response in the
lower trophic levels and subsequent effects on the fisheries and economy of the region.
Here the statistics of physical processes that could have triggered and maintained the late
1970’s shift are investigated. The hypothesis of an extreme sea level pressure event
abruptly changing the oceanic conditions in winter 1976-1977, which was maintained by
long-term changes in air-sea interaction processes, is tested. Using dynamical proxies, the
occurrence of an extreme atmospheric event is presented, specifically a persistent
Aleutian Low during winter 1976-77, which constitutes a substantial part of the triggering
mechanism of the regime shift. Subsequent sudden changes in the net heat flux occurred
in the western North Pacific, particularly in the Kuroshio Extension region, which
contributed to the maintenance of the new regime.

3.2

Introduction

A marine ecosystem regime is defined as a persistent, equilibrium ocean state
characterized by specific physical and biological conditions (Beamish et al., 2004). The
transitions between different states are known as regime shifts and are typically defined
as abrupt changes that present high amplitude variability, propagate through multiple
trophic levels and lead to ecosystem restructuring (Lees et al., 2006; Conversi et al.,
2015). The main mechanisms suggested to drive these shifts include processes in the
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biotic and abiotic environment, as well as changes within the structure of the natural
environment itself (deYoung et al., 2008). Multiple factors may also act synergistically to
initiate and maintain a regime shift (Cury & Shannon, 2004). Thus, defining the
mechanisms driving these sudden changes is a challenge due to the complexity of the
ocean system and its multiple environmental forcings (Lees et al., 2006; deYoung et al.,
2008).
A major shift occurred in the North Pacific in winter 1976-77 (Hare & Mantua, 2000). The
complex internal and teleconnection dynamics of the North Pacific play a marked role in
driving the physical properties of the basin, notably a significant cooling in the central
North Pacific and warming in the eastern region. This sea surface temperature (SST)
pattern is described as the positive phase of the leading mode of North Pacific variability,
the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997). The phase shifts of the PDO
have been directly related to the major regime shifts of the North Pacific in 1925, 1940
and 1977 (Mantua et al., 1997; Minobe, 1997; Zhang et al., 1997; Chavez et al., 2003),
leading to pronounced effects on the regional biology and fisheries (Schwing et al., 2010).
PDO shifts are consistent with expected variability from the red noise (Rudnick & Davis,
2003), where atmospheric noise combined with ocean thermodynamics determine the
decadal climate variability and redden the oceanic memory (Pierce, 2001). The second
leading mode of the North Pacific SST variability, described by the North Pacific Gyre
Oscillation (NPGO), represents changes in physical and biological variables that also
impact the regional biological dynamics (Di Lorenzo, 2008). Long-term changes and
community reorganization have been reported in the whole North Pacific in response to
the shift (Yatsu et al., 2008), in addition to the collapse of foraging fish populations and
the rapid increase of ground fish and salmon populations in the Gulf of Alaska (McGowan,
1998; Anderson & Piatt, 1999). Specifically, dramatic fluctuations of salmon abundance in
the Gulf of Alaska have been linked to PDO-driven variability (Mantua et al., 1997).
Biological time-series in large marine systems as the North Pacific have the potential to
exhibit regime shifts as a nonlinear response to physical forcing (Hsieh et al., 2005) or by
linear tracking of the environment (Hsieh & Ohman, 2006). Di Lorenzo & Ohman (2013)
suggested that state transitions can also be described by cumulative integration of
environmental and climate forcing.
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The North Pacific atmospheric dynamics are characterized by two main SLP patterns: the
Aleutian Low and the North Pacific High. The Aleutian Low is defined as a low
atmospheric pressure system above the Aleutian Islands and the Gulf of Alaska that
dominates the region during winter time (Wang et al., 2012). Changes in the intensity of
the Aleutian Low are reflected in the North Pacific Index, which is calculated from the
area-weighted sea level pressure over the North Pacific (Trenberth & Hurrell, 1994). The
North Pacific High is a high pressure system located above the California region which is
fully developed during summer (Kenyon, 1999).
A change in the North Pacific atmospheric pressure patterns, specifically a deepening of
the Aleutian Low, has been suggested as the main mechanism to trigger the sudden
change in the late 1970’s (Hare & Mantua, 2000). The Aleutian Low deepening was
related to a switch from a negative to positive phase of the PDO (Mantua et al., 1997),
which is linked to the El Niño Southern Oscillation (ENSO) (Newman et al., 2016). An
intensification of the westerlies caused a negative wind stress curl, resulting in increased
SST along the eastern coast and decreased SST in the central and western North Pacific
(Latif & Barnett, 1994; Miller et al., 1994), through enhanced surface heat fluxes and
anomalous Rossby waves (Mantua & Hare, 2002; Qiu et al., 2007). Modelling studies have
also proposed that the maintenance of these conditions was mainly due to changes in the
heat budget throughout the whole extent of the ocean basin, including changes in terms
such as horizontal advection, mixing/entrainment, and air-sea heat fluxes (Miller et al.,
1994). Previous studies suggested that a positive phase of PDO (deep Aleutian Low) is
related to negative phase of Kuroshio Extension dynamical state, and vice versa (Qiu
2016). Qiu (2003) showed that the strength of the Kuroshio Extension jet is related to the
sea surface height anomalies that originate from the eastern North Pacific as a result of
wind forcing. Further, a coupled ocean-atmosphere modelling scenario suggested that
warm SST anomalies in the eastern North Pacific cause negative local sea surface height
anomalies towards the west, resulting in alterations in the Kuroshio Extension SST (Qiu et
al., 2007). The PDO phases have been recently linked to the Kuroshio Extension phases
affecting the strength of the jet, the sea surface height, and the SST of the extension
region (Qiu et al., 2016). On the other hand, modelling studies showed that the Kuroshio
Extension circulation variability is part of the forcing mechanisms of the PDO (Schneider &
Cornuelle, 2005). A positive phase of the Kuroshio Extension (warm SST anomalies)
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presents prominent atmospheric responses due to increased heat loss from the ocean,
affecting the atmospheric circulation of the whole North Pacific (Révelard et al., 2016).
Alternative hypotheses regarding the trigger and maintenance mechanisms of the regime
shift have also suggested that tropical ENSO teleconnections (Nitta & Yamada, 1989;
Graham, 1994) as well as variations of the tropical Indo-Pacific climate (Deser et al.,
2004), may have caused these SLP and subsequently SST anomalies.
This study aims to statistically identify the unique signatures that are associated with the
initiation and persistence of the conditions for the major North Pacific regime shift in
1976-77. Although the late 1970’s regime shift has been widely studied, the limited
understanding of the dynamics of regime shifts, specifically in the case of multiple driving
forcings in complex systems such as the North Pacific (deYoung et al., 2008), call for
further scrutiny. Here a combination of extreme value analysis on dynamical proxies and
change-point detection to reveal new insights is used. First, the hypothesis that an
extreme atmospheric event, specifically the deepening of the winter Aleutian Low, was
the main triggering factor of the unusual oceanic conditions that resulted in a new
environmental state of the North Pacific region is examined (Miller et al., 1994; Yasunaka
& Hanawa, 2002). To test this hypothesis, dynamical proxies are used to identify extreme
SLP patterns in the North Pacific region. Second, change-point analysis is used to
investigate whether changes in the air-sea interaction factors, particularly in heat budget
terms, helped to maintain these altered oceanic conditions (Miller et al., 1994) and
allowed the new regime to persist for multiple years.

3.3
3.3.1

Methodology
Data

The North Pacific region from 20°N to 60°N and 100°E to 90°W was the focus of this
study. Daily sea level pressure (SLP) and net heat flux data were obtained from the
National Center for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis project (Kalnay et al., 1996) with spatial resolution of 2.5° x 2.5°
from 1948 to present. Net heat flux was calculated by summing the latent, sensible, net
long wave flux and net solar flux components. As such, negative values of net heat flux
represent heat loss from the ocean to the atmosphere, and vice versa. The North Pacific
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Index (NPI), used here for the SLP pattern comparison of the dynamical analysis results,
was obtained from the ‘The Climate Data Guide: North Pacific’ (Hurrell et al., 2016). The
NPI is the area-weighted SLP over the region and is defined as a measure of the
atmospheric variations of the North Pacific on inter-annual to decadal time-scales
(Trenberth & Hurrell, 1994).

3.3.2

Dynamical Proxies

In order to identify extreme atmospheric events that may have triggered the regime shift
in 1976-1977, an approach combining extreme value theory and dynamical system
analysis proposed by Faranda et al. (2017) is used. This method has the advantage of
providing a natural way to detect extremes in the time-series and can be used to
understand features of physical systems (Faranda et al., 2011; Faranda et al., 2017). In
this setting, the atmospheric flows are considered chaotic and settled on an attractor,
which is defined as a set of states that the system approaches repeatedly.
Mathematically, attractors are characterized by their instantaneous properties, termed
the instantaneous dimension, d(ζ), and the inverse-persistence, θ(ζ), where ζ represents
the state of the attractor. They measure respectively the number of patterns similar to
the current one (ζ) that occur in the time-series and the persistence of each one of those
patterns. A high instantaneous dimension indicates that the dynamics are highly
unpredictable since the system can move into any one of d possible configurations at a
given time, whereas a low instantaneous dimension indicates that the system tends to
follow simple dynamics. Further, θ(ζ) is defined as the inverse of persistence time of each
pattern of the field. Thus, the lower the θ(ζ), the more persistent the state ζ of the
attractor and the more likely that the previous and future states will appear like state ζ.
The approach is based on fitting a generalized Pareto distribution to the exceedances
above a specified threshold, following the Peak Over Threshold method (Pickands, 1975).
Hence, the extremes in daily sea level pressure instantaneous properties are defined as
the 0.02 and 0.98 quantiles, i.e. cut-offs separating the 2% smallest and largest values in
the time-series respectively. The results are found to be insensitive to the choice of the
quantiles for the extremes threshold selection (e.g. 0.05 and 0.95 quantiles; Chapter 3, §
3.4.2). Additional details of the approach are presented in Chapter 2, § 2.2.6.
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3.3.3

Regime Shifts Analysis

Empirical Orthogonal Functions (EOF) are used to explore the spatial patterns and
temporal variability of net heat flux time-series in the North Pacific. Additionally, changepoint detection is used to investigate the presence (or absence) of an abrupt change in
the net heat flux in the North Pacific. Specifically, the ‘environmental time-series changepoint detection’ approach ‘EnvCpt’, (Killick et al.,2016) is used. This method is utilized as it
enables regime shifts (characterized by abrupt changes in the mean) to be distinguished
from long-term trends and red noise. Red noise represents the memory of the random
atmospheric forcing (i.e. white noise) in the ocean (Overland et al., 2006). In order to
detect temporal and spatial abrupt changes in the North Pacific, the EnvCpt approach is
primarily applied here to monthly net heat flux data with a minimum segment length of
ten years of data to ensure enough observations are used to estimate abrupt changes.
Additional details of the approach are presented in Chapter 2, § 2.2.3.
Novel aspects of this study include the application of the dynamical system analysis and
change-point detection to investigate extreme events in the North Pacific SLP and abrupt
changes in net heat flux for the first time, to the extent of our knowledge. The
combination of techniques used here reveal the mechanisms leading to regime shifts,
with the main requirements being the availability of data and the nature of the
distribution of the tail observations of the time-series. Specifically, the dynamical system
analysis requires a sufficient series of data (for more details see Faranda et al., 2011) and
that the tails of the distribution of the observations follow a generalized Pareto
distribution (see Chapter 2, § 2.2.6). The EnvCpt method assumes that the time-series
behaves as a combination of a constant mean or a long-term trend, with a background of
white-noise or a first-order autocorrelation process (AR(1)), with the possibility of abrupt
changes in all possible model configurations.

3.4
3.4.1

Results
North Pacific Sea Level Pressure Extremes

The SLP patterns that correspond to extreme values of instantaneous dimension and
inverse-persistence are presented in Figure 3-1, together with the related phases of the
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North Pacific Index (Figure 3-1a). When the NPI is in its negative phase, the instantaneous
dimension tends to be low, and the atmospheric configuration of SLP anomalies reveals
an extremely deep Aleutian Low pattern (Figure 3-1b). On the other hand, extreme high
inverse-persistence is associated with North Pacific atmospheric blocking patterns
(Figures 3-1c), which are defined as strong high-pressure systems splitting the westerly
flow into two branches. The instantaneous dimension extreme high corresponds to a
spring transition pattern (Figure 3-1d). Finally, when the inverse-persistence is extremely
low, the atmospheric configuration corresponds to a strong North Pacific High signal
(Figure 3-1e).
North Pacific SLP patterns present strong seasonality with significant differences between
summer and winter (Johnson & Feldstein, 2010). Since the instantaneous properties are
expected to have a direct correspondence to large-scale atmospheric patterns, a similar
seasonal cycle would be expected to emerge in the results. Indeed, the low instantaneous
dimension quantile that revealed the extreme Aleutian Low, occurred most frequently
during winter (Figure 3-2b). The low inverse-persistence feature occurs most frequently in
the summer and represents the North Pacific High atmospheric pattern (Figure 3-2e).
High inverse-persistence and instantaneous dimension are observed during spring and
autumn (Figures 3-2c and 3-2d), when the atmospheric blocking and spring transition
patterns develop in the region.
The number of days of each year in which the instantaneous dimension is in its extreme
low state (2% quantile), i.e. the pattern corresponding to the extreme Aleutian Low, is
presented in Figure 3a. The year with the highest number of days with this extreme
pattern is 1977 (16 days), more than double the average (5.3 days). Furthermore, the
months in which the instantaneous dimension extreme low was present is identified. The
total percentage of days falling within winter months (December-January-February)
throughout the whole study period was 80%. Specifically for 1976-77, 91% of the
instantaneous dimension extreme low states occur during winter (January and February;
Figure 3-3b).
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Figure 3-1 : Daily instantaneous properties of the North Pacific daily sea level pressure
(a) inverse-persistence (θ(ζ)) and instantaneous dimension (d(ζ)) according to
the corresponding North Pacific Index (NPI) phase. Dashed lines define the
0.02 and 0.98 quantiles of d(ζ) and θ(ζ). (b-e) Average daily sea level pressure
patterns corresponding to the inverse-persistence and instantaneous
dimension extremes: (b) instantaneous dimension extreme low (Aleutian
Low), (c) inverse-persistence extreme high (atmospheric blocking pattern), (d)
instantaneous dimension extreme high (spring transition pattern) and (e)
inverse-persistence extreme low (North Pacific High).
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Figure 3-2 : (a) Daily values of sea level pressure instantaneous properties. Number of
days for each month corresponding to (b) instantaneous dimension extreme
low, (c) inverse-persistence extreme high, (d) instantaneous dimension
extreme high and (e) inverse-persistence extreme low.
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Figure 3-3 : (a) Number of days in each year in which the sea level pressure
instantaneous dimension extreme low (d(ζ)) state occurs (2% quantile;
corresponding to the extreme Aleutian Low pattern). The maximum number
of extremes occurred in 1977. (b) Number of extreme low sea level pressure
instantaneous dimension (d(ζ)) occurrences per month in 1977.

3.4.2

Sensitivity of dynamical proxies to percentile selection

Dynamical proxies analysis was also applied to the North Pacific SLP time-series with a
lower threshold q, set at 5th and 95th quantiles of the distribution, to verify the sensitivity
of the results to our percentile selection. Figure 3-4a shows the SLP daily instantaneous
properties with the corresponding North Pacific Index (NPI). Maps present the
atmospheric patterns that correspond to the extreme high and low instantaneous
properties. Similarly to the default quantiles, the patterns that emerge are the deep
Aleutian Low, strong North Pacific High, a spring transition pattern and North Pacific
atmospheric blocking patterns. Additionally, the corresponding temporal variability of
these atmospheric patterns throughout the year are presented in Figure 3-5 with the
extreme low instantaneous dimension representing the Aleutian Low present during
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winter time, whereas strong North Pacific High is present in summer time. The spring
transition and atmospheric blocking patterns seem to appear in between the other two
well established features, during spring and autumn time respectively. Figures 3-4 and 3-5
allow us to conclude that percentile selection does not affect the results.

Figure 3-4 : Dynamical systems analysis of the North Pacific daily sea level pressure
(a) Daily values of inverse-persistence (θ(ζ)) and the instantaneous dimension
(d(ζ)) according to the corresponding North Pacific Index (NPI) phase. Dashed
lines define the 0.05 and 0.95 quantiles of d(ζ) and θ(ζ). (b-e) Average daily
sea level pressure patterns corresponding to the inverse-persistence and
instantaneous dimension extremes: (b) instantaneous dimension extreme low
(Aleutian Low), (c) inverse-persistence extreme high (atmospheric blocking
pattern), (d) instantaneous dimension extreme high (spring transition pattern)
and (e) inverse-persistence extreme low (North Pacific High).

47

Chapter 3

Figure 3-5 : Monthly distributions of the extreme instantaneous properties
selecting 5% and 95% quantiles. (a) Daily values of inverse-persistence (θ(ζ))
and the instantaneous dimension (d(ζ)). Number of days for each month
corresponding to (b) instantaneous dimension extreme low, (c) inversepersistence extreme high, (d) instantaneous dimension extreme high and (e)
inverse-persistence extreme low.

3.4.3

Abrupt changes in net heat flux

The first EOF of net heat flux reveals a pattern around the Kuroshio Extension region,
explaining 22% of the variability (Figure 3-6a). Figure 3-6b presents the temporal
evolution of the first EOF, showing how the pattern varies in time. A sudden change in the
temporal evolution of the first EOF around the late 1970’s is suggested. This shift
indicates a potential sudden and sustained change in net heat flux that is investigated
further with change-point analysis.
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Figure 3-6 : (a) First Empirical Orthogonal Function of net heat flux in the North Pacific,
and (b) its temporal evolution (bars) with the corresponding EnvCpt best fit
(trend with a change-point and autocorrelation; all tested fits are presented in
Chapter 2, § 2.2.3, Figure 2-2). The vertical bar indicates the timing of the shift
in 1979.
Change-point analysis was applied on the first EOF of net heat flux and revealed a sudden
step around the year 1979 (Chapter 2, § 2.2.3, Figure 2-2). The best fit is identified
according to the Akaike Information Criterion (AIC), which assesses performance based on
a good fit and robustness of the statistical model (Akaike, 1973). The lowest AIC was the
linear trend with a change-point in 1979 and first-order autocorrelated errors (Figure 36b).
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Figure 3-7 : (a) Pixel-wise change-point analysis for the net heat flux in the Kuroshio
Extension region. Areas where change-points are detected are colored and
white areas indicate that no shift was detected. In all cases, at most one
change-point is detected. (b) Histogram of the number of pixels with a
change-point detected in the late 1970’s and early 1980’s.
In order to confirm the temporal but also spatial variations in heat exchange, a pixel-wise
change-point analysis was applied on monthly data. Change-points were detected mainly
in the western Pacific, where the Kuroshio Extension region and part of the tropical
Pacific presented coherent changes around the year 1977 (Figure 3-7a). Since the results
of both the EOF and change-point methods presented spatial consistency, further
emphasis was given to the Kuroshio Extension region where numerous change-points
were detected around 1976-1979 (Figure 3-7b). This suggests that the sudden change in
net heat flux is regional and consistent with the hypothesis that the maintenance of the
oceanic conditions causing the regime shift was due to deviations in heat budget terms
(Miller et al., 1994), specifically increased heat flux into the ocean concentrated in the
Kuroshio Extension region.
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3.5

Discussion and conclusions

The findings of our analysis provide evidence that an extreme Aleutian Low occurred in
winter of 1976-77 (Figure 3-1a), and that it was the strongest and most persistent such
event throughout the entire study period. Typically, the Aleutian Low presents its highest
intensity during boreal winter (Rienecker & Ehret, 1988; Wang et al., 2012). However, this
atmospheric configuration in its extreme phase was more persistent than usual during the
winter of 1976-77, when it was present for more than double the average number of days
(Figure 3-3). This indicates a particularly strong and persistent event with the potential to
alter the oceanic physical parameters in a striking way. An extreme deepening of the
Aleutian Low increases the westerly winds strength and consequently decreases the SST
in the central North Pacific as a response to increased surface heat fluxes. Similarly, the
extreme Aleutian Low also increases the southerly winds, causing reduced heat losses and
eastward Ekman currents advecting warmer SST towards the east coast (Miller et al.,
1994; Miller & Schneider, 2000). An extensively accepted hypothesis for the mechanism
causing the regime shift in 1976-77 is that an unusual deepening of the Aleutian Low
initiated the changes in the physical state of the ocean (Miller et al., 1994; Trenberth &
Hurrell, 1994; Hare & Mantua, 2000; Miller & Schneider, 2000).
The dynamical proxies also revealed an extreme North Pacific High, which occurred most
frequently during summer time (Figure 3-1e & 3-2e). Indeed, the strongest high pressure
center of the North Pacific High is formed during summer (Kenyon, 1999). Similarly, North
Pacific atmospheric blocking patterns defined as strong high pressures splitting the
westerly flow into two branches were observed in this analysis during spring and autumn
seasons. However, previous work showed that these atmospheric blocking patterns have
strongest intensity in winter and spring time (Fei et al., 2002; Barriopedro et al., 2006).
Further, atmospheric patterns that are formed during summer were found to be more
persistent in comparison to the winter atmospheric conditions (Figure 3-2a & 3-2e). This
seasonal variation is consistent with the increased frequency of short-lived (5-10 days)
SLP patterns in winter compared to summer (Johnson & Feldstein, 2010). Nevertheless,
the extreme phases of the North Pacific High and the atmospheric blocking patterns did
not appear in the results during the years of interest, centred on 1977. This suggests that
the occurrence of these patterns did not take significant part in the triggering
mechanisms of the late 1970’s regime shift.
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The dominant EOF for the net heat flux and the associated change-point analysis,
highlight the importance of the Kuroshio Extension region for the regional air-sea
interaction processes (Figure 3-6). The results demonstrate a pronounced shift from
negative to positive net heat flux in 1979 (Figure 3-6b), i.e. a shift from heat flux out of
the ocean to the atmosphere, to the opposite scenario. Further, change-point analysis
performed on winter net heat flux observations also revealed abrupt changes in the
Kuroshio Extension region centered on 1977 (Figure 3-6b). Both analyses highlight the
area of major air-sea heat exchange over the Kuroshio extension region, even though a
deep Aleutian Low would have prominent effects across the whole North Pacific. The
Kuroshio Extension undergoes large decadal fluctuations mainly controlled by the
Aleutian Low (Qiu et al., 2016) and responds to basin-scale changes in wind forcing and
sea surface height with a lag of 2-4 years (Ceballos et al., 2009; Révelard et al., 2016).
Both the transport and position of the Kuroshio current are affected by wind stress
changes related to atmospheric patterns (e.g. the Aleutian Low) and the PDO in the
eastern North Pacific through the propagation of Rossby waves and Ekman currents (Qiu,
2002; Nonaka et al., 2006). A deepening in the Aleutian Low (positive PDO) increases the
westerlies and causes anomalous positive wind stress curl in the central North Pacific (Qiu
et al., 2016), which enhances the southward Ekman drift (Seager et al., 2001). This
produces negative sea surface height anomalies in the central region that propagate into
the Kuroshio Extension region through Rossby waves (Qiu et al., 2016) and weakens the
Kuroshio Extension jet (Qiu & Chen, 2005). This process causes lagged responses of the
SST of approximately 3-4 years in the western region (Sasaki et al., 2013), destabilizing the
dynamical state of the Kuroshio Extension system (Qiu et al., 2016). SST variability in the
region generates anomalous heat fluxes (Révelard et al., 2016), resulting in an area of
maximum ocean-atmosphere heat exchange affecting the conditions of the whole North
Pacific (Qiu et al., 2007; Qiu et al., 2014). The reverse holds for a positive wind stress curl
and negative PDO. This mechanism is presented schematically in Figure 3-8.
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Figure 3-8 : Schematic of the mechanism by which the deep Aleutian Low triggers
increases in the wind strength from the west, causing variations in the sea
surface temperature, sea surface height and net heat fluxes.
The main heat flux pattern revealed using our new approach on a long time-series (1948
to present) captures 22% of the variance. Nevertheless, this pattern has been previously
associated with variability in the dynamic state of the oceanic gyre and consequent
atmospheric changes in response to oceanic forcing from the Kuroshio region (Schneider
& Miller, 2001; Schneider et al., 2002; Qiu et al., 2014). Our results are also consistent
with a modelling study that provided insight into the maintenance processes of the
altered oceanic conditions during the regime shift (Miller et al., 1994), which suggested
that the conditions responsible for the 1976-77 shift were established by extended
changes in the air-sea fluxes, specifically by strong cooling of the Mid-Pacific region and
warming into the California coastal areas. Miller et al. (1994) also suggested that longterm changes in the heat budget in the Mid Pacific region maintained the unusual oceanic
conditions. Although most studies have focused on the SST of the Kuroshio Extension,
Kelly (2004) suggested that the heat content in the ocean surface better represents the
air-sea interactions of the area. Among the heat budget terms, i.e. heat advection, mixing
and SST, surface net heat flux is the most anomalous forcing term, being four times larger
than the others in the California Current region and two times larger in the Mid Pacific
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(Miller et al., 1994). In addition, our results are also in agreement with the hypothesis
that the decadal variability of the dynamical state of the Kuroshio Extension jet is
associated with PDO variability originating in the eastern North Pacific (Qiu, 2003; Qiu et
al., 2016). A rapid transition of the PDO index from negative to positive phase has been
previously detected, occurring simultaneously with shifts in physical parameters in the
North Pacific (Mantua et al., 1997; Beaulieu et al., 2016; Newman et al., 2016). At the
same time, a shift of the North Pacific Gyre Oscillation (NPGO) index has been noted with
reverse polarity to the PDO (Di Lorenzo et al., 2008; Litzow & Mueter, 2014), even though
later analyses could not demonstrate the significance of the abrupt shift in the NPGO
index (Beaulieu et al., 2016). Additionally, ENSO variability in the tropical North Pacific
affects the climate variability of the North Pacific region (Di Lorenzo et al., 2010) via the
atmospheric bridge, leading to SST and circulation changes through atmospheric
teleconnections, including changes in wind, humidity and cloudiness (Graham, 1994;
Alexander et al., 2004; Newman et al., 2016).
To conclude, a new approach to investigate marine regime shifts by combining dynamical
proxies and statistical analyses is presented, which may be useful in future studies to
monitor and predict sudden changes due to extreme events. This analysis is used to show
that an extreme atmospheric event occurred in winter 1976-77 and contributed to the
triggering of the major regime shift in the North Pacific. The intensification of the Aleutian
Low atmospheric pattern has prominent effects on the regional winds, the SST, sea
surface height as well as the heat fluxes of the whole North Pacific. Links from the
western to the eastern basin, specifically the propagation of changes due to PDO
variability through Rossby waves affecting the Kuroshio Extension jet, have been
previously shown (Mantua & Hare, 2002; Schneider & Cornuelle, 2005; Qiu et al., 2007,
2016). The response of the extreme Aleutian Low in winter 1976-77 is detected mainly in
the heat fluxes of the Kuroshio Extension. Increasing atmospheric extreme events and the
oceans’ response may be responsible for more frequent regime shifts in the future and
should be the focus of future studies.
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Chapter 4

Net heat flux responses to extreme

atmospheric sea level pressure patterns in the North
Pacific
This chapter has been submitted to Journal of Geophysical Research: Oceans:
Giamalaki K., Beaulieu C., Henson S.A, Martin A.P., Kassem H., Faranda D. Net heat flux
responses to extreme atmospheric sea level pressure patterns in the North Pacific.
Journal of Geophysical Research: Oceans.

4.1

Abstract

Atmospheric extremes can have pronounced effects on climate and ocean dynamics.
Identifying relationships between atmospheric extremes and their oceanic responses in a
changing climate is crucial. In the North Pacific an extreme sea level pressure event has
been linked to abrupt oceanic changes in the late 1970’s, leading to a major ecosystem
shift. Here the mechanistic linkages between North Pacific sea level pressure extremes
and net heat flux into the ocean are investigated. Increased net heat flux variability can
contribute to the regulation of major oceanic parameters, such as the sea surface
temperature and sea surface height, but also to sustain decadal-scale oceanic oscillations.
The extreme deepening of the Aleutian Low has been previously related to changes in the
Kuroshio Extension net heat flux in observational time-series. Here this hypothesis is
tested on a multi-member ensemble model to determine that this occurrence is not
solely a coincidence. Dynamical proxies and wavelet coherence analysis are applied to sea
level pressure reanalysis products and a large ensemble of the CESM-LENS model
historical runs. The results confirm the association between the Aleutian Low and the
Kuroshio Extension net heat flux and also present an extension of this relationship into
higher temporal frequencies under extreme atmospheric conditions.

4.2

Introduction

Understanding ocean dynamics is imperative in a changing environment as it strongly
impacts the ecosystem and society. Climate extremes may result in loss of life and have
major economic costs (Easterling et al., 2000). North Pacific climate fluctuations affect the
weather and climate of North America and Eurasia (Alexander, 2010), and also the
biology of marine ecosystems across the Pacific Ocean (Mantua et al., 1997; Martinez et
55

Chapter 4
al., 2009). Previous studies on climate variability over the North Pacific focus on the
Aleutian Low (AL) and Kuroshio Extension as the main actors of the atmospheric and
oceanic circulation. The AL is a semi-permanent atmospheric low pressure system centred
above the Aleutian Islands in the northeast Pacific that dominates the region during
boreal winter (Wang et al., 2012). The strength of the AL has been related to decadal
North Pacific variability (Latif & Barnett, 1994; Schneider & Cornuelle, 2005) as well as to
the El Niño Southern Oscillation (ENSO) via atmospheric teleconnections (Alexander et al.,
2002; Newman et al., 2016). The Kuroshio Extension is defined as the area near 35°N,
140°E in the western North Pacific occupied by the Kuroshio current where it separates
from Japan. Coupled ocean-atmosphere interactions occurring in the North Pacific play a
key role in its mesoscale, as well as inter-annual and decadal, circulation variability (Qiu et
al., 2004; Qiu & Chen, 2005). The dynamic state of the Kuroshio Extension has been
related to different phases of the Pacific Decadal Oscillation (PDO; Qiu et al., 2016) and
the strength of the jet has been linked to wind forcing over the eastern North Pacific (Qiu,
2003). The PDO is considered to be the oceanic expression of the AL (Newman et al.,
2003, 2016), which also regulates the North Pacific wind stress curl (Pickart et al., 2009),
having in this way an indirect relation to the Kuroshio Extension state. Specifically, a
positive PDO causes positive wind stress curl over the North Pacific which generates
enhanced Ekman flux divergence and subsequently negative sea surface height anomalies
which weaken the Kuroshio jet (Qiu et al., 2016). Conversely, a negative PDO strengthens
the Kuroshio jet through induced negative North Pacific wind stress curl with subsequent
Ekman flux convergence and positive sea surface height anomalies (Qiu et al., 2016).
Although ocean and atmosphere coupling in the North Pacific has been extensively
studied, the potential for a mechanism that connects extreme atmospheric patterns to
oceanic conditions that could trigger significant events for the ecosystem, such as major
regime shifts, is still an open question for the scientific community. For example, an
extreme deepening of the AL in winter 1976-1977 was the main trigger of the major
regime shift that occurred in the North Pacific (Trenberth & Hurrell, 1994; Miller &
Schneider, 2000; Hare & Mantua, 2000; Giamalaki et al., 2018), which resulted in longterm ecosystem reorganization and productivity changes (McGowan, 1998; Anderson &
Piatt, 1999; Yatsu et al., 2008). Furthermore, increased net atmosphere-ocean heat flux
into the Kuroshio Extension region is hypothesized to have maintained the oceanic
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conditions responsible for the late 70’s regime shift such that the new regime persisted
(Miller et al., 1994; Giamalaki et al., 2018). An extremely deep AL causes anomalies in the
westerlies over the eastern North Pacific as well as in the wind stress curl in the central
North Pacific (Qiu et al., 2016). Both of the above enhance the southward Ekman drift
(Seager et al., 2001) and cause anomalously negative sea surface height in the eastern
North Pacific (Qiu et al., 2016). These negative sea surface height anomalies move
towards the western North Pacific through slow moving Rossby waves and weaken the
Kuroshio Extension jet (Qiu et al., 2016). Rossby waves have been also detected in SST
and chlorophyll-a (Killworth et al., 2004) as well as in sea surface salinity signals
propagating towards the western North Pacific (Belonenko et al., 2018). The response to
this mechanism is evident after 3-4 years in the western region (Sasaki et al., 2013) as
negative sea surface temperature (SST) anomalies which generate anomalous net heat
fluxes (heat gain by the ocean; Révelard et al., 2016). On the other hand, a negative wind
stress curl (negative PDO) forces positive sea surface height anomalies that propagate
towards the western North Pacific (Sasaki et al., 2013; Qiu et al., 2016). In this phase, the
Kuroshio jet is strengthened resulting in positive SST anomalies which enhance the
positive upward net heat fluxes in the area (Qiu et al., 2016; Révelard et al., 2016). In this
way, the Kuroshio Extension becomes an area of maximum ocean-atmosphere interaction
in terms of SST and heat feedback to and from the atmosphere, with apparent effects on
the physical state of the whole North Pacific basin (Qiu et al., 2014; Qiu et al., 2007).
Statistical analysis of one observational dataset of both sea level pressure (SLP) and net
heat flux over the North Pacific previously suggested that an extreme AL triggered the
1976-1977 regime shift and that abrupt changes in net heat flux followed in the Kuroshio
Extension area (Giamalaki et al., 2018). Shifts that followed the late 1970’s were not
sufficiently large to be detected by various statistical methods (Litzow, 2006; Beaulieu et
al., 2016) and have not been as pervasive as the 1976-1977 shift (Hare & Mantua, 2000).
In order to ascertain that the relationship between the extreme AL deepening and the
Kuroshio Extension net heat flux variability is not arbitrary, the historical simulations of a
large ensemble (38 members) from the Community Earth System Model Large Ensemble
project (CESM-LENS) are considered. This model was chosen for its skill in simulating SLP
large-scale patterns, and specifically atmospheric blocking patterns (Kay et al., 2015), that
are highly related to extreme events in the North Pacific (Giamalaki et al., 2018).
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The objective of this study is to assess the oceanic response to extreme atmospheric
events in multiple realizations of the CESM-LENS compared to the single realization of the
reanalysis dataset. Specifically, the main purpose is the evaluation whether an extreme
deepening of the AL pressure system in the eastern North Pacific affects the Kuroshio
Extension net heat flux in the western North Pacific, as previously suggested by
observations (Giamalaki et al., 2018). Observational datasets are combined with multiple
model realizations in order to achieve the statistical sampling power required to test the
inference of such extreme climate phenomena (Kay et al., 2015; Deser et al., 2017). A
suite of statistical approaches is used to investigate this dynamical mechanism. First,
extreme value theory is combined with dynamical systems analysis to identify extreme
SLP formations in the North Pacific in both observations and the 38 member ensemble.
Second, the SLP and net heat flux patterns governing North Pacific variability are
identified and their association is examined using cross-wavelet coherence analysis.
Finally, the hypothesis that increased variability of the Kuroshio Extension net heat flux is
related to extreme AL events is tested. The dynamical proxies have been recently used to
highlight the role of warming ocean in changes the dynamical properties of the
atmosphere (Faranda et al., 2019). Novel aspects of this study include the application of
the dynamical proxies and wavelet coherence analysis to both observational time-series
and multiple ensemble members of a climate model in order to attest the physical
relationship between extreme events in the North Pacific SLP and their associated net
heat flux response in the Kuroshio Extension.

4.3

Data and Methods

4.3.1

Dynamical Proxies

In order to identify extreme atmospheric events, an approach combining extreme value
theory with dynamical systems analysis is used (Faranda et al., 2011; Faranda et al., 2017;
Giamalaki et al., 2018). With this approach, atmospheric dynamics are considered as
chaotic and settled on an attractor. An attractor is defined as a set of states that the
system approaches repeatedly and is characterized by its instantaneous properties,
termed the instantaneous dimension, d(ζ), and the inverse-persistence, θ(ζ), where ζ
represents a neighbourhood of similar states of the attractor. The instantaneous
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dimension measures the number of possible patterns evolving from the current one (ζ)
that occur in the time-series while the inverse-persistence is a proxy for the persistence of
those patterns. A high instantaneous dimension indicates that the dynamics are highly
unpredictable since the system can move into any one of d possible configurations at a
given time, whereas a low instantaneous dimension indicates that the system tends to
follow simple dynamics (Faranda et al., 2017; Messori et al., 2017). Further, θ(ζ) is defined
as the inverse of the persistence time of each pattern of the field. The lower the value of
θ(ζ), the more persistent the state ζ of the attractor and the more likely that the previous
and future states will appear like state ζ. To identify extremes, a generalized Pareto
distribution is fitted to the exceedances above a specified threshold, following the Peak
Over Threshold method (Pickands, 1975). Hence, a cut-off of 2% of the smallest and
largest values is used to define the extremes in daily SLP instantaneous properties as the
0.02 and 0.98 quantiles respectively. The results are robust to the choice of quantiles for
the definition of extremes (Giamalaki et al., 2018; Chapter 3, § 3.4.2). The calculation of
instantaneous dimension and inverse persistence also requires that the tails of the
distribution follow a generalized Pareto distribution. Additional details of the approach
are presented in Chapter 2, § 2.2.6.

4.3.2

EOF and Cross-wavelet Coherence

Empirical Orthogonal Functions (EOF) are used to identify the spatial patterns and
temporal variability of net heat flux and SLP time-series in the North Pacific. The regions
outlining the areas of interest, i.e. the low pressure system of the AL SLP as well as the
increased net heat fluxes in the Kuroshio Extension region, defined from the first EOF of
each time-series are used in the subsequent wavelet analysis. Additional details of the
approach are presented in Chapter 2, § 2.2.1.
Multi-scale atmospheric and oceanic variability in the North Pacific has been extensively
described previously (Mantua et al., 1997; Deser et al., 2004; Johnson & Feldstein, 2010)
and may present different spatial and temporal ranges, from local spatial events to multidecadal temporal patterns, non-stationarity and persistence (Deser et al., 2004; Di
Lorenzo et al., 2013; Litzow et al., 2018). As such, quantifying the association between the
average monthly Kuroshio Extension net heat flux and AL SLP time-series through classic
cross-correlation methods that use a defined time-lag and which assume independence
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may give spurious results (Labat, 2005). Here cross-wavelet coherence analysis is used to
detect the time-frequency space in which two time-series present high common power
(Grinsted et al., 2004). This approach is based on multi-scale decomposition of the timeseries via wavelets and presents the association through phase relationships (Kumar &
Foufoula-Georgiou, 1997). The Morlet wavelet is used as the ‘mother’ wavelet since it
balances in an optimum way the localization both in time and frequency (Grinsted et al.,
2004). To estimate the significance level at each frequency Monte Carlo methods were
used, in which the wavelet coherence is calculated for pairs of parameters (i.e. SLP and
net heat flux) of a large (order of 1000) surrogate dataset with the same AR(1) (Grinsted
et al., 2004). Additional details of the approach are presented in Chapter 2, § 2.2.4.

4.3.3

Methodology followed for the extreme years selection

The methodology followed for the extreme years selection in this chapter is summarised
in the flow chart in Figure 4-1. In total three statistical analyses were applied on the SLP
and net heat flux raw time-series obtained from both reanalysis products and multiple
ensemble members of the CESM-LENS. Each numbered area in between the dashed lines
represents one analysis and the numbers show the queue the analyses were applied.
Round corner rectangles represent the datasets used, ellipses represent the analysis
applied in each step and the rectangles represent the outcome/criterion applied for the
final outcome.
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Figure 4-1 : Flow chart illustrating the methodology followed for the assessment of the
relationship between the most extreme events of AL SLP and the Kuroshio
Extension net heat flux. Where, SLP is sea level pressure, Qnet is net heat flux,
AL is Aleutian Low, KE is Kuroshio Extension and EOF is Empirical Orthogonal
Functions.

4.4

Data

The focus of this study is the North Pacific region from 20°N to 60°N and 100°E to 90°W.
Both observations and multiple members of the Community Earth System Model Large
Ensemble project (CESM-LENS) are used. Daily and monthly SLP and net heat flux
observations

are

obtained

from

the

National

Center

for

Environmental

Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis project
(Kalnay et al., 1996) with spatial resolution of 2.5° x 2.5° from 1949 to 2018. Net heat flux
is calculated by summing the latent, sensible, net long wave flux and net solar flux
components. As such, negative values of net heat flux represent heat loss from the ocean
to the atmosphere, and vice versa.
The CESM-LENS is specifically designed to provide information on internal climate
variability (Kay et al., 2015). The simulations use the CESM version 1 (Hurrell et al., 2016)
comprising coupled atmosphere, ocean, land and sea ice components. The approximate
horizontal resolution is 1° in all model components. All the ensemble members use the
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same model and external forcing. However, each one has a distinctive climate trajectory
due to small differences in the atmospheric initial conditions. Individual ensemble
members represent one possible response of the climate system (Kay et al., 2015). Strong
correlations between modelled and observed patterns in NCAR’s Climate Analysis Section
diagnostics reveal the realistic representation of the system by CESM-LENS (Phillips et al.,
2014). Specifically for the North Pacific, large-scale patterns such as the Pacific Decadal
Oscillation (PDO) are present in each ensemble member and are highly related to the
observed PDO with an average correlation coefficient of 0.86. Furthermore, the SLP is one
of the best resolved phenomena with an average pattern correlation coefficient of 0.94
between the ensemble members and the observed time-series (Phillips et al., 2014). In
this study, the daily and monthly SLP and net heat flux from 38 members of the historical
simulations of the CESM-LENS from 1920 to 2005 are used. Each ensemble member has
different initial conditions, but they share the same external historical forcing scenario
and use the same model components. Consequently, the resulting uncertainty in the
projections is due to internal climate variability alone, giving the advantage of identifying
details of specific processes such as PDO variability (Kumar et al., 2016). Understanding
extreme patterns requires multiple realizations for adequate statistical sampling. Kay et
al. (2015) illustrated the ability of the CESM-LENS to identify atmospheric blocking
patterns that are highly related to extreme patterns in the North Atlantic. The large size
of multiple ensemble state-of-the-art climate models allows us to diagnose physical
mechanisms for intra-model differences, providing the advantage of accounting for both
internal and model uncertainty (Deser, et al., 2012; Kay et al., 2015). Thus, the
assessment of the statistics of individual processes in multiple realizations of the system is
feasible. Detailed information about the CESM-LENS specifications can be found in Kay et
al. (2015).

4.5
4.5.1

Results
North Pacific sea level pressure extremes

The dynamical proxies of the 38 ensemble members of CESM-LENS overall exhibit
patterns very similar to the observations. For that reason, one ensemble member
(ensemble 16) is used here to demonstrate the dynamical proxies’ behaviour. The
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dynamical proxies of ensemble 16 are presented in Figure 4-2. Specifically, Figure 4-2a
shows the instantaneous properties of daily SLP in the North Pacific. An extremely low
instantaneous dimension reflects a deepened AL, obtained by averaging the points that
fall within the 2% quantile (Figure 4-2c). The number of days per year in which the
instantaneous dimension of ensemble 16 is extremely low (2% quantile), i.e. the pattern
corresponding to an extreme AL, is presented in Figure 4-2b. The year with the highest
number of days with an extreme AL pattern is 1980 (16 days), which is more than three
times the average number in ensemble 16 (4.5 days). In all of the 38 ensemble members
examined, the years presenting the maximum occurrence of an extremely deep AL (i.e.
extremely low instantaneous dimension) had at least more than double the average
number of days with an extreme AL pattern.
The average and standard deviation of SLP patterns of extreme low instantaneous
dimensions of all the ensemble members are presented in Figure 4-3. The average
pattern (Figure 4-3a) reveals a deepened AL, which is also associated with increased
variability within the ensemble members (Figure 4-3b). Internal differences of the AL
strength and positioning throughout the ensemble members assist in examining multiple
expressions of the same physical mechanism, specifically the relationship of extreme AL
events with the Kuroshio Extension net heat flux.
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Figure 4-2 : Dynamical proxies of example ensemble member 16. (a) Daily instantaneous
properties of the North Pacific, daily sea level pressure inverse-persistence
(θ(ζ)) and instantaneous dimension (d(ζ)). Dashed lines define the 0.02 and
0.98 quantiles of d(ζ) and θ(ζ). (b) Number of days of SLP instantaneous
dimension extreme low (d(ζ)) occurrence in each year in ensemble member
16 (2% quantile; corresponding to the extreme AL pattern). Maximum number
of extremes occurred in 1980. Dashed line defines the 2% limit of the most
extreme years in ensemble 16. (c) Average daily sea level pressure patterns
corresponding to the instantaneous dimension extreme low (AL) of ensemble
member 16.
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Figure 4-3 : Ensemble (a) average and (b) standard deviation of daily sea level pressure
patterns that correspond to the instantaneous dimension extreme low
(representing an extremely deep AL).

4.5.2

Net heat flux and Sea Level Pressure relationship

The first EOF of net heat flux of both average ensemble (Figure 4-4a) and observations
(Figure 4-4c) reveal increased net heat flux around the Kuroshio Extension region,
explaining 92.1% and 90.7% of the variability respectively. Similarly, the first EOF of the
SLP of both ensemble average (Figure 4-4b) and observations (Figure 4-4d) presents the
dipole between the AL and the North Pacific High pressure systems, which are dominant
features of the North Pacific SLP. The results show a good agreement between the
ensemble average and the observational dataset for both parameters and reveal the
close representation of the large-scale patterns by the ensemble average. The areas
outlined by the first EOF as the AL low pressure system and the increased net heat flux
Kuroshio Extension are displayed in the white boxes in Figure 4-4. The average time-series
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of SLP and net heat flux of each box were used for the following wavelet coherence
analysis.

Figure 4-4 : The 38 ensemble average of the first empirical orthogonal function (EOF) of
(a) net heat flux (Qnet) and (b) sea level pressure (SLP). The first EOF of the (c)
net heat flux and (d) sea level pressure of the observations. The Aleutian Low
and Kuroshio Extension regions are highlighted by white boxes.
The cross-wavelet coherence between the observational time-series of Kuroshio
Extension net heat flux and the AL SLP is presented in Figure 4-5a. The high frequencies
(low period) show increased variability, which denotes an irregular relationship between
net heat flux and SLP on inter-annual scales. On the other hand, signals with a period of 816 months display a continuous region of high common power, suggesting a consistent
relationship between net heat flux and SLP on seasonal timescales. Furthermore, the
phase relationship displayed by left-pointing arrows in all of the significant common
power areas (Figure 4-5a), suggest a consistent out of phase relationship of the AL SLP
and the Kuroshio Extension net heat flux.
The year 1977 is an extreme year in the observational time-series, identified by an
extended range of frequencies that exhibit high common power around that time (Figure
4-5a). Specifically, the high power ranges occur during the periods 0-16 months before
and 4-16 months after 1977. The timing of the prolonged high common power coincides
with the extreme AL SLP event responsible for the major North Pacific regime shift in
1976-1977 (Giamalaki et al., 2018). Thus it has been suggested that the variability of these
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two fields, the AL SLP and Kuroshio Extension net heat flux, forced the North Pacific
oceanic conditions towards the documented major regime shift.
To evaluate the possibility of an extreme event leading to increased coherence between
SLP and net heat flux, the coincidence of extreme events identified by the dynamical
proxies with periods of high common power between SLP and net heat flux is assessed.
Extreme events are defined as the upper 2% threshold of the dynamical proxies of each
ensemble member (Figure 4-2b). A total of 40 months around the extreme events were
selected and examined for significantly high common power of wavelet coherence
between the SLP and net heat flux, based on the pattern revealed by the observations.
The bands of period used here were those shorter than 8 months, accounting just for the
area of very high common power, which differs significantly from the rest of the
observational time-series. In the wavelet coherence analysis on the observational timeseries (Figure 4-5a) this area would be around the year 1977 (dashed vertical line) and
periods from 0-8 months. For illustration purposes the combination of the detected
extreme events with common power between the AL SLP and Kuroshio Extension net
heat flux of an example ensemble is presented in Figure 4-6a. The first extreme event
detected in 1950 has caused an increase of the net heat flux variability at the Kuroshio
region (Figure 4-6b), whereas the second event in 1980 did not present similar effects
(Figure 4-6c). In total for all the ensemble members, 80% (76 out of 95) of the extreme
atmospheric lows presented significantly high common power with the Kuroshio
Extension net heat flux around the timing of the extreme event. This supports the
hypothesis that high common variability of both AL SLP and Kuroshio Extension net heat
flux is responsible for abrupt shifts in the North Pacific. This hypothesis states that an
intensification of the AL strengthens the westerlies and southerlies over the North Pacific,
which result in anomalous abrupt changes in SST (Miller et al., 1994; Latif & Barnett,
1994) and sea surface height in the northeast Pacific propagating towards the northwest
Pacific and subsequently inducing changes in net heat flux (Mantua & Hare, 2002; Qiu et
al., 2007). This induced perturbation may drive the oceanic components into such state in
which a regime shift can be supported (Giamalaki et al., 2018).
Figure 4-5b presents the global power defined as the time (horizontal) average of the
local wavelet spectra (Torrence & Compo, 1998), highlighting the period between 8 and
16 months as the peak in coherence of the two fields. Similarly, Figure 4-7 presents the
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global power that corresponds to the cross-wavelet coherence analysis applied to all 38
members of the CESM-LENS. Although the global power of all the ensembles presents a
consistent pattern in the low period (high frequencies) from 0 to 16 months, at lower
frequencies the resulting global power pattern is highly variable between ensemble
members. The common power peak at periods of 0-16 months displayed in all the CESMLENS members suggests a consistent relationship between the two fields, with changes in
the AL SLP leading into increased variability in the Kuroshio net heat fluxes.

Figure 4-5 : (a) Cross-wavelet coherence of the observed net heat flux and sea level
pressure. The colour scale indicates the normalized strength of common
power between the two time-series. The shaded area defines the cone of
influence (COI) which is the area affected by the edge effects of the wavelet
spectra. The areas within the thick black lines are significant at the 95% level
compared to first-order autocorrelation. The direction of the arrows denotes
the degree to which the two time-series are in phase. Right pointing arrows
indicate in phase patterns, left indicate out of phase time-series, and
downward arrows indicate that the Kuroshio Extension net heat flux lags the
AL SLP by 90°. The most extreme year was found to be 1977 and is marked by
a vertical dashed line. (b) The corresponding global power spectrum of the
observational wavelet coherence.
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Figure 4-6 : (a) The wavelet coherence common power of the AL SLP and the Kuroshio
Extension net heat flux combined with the detected extremes for ensemble
member 2. (b) displays a case of a coherence pattern that resembles the
observational dataset and (c) presents an extreme AL event that does not
have a significant effect on the Kuroshio Extension net heat flux.
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Figure 4-7 : The global coherence power spectrum calculated for each CESM-LENS
ensemble member (coloured lines) and the observations (black dashed line).

4.5.3

Seasonalized results

The EOF and wavelet coherence analyses have also been applied on seasonalized
reanalysis time series in order to assess whether the inter-annual relationship between
the two examined parameters, the Aleutian Low SLP and the Kuroshio Extension net heat
flux, significantly affects their common variability. The seasonalized dataset is calculated
by removing the monthly mean climatology from each month. Figure 4-8 displays the first
EOF of the North Pacific SLP, which is an extended Aleutian Low and describes
approximately 32% of the SLP variability in the area. Although the formation is much
more extended to the south, the area selected for this analysis would still remain similar
to the one selected in §4.5.2, Figure 4-4, centred above the Aleutian Islands. Similarly,
Figure 4-9 presents the first EOF for the North Pacific net heat flux which represents a
small percentage of the variability of the region (10%), however it still highlights the
Kuroshio current and the Kuroshio Extension region as the area with the highest heat
exchange. Therefore, the selected region for the net heat flux would remain the same as
the §4.5.2, Figure 4-4.
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Figure 4-8 : The first EOF of the SLP observational time series presenting a well defined
Aleutian Low.

Figure 4-9 : The first EOF of the North Pacific net heat flux of the observational time
series highlighting the Kuroshio current and Extension which represent the
area with the maximum heat exchange in the North Pacific.
Figure 4-10 shows the cross-wavelet coherence between the spatial average of the AL SLP
and the Kuroshio Extension net heat flux when the seasonal cycle is removed from the
time-series. While the continuous high common power band between the periods from 8
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to 16 months is missing (see Figure 4-5a), there is still high common variability around the
extreme event in winter 1976-1977. The areas of high common power extending in the
high frequencies (0-8 months of period) and also in the low frequencies (32-50 months of
period) are found in both Figures 4-10 and 4-5a. This suggests that although the seasonal
cycle is a dominant feature in the cross-wavelet coherence result, it does not affect our
ability to identify other fluctuations in the common variability between the SLP and the
net heat flux in the North Pacific.

Figure 4-10 : Cross-wavelet coherence applied on seasonalized reanalysis time-series of
the Aleutian Low SLP and the Kuroshio Extension net heat flux. The colour
scale indicates the normalized strength of common power between the two
time-series. The shaded area defines the cone of influence (COI). The areas
within the thick black lines are significant at the 95% level compared to firstorder autocorrelation. Right pointing arrows indicate in phase patterns, left
indicate out of phase time-series. The most extreme year 1977 is marked by
the black vertical dashed line.
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4.6

Discussion and conclusions

The aim of this chapter is to assess the relationship between extreme atmospheric events
and net heat flux response on a multi-member ensemble model in order to assess
whether the single occurrence that was previously detected in observations was
coincidental. The findings of this analysis provide evidence for the connection between
extreme AL events and net heat fluxes in the Kuroshio Extension. AL SLP has prominent
effects across the whole North Pacific and its internal variability is the primary source of
physical variance in the system (Johnstone & Mantua, 2014). Here, both observational
time-series and the 38 ensemble members of the CESM-LENS are used to investigate the
linking mechanisms of SLP and net heat flux across the North Pacific. The use of CESMLENS provides multiple realizations of similar events, and thus the ability to more robustly
connect AL extreme events and net heat flux in the Kuroshio Extension taking also into
account the internal variability of the system (Kay et al., 2015).
Atmospheric forcing of North Pacific SST on monthly to multi-decadal time scales is well
established (Cayan, 1992b; Schneider & Cornuelle, 2005; Chhak et al., 2009) through
changes in the wind strength and net heat fluxes (Cayan, 1992a; Miller et al., 1994).
Decadal fluctuations of the Kuroshio Extension are also affected by the AL (Qiu et al.,
2016) in response to basin-scale changes in wind forcing and sea surface height (Ceballos
et al., 2009; Révelard et al., 2016). The first mode of the SLP EOF in both the
observational and average modelled time-series (Figure 4-4b & Figure 4-4d) describes the
variance of a well-defined Aleutian Low – North Pacific High dipole as part of the North
Pacific Oscillation (NPO; Linkin & Nigam, 2008). Similarly, the dominant EOF of the net
heat flux presents a major air-sea heat exchange area over the Kuroshio Extension (Figure
4-4a & Figure 4-4c). A two-way coupled relationship between the AL SLP and the Kuroshio
Extension SST was previously shown by Yu et al. (2017), with the AL position and intensity
inducing lagged changes in the SST of the Kuroshio jet. The SST responses in the western
region lag the AL changes by approximately 3–4 years (Sasaki et al., 2013), and as soon as
they reach to the west they destabilize the dynamical state of the Kuroshio Extension
system (Qiu et al., 2016). SST variability in the region results in anomalous heat fluxes
(Révelard et al., 2016) and creates an area of intensive ocean-atmosphere heat
interactions affecting the conditions in the whole North Pacific (Qiu et al., 2007, 2014).
The consistent relationship between the AL SLP in the east and the Kuroshio Extension
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net heat flux in the west is displayed in the wavelet coherence analysis of the
observational time-series by the continuous band of high common power at periods of 816 months (Figure 4-5). Furthermore, the out of phase relationship revealed by the
coherence power provides evidence that the AL SLP precedes the Kuroshio Extension heat
fluxes, which is in agreement with the previously suggested mechanisms of the former
inducing increased variability to the latter (e.g. Giamalaki et al., 2018). The linking
mechanism is also displayed as a peak in the wavelet coherence global power of the 38
ensemble members of the historical simulations around the same period bands as the
observations (8-20 months) (Figure 4-7).
Under extreme conditions, intensification of the regular mechanism is expected. Previous
work established that an extremely deep AL triggered changes in the net heat flux which
maintained the conditions leading to the major North Pacific regime shift in the late
1970’s (Hare & Mantua, 2000; Giamalaki et al., 2018). The observational results agree
with the hypothesis that an extreme AL event caused an intensified variability in Kuroshio
Extension net heat flux around 1977, as highlighted in the low period bands of the
wavelet coherence (Figure 4-5a). Similar patterns are evident from the global power of
the coherence between the two fields when applied to the multi-ensemble model (Figure
4-7 and Figure 4-6). Additionally, the very high percentage (80%) of the detected extreme
AL events in the 38 ensemble members inducing extended variability in the Kuroshio
Extension heat fluxes, suggests that the linking mechanism may intensify under an
extreme AL forcing.
Although a good agreement between the CESM-LENS and the observations, in terms of
representing the dominant large-scale features of the North Pacific, is shown by the EOF,
the uncertainty arising from the model’s internal climate variability is expressed in both
the dynamical proxies and the wavelet coherence analyses. The dynamical proxies
calculated for every ensemble member resulted in the detection of multiple extreme
events throughout each time-series. The percentage of the extreme AL events that have
increased significant common power with the Kuroshio Extension net heat flux is high
(80%). However, in the remaining 20% of cases, the extreme AL events do not have high
common variability with the net heat fluxes. This points to more complex dynamics (e.g.
induced variability by ENSO) also affecting the dynamical state of the Kuroshio Extension.
Due to the use of historical runs and the chaotic evolution of each ensemble member
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(Deser et al., 2012; Kay et al., 2015), the timing of the extreme events differs in all runs,
which essentially reflects the rather low predictability of extreme atmospheric events
(Rodrigues et al., 2018). Additionally, a large inter-ensemble member range in decadal
and multi-decadal bands of the global power of the cross-wavelet transform is evident at
periods greater than 16 months (Figure 4-7). This divergence may also occur due to
oceanic and atmospheric processes other than those taken into account here that affect
the low frequency variability of the North Pacific dynamics (e.g. ENSO; Di Lorenzo et al.,
2015).
To conclude, this analysis shows that an extreme atmospheric event, specifically a
deepened AL, has prominent effects on the net heat fluxes of the Kuroshio Extension. This
hypothesis is explored by using the large ensemble of a climate model to evaluate the net
heat flux response to an extensive number of extreme atmospheric events. The use of
multiple simulations assist in obtaining the required repeatability to establish that the
detection of the linking ocean-atmosphere mechanism in observational datasets was not
a coincidental event. Increasing frequency and/or magnitude of atmospheric extreme
events may be responsible for extreme oceanic responses, which could drive more
intense ecosystem reorganization or regime shifts in the future. Thus, evaluating the
evolution of the relationship between the AL SLP and Kuroshio Extension net heat flux in
response to climate change should be the focus of future studies. This new approach
combining dynamical proxies and wavelet coherence analyses could be useful to monitor
extreme climate events and their impacts, more generally.
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Intensification of future North Pacific

extreme sea level pressure events and their oceanic
response in a changing climate
This chapter is in preparation for submission to Nature Communications:
Giamalaki, K., Beaulieu, C., Henson, S.A., Martin A.P., Faranda, D. Intensification of future
North Pacific extreme sea level pressure events and their oceanic response in a changing
climate. Nature Communications

5.1

Abstract

North Pacific sea level pressure (SLP) extreme events have considerable effects on
regional and global climatic and oceanic conditions. North Pacific atmospheric pressure
low extremes have been associated with major marine regime shifts and unusual weather
patterns in North America and Eurasia, with serious socio-economic consequences. Yet,
our knowledge about the future evolution of North Pacific SLP extremes and their
subsequent oceanic response is limited. Here historical simulations and business-as-usual
future projections are used to examine North Pacific SLP behaviour and its oceanic
response. Dynamical proxies are calculated to detect SLP extremes and wavelet
coherence is used to identify their relationship with net heat flux. SLP extremes around
the Aleutian Islands become stronger and more frequent under continuous climate
change, inducing increased variability on the Kuroshio Extension net heat flux. Such
atmospheric extremes may cause irreversible changes in fisheries, ecosystems and
weather patterns of the whole Pacific region.

5.2

Introduction

The Aleutian Low (AL) pressure system is the main climatic feature in the North Pacific
and is formed over the Aleutian Islands during boreal winter. The AL system affects the
weather and climate of North America and Eurasia, impacting temperature and wind
patterns (Wallace & Gutzler, 1981; Deser et al., 2004). Its variability has also been
associated with changes in fisheries in the eastern North Pacific (e.g. Hollowed et al.,
2001; Chavez et al., 2003; Lehodey et al., 2006), and an extreme AL event has been
implicated as the trigger for a major regime shift in the late 1970’s (Hare & Mantua, 2000;
Giamalaki et al., 2018) resulting in a complete ecosystem reorganization (Chavez et al.,
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2003). The intensity of the AL affects the oceanic physical parameters of the whole North
Pacific, such as sea surface temperature (SST), sea surface height and net heat flux, by
causing anomalies in wind stress curl and wind speed (e.g. Seager et al., 2001; Kwon &
Deser, 2006; Pickart et al., 2009). Anomalous SST and sea surface height in the northeastern Pacific caused by extreme AL events propagate towards the western basin
through Rossby waves, with the signature becoming evident in the Kuroshio region with a
lag of 3-4 years (Sasaki et al., 2013; Qiu et al., 2016; Giamalaki et al., 2018). The
strengthened southerlies and westerlies also result in decreased precipitation over
coastal Asia and increased precipitation over the west coast of the United States (Deser et
al., 2004; Honda et al., 2005).
The internal variability of the AL is suggested as one of the main sources of the natural
variance of the North Pacific climate system (Johnstone & Mantua, 2014). The AL has
been directly linked to North Pacific decadal climate variability as the main driver of the
Pacific Decadal Oscillation (PDO; Latif & Barnett, 1994; Schneider & Cornuelle, 2005;
Newman et al., 2016) but also has a teleconnection with the tropical El Niño–Southern
Oscillation (ENSO; Alexander et al., 2002; Newman et al., 2016). In particular, the AL
intensifies in response to strong ENSO events resulting in a positive PDO pattern with
warmer than usual north-eastern Pacific SST (Alexander et al., 2002). This occurs through
the ‘atmospheric bridge’ where the tropical Pacific SST anomalies induce changes to the
precipitation patterns causing remote shifts in the air temperature, winds and humidity
(Newman et al., 2016). Jiménez-Esteve & Domeisen (2019) proposed that this relationship
is nonlinear and depends on the amplitude and location of the ENSO SST anomalies.
Multiple studies of future climate projections suggest that El Niño events will become
more frequent in a warming climate (Timmermann et al., 1999; Latif & Keenlyside, 2009;
Cai et al., 2014, 2015). Additionally, Gan et al. (2017) suggested that the AL will intensify
in response to anthropogenic warming. They further suggested that tropical El Niño-like
SST warming is the key mechanism in modulating the AL, especially when compared to
other driving mechanisms such as the land–ocean thermal contrast or the effect of
Atlantic SST.
As the regulating mechanisms of the AL intensify in the business-as-usual future RCP8.5
scenario, the effects of the AL are expected to increase. Although previous studies have
examined the consequences of a warming scenario on the North Pacific mean state, the
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AL variability and the El Niño teleconnections (Gan et al., 2017; Cai et al., 2018; JiménezEsteve & Domeisen, 2019), the future frequency of extreme AL events and the oceanic
response have not yet been considered. Here it is shown that extreme AL events become
stronger and more frequent with continued climate warming, with potential effects on
the physical state of the North Pacific, such as induced anomalies in the sea surface
temperature, net heat flux, wind strength and sea surface height. The aim is to assess
future AL events by comparing the intensity and frequency of North Pacific extreme SLP
events in past and future simulations of the Large Ensemble of the Community Earth
System Model (CESM-LENS; Kay et al., 2015). Further, the change in the net heat flux
response that follows these atmospheric extremes is quantified. The Kuroshio Extension
region is used as the focus for the heat flux response as it is the area of maximum oceanatmosphere interaction in the North Pacific in terms of feedback to and from the
atmosphere, with apparent effects on the physical state of the whole basin (Qiu et al.,
2007, 2014; Giamalaki et al., 2018). The Kuroshio Extension SST and net heat flux
variability both drive, and are also significantly driven by, the North Pacific atmospheric
circulation (Révelard et al., 2016; Wills & Thompson, 2018). Thus, the change in the
temporal frequency of common variability of the AL SLP and the Kuroshio Extension net
heat flux is also evaluated.

5.3
5.3.1

Data and methods
Data

The North Pacific region from 20°N to 60°N and 100°E to 90°W is considered here. The 36
ensemble members of the historical simulations of CEMS-LENS from 1920 to 2005, and
the business-as-usual RCP8.5 future scenario from 2006 to 2100 are used. Daily and
monthly SLP and net heat flux time-series are utilized, with an approximate horizontal
resolution of 1° in all model components. Latent, sensible, net long wave and net solar
flux components are summed, as such negative values represent heat loss from the ocean
to the atmosphere, and vice versa.
The CESM-LENS is specifically designed to provide information on internal climate
variability (Kay et al., 2015). All the ensemble members use the same model parameters,
however each member represents a distinctive climate trajectory. This is achieved by
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initializing the simulations with small round-off differences in the air temperature (Deser
et al., 2017). Here the daily and monthly SLP and net heat flux from 36 members of both
the historical and RCP8.5 scenario simulations of the CESM-LENS from 1920 to 2100 are
used. Despite the slightly different initial atmospheric conditions, the ensemble members
share the same external historical and future RCP8.5 forcing scenarios and use the same
model components. Consequently, the resulting uncertainty in the projections is due to
internal climate variability alone, giving the advantage of identifying details of processes,
such as the PDO (Kumar et al., 2016). The prominent effects of AL on the long-term North
Pacific climate variability (Johnstone & Mantua, 2014; Gan et al., 2017) highlight the
importance of the SLP internal variability, which becomes evident in the multiple
simulations of the CESM-LENS, each of which is forced by an identical scenario of
historical and RCP8.5 radiative forcing (Deser et al., 2016).
Multiple realizations may also contribute to the understanding of extreme patterns by
providing adequate statistical sampling power. The large ensemble size of the CESM-LENS
allows the diagnosis of physical mechanisms for intra-model differences, providing the
advantage of accounting for both internal and model variability (Deser, et al., 2012; Kay et
al., 2015) and assessing the statistics of similar events in different realizations that do not
reach full agreement with each other. Detailed information about the CESM-LENS model
can be found in Kay et al. (2015).

5.3.2

Methods

To examine the persistence and frequency of extreme events in both past and future
simulations of the CESM-LENS a dynamical approach is applied to all ensemble members.
The two dynamical properties that best describe the North Pacific SLP system, i.e. the
instantaneous dimension and inverse persistence, were calculated (Chapter 2, § 2.2.4).
Since the inverse persistence is an indicator of the residence time of the daily SLP, high
(low) values of inverse persistence resemble more unstable (stable) patterns of the North
Pacific SLP (Figure 5-1). The instantaneous dimension represents the number of degrees
of freedom needed to characterise the similar daily SLP states. High (low) values of
instantaneous dimension correspond to more complex (simple) patterns of the North
Pacific SLP (Figure 5-1; Faranda et al., 2017; Messori et al., 2017). To identify the SLP
extremes, the 0.02 and 0.98 quantiles of the daily SLP instantaneous properties were
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used. The results are robust to the choice of the quantiles for the extreme threshold
selection (Faranda et al., 2017; Giamalaki et al., 2018). Furthermore, wavelet coherence is
used to assess the association between the SLP and net heat flux.

Figure 5-1 : An idealized three-dimensional phase space that includes example of
trajectories evolving from neighbourhoods (marked by grey spheres) with low
instantaneous dimension (green trajectories) and high inverse persistence
(red trajectories). The low instantaneous dimension implies a small divergence
of the system’s trajectory from the neighbourhood central pattern, however
no further information is given on how quickly the trajectory leaves the
neighbourhood. The low inverse persistence implies a trajectory slowly
leaving the neighbourhood of similar patterns, but no details in the
divergence of the trajectories are specified. Schematic adapted from Messori
et al. (2017).

5.4
5.4.1

Results
Intensification of AL extremes in the future

To capture the evolution of the AL SLP in the future projections the spatial average of the
monthly AL SLP of the historical and RCP8.5 simulations (Figure 5-2) are compared. The
2% quantile of the monthly AL SLP spatial average for all ensemble members is used to
show changes in the lowest tail of the SLP values between historical and RCP8.5 runs for
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all simulations. The future members consistently present a lower 2% quantile when
compared to the historical runs.

Figure 5-2 : The 2% quantile threshold for the spatially averaged AL SLP time-series of
each ensemble member in the past (orange) and future (grey) simulations.
Each point denotes the threshold below which each ensemble presents the
2% lowest SLP values.
A Wilcoxon rank-sum test was applied to the thresholds of the past and future ensemble
members to show that they are significantly different at the 95% significance level
resulting in p-values lower than 0.05 (Figure 5-3). This result suggests a generalised
deepening of the SLP in the future compared to the past, i.e. a strengthening of the AL
under anthropogenic warming (Figure 5-2). Gan et al. (2017) calculated the future North
Pacific Index using a multi-model average in the 21st century, showing an intensification of
the AL in the future and demonstrated the importance of the tropical ENSO-like SST
anomalies as the main driver of the AL. There have also been various modelling studies
proposing the intensification and increasing frequency of ENSO under the RCP8.5 scenario
(Timmermann et al., 1999; Latif & Keenlyside, 2009; Cai et al., 2014, 2015, 2018), and
therefore an increase of AL extreme events is anticipated.
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Figure 5-3 : Boxplots of spatially averaged AL SLP time-series of each ensemble member
in RCP8.5 (left group) and historical (right group) simulations. Since the
notches do not overlap, it is suggested with 95% confidence that the true
medians (estimated by the red horizontal lines) of the two groups are
significantly different.

5.5

Increased persistence and frequency of extreme AL events
in the future

The dynamical proxies for both the historical and RCP8.5 ensemble runs of the CESMLENS are calculated to detect extreme AL events in the North Pacific. The dynamical
proxies calculated for the future ensemble member 16 are used here for illustration
purposes and are displayed in Figure 5-4a. The two most extreme areas of the scatterplot
(the two red shaded quantiles in Figure 5-4a) comprise points (i.e. North Pacific daily SLP
configurations) that present extremely high and extremely low estimations for both
dynamical proxies. An increase of points with extremely low dynamical properties in the
future runs compared to the past simulations is shown in 92% (33 out of 36 members) of
the examined ensemble members (Figure 5-4b). This quantile represents a deepened AL
pattern (Figure 5-4c) and signifies the increasing frequency and also residence time of the
pattern in the region. The average of the points within the quantile of the extremely high
dynamical properties displays a transitional North Pacific blocking pattern (Figure 5-4d).
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The number of points (i.e. days of North Pacific SLP) falling within this extreme high
quantile decreases in the future (Figure 5-4e) in approximately 70% (25 out of 36) of the
ensemble members.

Figure 5-4 : (a) Daily dynamical properties for example ensemble 16. Black dashed lines
correspond to the lower 2% and upper 98% quantiles of the properties. The
red shaded quantiles represent the most extreme cases for both properties.
(b) Red bars represent a decrease in the number of the daily North Pacific SLP
points occurring in the extreme low quantile for both inverse-persistence and
instantaneous dimension. Black bars represent an increase in the number of
points occurring in the extreme low quantile for both properties. The y axes
denote the percentage difference between the numbers of points (daily North
Pacific SLP) falling within each quantile in the historical runs and the future
RCP8.5 scenario simulations and the x axes are the multiple ensemble
members. (c) Average of daily North Pacific SLP points in the extreme low
quantile for example ensemble 16. (d) Same as (c) for the extreme high
quantile. (e) Same as (b) but the bars represent the points of the extremely
high quantile for both properties.
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The average dynamical proxies for the historical and RCP8.5 ensemble runs of the CESMLENS are presented in Figure 5-5. An extension of both the upper and lower tails of the
distribution of the inverse-persistence indicates that future extreme North Pacific SLP
patterns present a slightly increased residence time in the area (Figure 5-5a). It has been
suggested that lower (higher) inverse-persistence describes more stable (unstable)
dynamic fields which tend to have slower (faster) variations (Rodrigues et al., 2018). On
the other hand, a major shift of the instantaneous dimension of the whole North Pacific
SLP system occurs (Figure 5-5b). A low instantaneous dimension of a given atmospheric
pattern suggests a higher likelihood for the pattern to emerge again in the system. In
other words, a lowering of the dimension indicates that similar patterns will occur more
frequently as the system evolves. Thus, the lowering of the North Pacific SLP
instantaneous dimension suggests that the North Pacific atmospheric patterns are more
likely to occur in the most common configurations for the system, i.e. the winter Aleutian
Low and the summer North Pacific High.

Figure 5-5 : The dynamical properties of the average ensemble members in the historical
(orange) and in the future RCP8.5 simulations (grey).
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5.5.1

Increased net heat flux in the Kuroshio Extension due to an
intensified AL

The wavelet coherence of both past and future simulations of the AL SLP and Kuroshio
Extension net heat flux is calculated in order to examine the change in the relationship
between the two fields (Figure 5-6). The global power of the wavelet coherence presents
increases in the high and medium frequencies (periods from 1 to 20 months). However, in
the low frequencies (periods > 20 months) there is no evident pattern followed. This may
point to dynamics other than the AL affecting the long-term variability of the Kuroshio
Extension net heat flux. The relationship between the two fields follows the hypothesis
that the AL SLP in the north-eastern Pacific affects the Kuroshio Extension jet as well as
the variability of heat fluxes in the area (Qiu et al., 2016; Révelard et al., 2016). The
ensemble averages of the historical and RCP8.5 future runs are found to be significantly
different in periods < 20 months at the 95% significance level examined by a Wilcoxon
rank-sum test with a p-value < 0.05. Apart from the mismatch of the patterns, periods >
20 months were excluded also due to the influence of the edge effects of the wavelet
spectra that become apparent in the lower frequency bands. Although the Wilcoxon ranksum test results show significant differences, the ensemble average global powers of
historical and RCP8.5 simulations (black dotted and dashed lines in Figure 5-6) present
adjacent values in the periods 8-20 months, compared to the high frequencies area of the
plot (periods < 8 months). This suggests that there is a consistent mechanistic linkage
between the AL SLP and the Kuroshio Extension net heat flux on annual scales that is not
altered by the internal variability of the system or variations of the individual examined
fields (SLP and net heat flux fluctuations). On the other hand, the disagreement of the
ensemble averages in periods < 8 months may as well include perturbations that the AL
SLP induces to the Kuroshio Extension net heat fluxes under extreme occurrences.
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Figure 5-6 : Global power (horizontal averaging in time) of the wavelet coherence of the
Aleutian Low SLP and Kuroshio Extension net heat flux for all 36 ensemble
members of CESM-LENS in the past (orange) and in the future (grey). Black
dotted and dashed lines represent the ensemble averages of the historical
and RCP8.5 future runs respectively.

5.6

Discussion and conclusions

A coupled climate model that includes physics, biogeochemistry and ecosystem
components was used to explore the intensification of North Pacific atmospheric
extremes and the change in their signature on net heat flux under climate change. The
historical runs are compared to the business-as-usual RCP8.5 scenario simulations of the
Community Earth System Model – Large Ensemble. A general deepening of the North
Pacific SLP under increased anthropogenic forcing, a future increase in frequency of AL
extreme events and a subsequent intensified response of the Kuroshio Extension net heat
flux are detected. Inter-model comparisons may lead to interesting outcomes regarding
the AL dynamics, such as variability in the magnitude and the spatial extent of the AL (Gan
et al., 2017), however here the intra-ensemble comparison is employed. Although the use
of a single model limits our ability to distinguish different possible trajectories of the
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system, it is to our advantage that is explicitly accounts for the internal variability of the
system (Kay et al., 2015).
The results demonstrate an overall deepening of the North Pacific SLP in the future CESMLENS simulations and an increase of the low SLP extreme events denoting that the AL
pattern will strengthen under anthropogenic warming. Gan et al. (2017) suggested an
intensification of the AL in the 21st century, stressing the importance of the tropical SST
anomalies. ENSO events drive the AL SLP through nonlinear extra-tropical teleconnections
triggered by the increased tropical SST anomalies (Alexander et al., 2002; Di Lorenzo &
Mantua, 2016; Jiménez-Esteve & Domeisen, 2019). The deepening of the AL SLP projected
by the future simulations agree with the intensified and more common ENSO events
occurring under increased anthropogenic forcing (Timmermann et al., 1999; Cai et al.,
2014, 2015, 2018).
A slight increase in the persistence of the North Pacific SLP phases was found in the
RCP8.5 scenario projections. For a dynamical system, a lower inverse persistence implies
that the trajectory of the system is slow leaving the neighbourhood confined by one point
of the system (Messori et al., 2017). This implies that when an SLP pattern emerges, it is
more likely to persist in the region for longer in the future projections compared to the
past simulations. On the other hand, a significant shift in the frequency of occurrences of
the SLP patterns was revealed. The instantaneous dimension of the dynamical system
describes the rarity of the daily SLP configuration examined in each time-step (Rodrigues
et al., 2018). A lowering of the dimension indicates an increase in the probability of the
configuration persisting into the next day (Faranda et al., 2017), such that a given SLP
state is more likely to evolve in a similar way as all its neighbouring states in contrast to a
point (an SLP daily state) with high dimension (Messori et al., 2017). Thus, a low
dimension implies that the dominant SLP patterns (i.e. a wintertime Aleutian Low)
occurring in the North Pacific will be more frequent in the future compared to unstable
transitional patterns, such as North Pacific blocking and the spring transition patterns
(Giamalaki et al., 2018).
A deepened atmospheric low increases the southerlies and westerlies in the region,
driving positive SST anomalies in the eastern North Pacific and negative SST anomalies in
the central North Pacific respectively. The AL intensification also results in reduced
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upwelling as well as SSH anomalies in the eastern North Pacific. These anomalies
propagate to the western North Pacific via Rossby waves affecting the Kuroshio state
after 3-4 years (Sasaki et al., 2013). The response is evident as a weakened Kuroshio jet
(Qiu et al., 2016) with increased SST signatures which generate anomalous heat fluxes
from the ocean to the atmosphere (Révelard et al., 2016). The results of this work agree
with the hypothesised links between the AL SLP and the Kuroshio extension net heat flux
(Giamalaki et al., 2018) and furthermore suggest that under anthropogenic forcing the
common variability of the two fields will substantially increase. As stronger and stable
patterns more commonly emerge in the North Pacific atmospheric system, an
intensification of the oceanic response is likely to occur. A consistently strong AL causes
increased variability in the Kuroshio Extension net heat flux in the high and medium
frequencies. The effects appear on temporal scales of up to two years with the band of
frequencies corresponding to high common variability between the AL SLP and the
Kuroshio Extension heat exchange presenting an increased power in the future runs
(Figure 5-6).
Assessing the occurrence of the patterns with extremely low instantaneous dimension
and inverse persistence, an AL configuration is revealed (Figure 5-4c). This extreme AL
pattern is presented to be more persistent as well as frequent in the future scenario.
Previous studies have suggested that an extreme AL deepening triggered the major
regime shift in the North Pacific in the late 1970’s (Hare & Mantua, 2000; Giamalaki et al.,
2018). As a result, long-term ecosystem changes and community reorganization have
been reported (Yatsu et al., 2008), in addition to the collapse of foraging fish populations
and the rapid increase of ground fish and salmon populations in the Gulf of Alaska
(McGowan et al., 1998; Anderson & Piatt, 1999). As AL extreme events occur more often
in the future projections, an increase of biological shifts in the North Pacific communities
both in terms of intensity and frequency can be anticipated, following the late 1970’s
example. Abrupt shifts in physical parameters are likely to have pronounced ecosystem
impacts. Species responses to climate change depend on spatial and temporal patterns of
climate-induced changes (Beaugrand & Kirby, 2016). The impact of climate change on the
ecosystems’ organization is determined by changes such as ocean acidification (e.g.
Harvey et al., 2016) and deoxygenation (Deutsh et al., 2015), but mainly depends on the
magnitude of the temperature increase, as modelling studies on the biological impacts of
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different scenarios have suggested (Beaugrand et al., 2015). Such shifts have major
effects on fishing activities and profound socio-economic impacts (Allison et al., 2009).
Furthermore, the dynamical extremes analysis performed here is likely to correspond to
large-scale weather variability rather than to local weather extremes (Messori et al.
2017). Deepened Aleutian Lows have been related to changing weather patterns,
temperature variability and wind fields over North America and Asia (Wallace & Gutzler,
1981; Deser et al., 2004). Wintertime North Pacific pressure variability has been also
linked to large-scale precipitation changes in the west coast of North America (Dai, 2013).
Thus, alterations in weather patterns and extreme phenomena should be expected to
follow the intensified and more frequent extreme AL in future projections.
These findings highlight a climate change-induced increased frequency of AL SLP
extremes and an increased variability of the Kuroshio Extension net heat flux response
excited by the SLP deepening. Dynamical proxies calculated for the North Pacific SLP
historical and future ensemble members under the RCP8.5 scenario suggest an increase
of the extreme AL events and a general decrease of the system dimension implying that
the AL SLP pattern will emerge more commonly in the future. Furthermore, examination
of the spatial AL SLP average of the ensemble members suggests an intensification of the
AL SLP. Further, the wavelet coherence analysis allowed us to examine the relationship
between the AL SLP and the Kuroshio Extension net heat fluxes. The common power of
the two fields becomes significantly higher in the future, implying that stronger AL events
will intensify the heat exchange anomalies in the Kuroshio region. Here the strengthening
of the AL SLP and its profound effect on the North Pacific conditions is highlighted, but
the high likelihood of future biological system reorganisation (such as major regime shifts)
and unprecedented weather events occurring in the region is also stressed.
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6.1

Synthesis

Conclusions of this work

Climate change is one of the greatest problems humanity is facing, extending far beyond
the business-as-usual scenarios for future patterns of activity regarding the climatic and
environmental conditions. Regional expressions of climate change directly affect societies
and ecosystems, thus the examination of past events, such as climate extremes, regime
shifts and intensified response mechanisms, and their manifestations in possible future
projections is crucial. Despite the immense scientific effort, having a holistic view of the
natural environment, understanding the mechanistic linkages of individual features and
also producing reliable future projections of possible climate trajectories remains
exceptionally challenging.
Abrupt changes in the environment may originate from natural and anthropogenic factors
and have severe consequences for the ecosystem and for regional economies and
resources. Despite decades of research these sudden ecosystem shifts are poorly
understood due to the complexity and uniqueness of each of the observed events
(Conversi et al., 2015; Beaugrand et al., 2019). In-depth knowledge about mechanisms
responsible for these changes is imperative, particularly under the pressure of climate
change. In the past, marine abrupt shifts have been widely studied in the global ocean.
Changes in species throughout the whole trophic chain have been reported in the North
Atlantic (Beaugrand et al., 2002, 2009; Choi et al., 2005; Beaugrand, 2009), the North
Pacific (Hare & Mantua, 2000; Benson & Trites, 2002; Wooster & Zhang, 2004; Litzow et
al., 2014), the North Sea (Beaugrand, 2004; Alheit et al., 2005; Weijerman et al., 2005),
the Black Sea (Daskalov, 2002; Daskalov et al., 2007), the Benguela ecosystems (Cury &
Shannon, 2004; Lamont et al., 2014; Heymans & Tomczak, 2016) and the Mediterranean
Sea (Conversi et al., 2010). The main triggers of the regime shifts have been large scale
rapid climatic changes in combination with overfishing and increased anthropogenic
activity. This thesis focused on the assessment of mechanisms that can cause abrupt
changes in the North Pacific physical and biological state, through the investigation of
extreme atmospheric events and their net heat flux responses. The techniques applied
here can work in other ocean basins , for the identification of extreme events and their
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linkages to abrupt physical and biological shifts. Chapter 3 aimed to detect the statistical
signatures of mechanisms that initiated the major North Pacific regime shift in the late
1970’s and the physical conditions that were maintained afterwards. Chapter 4 focused
on confirming the association of oceanic and atmospheric interactions with the sampling
power of a large ensemble of an Earth system model. Chapter 5 explored the suggested
mechanism in the future simulations of the Earth system model under the future high
emission RCP8.5 scenario. The main conclusions of this work are as follows.
1.

An extremely deep Aleutian Low event triggered abrupt changes in the Kuroshio

Extension net heat flux and these ocean-atmosphere interactions maintained the
oceanic conditions responsible for the major regime shift in the late 1970’s in the North
Pacific. The regime shift in the late 1970’s has been extensively studied due to the major
changes it caused in the ecosystem of the North Pacific. Although hypotheses on the
triggering mechanism have been previously suggested, an in-depth understanding still
calls for further examination. Chapter 3 presented a new methodology to explore the late
1970’s regime shift which combined the identification of extreme SLP events using
dynamical proxies and the detection of sudden changes in the net heat flux through
change-point analysis. The dynamical proxies revealed an extreme atmospheric event
that occurred in the late 1970’s and contributed to the triggering of the regime shift. The
winter 1976-77 Aleutian Low was shown to be the strongest event detected in the
reanalysis time-series. The intensified AL has prominent effects on the regional winds,
SST, sea surface height as well as the heat fluxes over the whole North Pacific. It has been
previously shown that anomalies induced by the extremely deep AL in the east propagate
to the west through Rossby waves influencing the Kuroshio Extension state (Mantua &
Hare, 2002; Schneider & Cornuelle, 2005; Qiu et al., 2007, 2016). Here, I used a
combination of EOF and change-point analysis to detect the response of the extremely
deepened AL in winter 1976-77 in the net heat flux in the Kuroshio Extension. The first
EOF of the North Pacific net heat flux presented a sudden shift in the area of the Kuroshio
Extension around the late 1970’s. A similar spacing and timing of an abrupt change was
also revealed by the pixel-wise change-point analysis. This suggests that the sudden
change in net heat flux is region-specific and consistent with the hypothesis that the
oceanic conditions related to the regime shift were maintained by deviations in heat
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budget terms, specifically an increased heat flux into the ocean concentrated in the
Kuroshio Extension region.

2.

The Aleutian Low regularly induces variability in the Kuroshio Extension net heat

flux and on extreme occurrences these fluctuations may extend on higher temporal
frequencies. Chapter 4 focused on the detection of the mechanism identified in 1 in
multiple realisations of the Large Ensemble of the Community Earth System Model
(CESM-LENS). The motivation was to identify the features in multiple simulations of a
large ensemble model taking into consideration just the internal variability of the system,
in order to rule out whether this happened “by chance”. The dynamical proxies of
numerous AL extreme events have been estimated for the multiple ensemble members of
the model in order to define the recurrence and persistence of the events in each case.
The wavelet coherence identified the association between the AL SLP and Kuroshio
Extension net heat flux and provided information about the timing and the phase
relationship of the two fields. The majority (80%) of the detected AL extreme events
produced increased variability in the Kuroshio Extension net heat flux at high frequencies.
It is thus suggested that an extreme atmospheric event, specifically a deepened AL,
effectively induces net heat flux fluctuations in the Kuroshio Extension. The approach
used may be useful for future monitoring of the North Pacific, but can also be applied on
regional and global scales for the detection and identification of the large-scale
interactions between oceanic and atmospheric systems. An additional outcome of
Chapter 4 is the validation of the CESM-LENS regarding the representation of the largescale atmospheric and oceanic patterns and their subsequent relationship. Thus it was
possible to use the CESM-LENS for the assessment of future atmospheric extremes and
their oceanic coupling. However, the results also revealed that an extreme AL does not
necessarily imply high variability in the Kuroshio Extension net heat flux. This indicates
that the dynamics of the North Pacific may involve more complex processes than a twoway relationship and that uncertainties may arise from the combination of statistical
analyses and the use of a multiple ensemble model.
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3.

The Aleutian Low extreme events evolve stronger, more frequent and more

persistent in the future RCP8.5 simulations compared to historical runs. This increases
the subsequent variability induced in the Kuroshio Extension net heat flux resulting in
the temporal extension of the linking ocean-atmosphere mechanism. Exploring in future
simulations relationships identified in past observational data and historical modelled
outputs may currently assist in better decision making for the benefit of our climate.
Chapter 5 findings highlight the climate change effect on the frequency and persistence of
extreme AL events and the associated increased variability in the Kuroshio Extension net
heat flux. A combination of dynamical proxies and wavelet coherence analysis was
applied to historical runs and future RCP8.5 scenario simulations of the CESM-LENS. An
intensification of the AL intensity was noted, suggesting the general deepening of the
formation in the future. A decrease of the system dimension was also detected by the
dynamical proxies, inferring that the most dominant North Pacific atmospheric patterns
(i.e. the wintertime Aleutian Low and summertime North Pacific High) will recur more
frequently in the future. A slight increase in the persistence of these patterns implies that
AL more frequent extreme events will also be longer-lasting. Overall, deepened, more
recurrent and persistent AL extreme events were revealed by this analysis. Furthermore,
the association between the AL SLP and the Kuroshio Extension net heat flux expands
temporally in higher frequencies. These results highlight the effect of a changing climate
on the North Pacific atmospheric and oceanic environment with wide impacts on the
climate and ecosystem of the surrounding region.

6.2

Wider implications

This thesis demonstrates the importance of understanding the underlying mechanisms of
abrupt past regime shifts which can be useful towards a predictability scheme for the
future climate. My work reveals the capability of perturbations in chaotic atmospheric
systems to trigger multi-level variations in the physical environment. This variability can
have subsequent significant effects on the biological and societal structures. Extreme
events in North Pacific atmospheric conditions may lead to abrupt physical changes that
can potentially manifest as marine ecosystem shifts. Here the late 1970’s regime shift has
been used as the primary example to illustrate this hypothesis. Similarly, through the use
of a large ensemble model, my work suggests that an analogous response of the system
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can be expected in the case of the occurrence of extreme SLP events in the North Pacific.
My thesis furthermore concludes that these extreme events will be more frequent and
persistent in the future RCP8.5 scenario projections. Thus it can be implied that there is
an increased chance of occurrence of conditions that may trigger and maintain abrupt
regime shifts. Major regime shifts, such as the North Pacific late 1970’s shift, are defined
by IPCC in AR5 as large-scale changes which persist over a period of a few decades (Collins
et al., 2013). Nevertheless, higher frequency variability in the physical system may
increase the levels of stress on the living organisms in the region (e.g. Chinook salmon;
Mantua et al., 2015). As previously suggested, ecosystem changes may be manifested in
local species abundance, community structure and biodiversity, phenology or species
ranges (Edwards & Richardson, 2003; Perry et al., 2005; Ramírez et al., 2017).
The winter North Pacific SLP feature, the Aleutian Low, is associated with weather
patterns, such as precipitation and temperature anomalies as well as storm occurrences
in North America and Asia. The AL is the main mid-latitude response to the ENSO
(Alexander et al., 2002; Di Lorenzo & Mantua, 2016). Although ENSO generally leads to a
strong AL, it has been proposed that a central Pacific El Niño pattern causes shifts in the
AL position towards the southwest resulting in alterations in the precipitation and
temperature patterns over the United States (Larkin & Harrison, 2005; Weng et al., 2009).
The actual position and strength of the AL can generate atmospheric circulation
anomalies resulting in storms affecting the United States coast (Yarnal & Diaz, 1986). In
addition, anomalous precipitation patterns can be caused regionally at the US coast due
to an intensification of the low pressure system (Seager et al., 2010). Kenyon & Hegerl
(2008) used the North Pacific Index (NPI), which best represents the AL state, to
characterise the temperature extremes over eastern Asia and North America. The
negative NPI that corresponds to a deepened AL was shown to increase the warm
extremes over North America and to have oposite effects on the eastern Asia air
temperature. Furthermore, the storm tracks associated with the AL affect indirectly the
temperature and formation of pack ice in the Bering Sea (Overland & Pease, 1982;
Rodionov et al., 2005). The multi-level effects that an extreme deepening or a shift in the
state of the AL may have on the weather patterns of the surrounding regions make the
understanding of its variability and the assessment of its predictability a crucial matter.
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The effects that an extreme event may have on the ecosystem and the environment may
also result in changes in socio-economical structures, such as the fisheries industry. As the
commercial fish stocks in the North Pacific are vital for the economies of the surrounding
countries, any abrupt changes in the environment could directly affect the communities
that benefit from the fisheries. For example, it has been recently suggested that increased
frequency of storms may add extensive stress to the global fish catch and potentially to
fishing communities (Sainsbury et al., 2018). The AL extremes directly affect the physical
conditions of the eastern North Pacific, which includes Alaska, the most profitable fishing
region of the United States (Alaska Seafood Marketing Institute, 2015). The AL also
indirectly affects the western part of the basin by inducing increased variability in the
Kuroshio Extension net heat flux, which plays a fundamental role in the productivity levels
and trophic interactions of the region. The western North Pacific is one of the most
productive areas globally due to the Kuroshio and Oyashio currents mixing, generating
thermal fronts and nutrient rich areas capable of sustaining high productivity. The annual
catch is more than 21 million tonnes of fish harvest representing 25% of the worldwide
fisheries catch annually (FAO, 2016). Therefore, there is a very high socio-economic risk
associated with changes in the North Pacific physical environment, which makes the
monitoring of this specific region a fundamental need.

6.3

Future development of our understanding

Scientific problems that may be addressed following this work are:
•

Specifying the exact atmospheric triggers that caused the extreme Aleutian Low
deepening in winter 1976-1977.

•

The North Pacific regime shift in the late 1970’s has been also linked to the
southward displacement of the Aleutian Low during winter 1976-1977 and
onwards. The mechanisms causing this movement remain still unknown, thus
research on them may reveal new insights on the major regime shift.

•

Parts of the mechanism linking the Aleutian Low SLP with the Kuroshio Extension
net heat flux are identified in this thesis. The identification of additional
parameters may assist in further understanding the North Pacific large-scale
ocean-atmosphere interactions.
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•

Studying towards the predictability of extreme Aleutian Low events using the
Dynamical Proxies, since they describe the attractor of the North Pacific SLP
patterns within the phase space. Using the instantaneous dimension and the
inverse persistence the future SLP time-steps may be forecasted.

Knowledge of climate variability and ocean-atmosphere interactions has dramatically
improved over the last few decades. Still, there are numerous possibilities for further
development of our understanding of these relationships, including both physical
mechanisms and technical aspects. The highest priority for future advancements in
understanding North Pacific air-sea interactions is the identification of the responses of
parameters other than the net heat flux (such as wind stress, SST and sea surface height)
by using a combination of state-of-the-art statistical and dynamical approaches, as the
dynamical proxies or the change-point analysis. The second priority is the detection of
causal relationships of the connected fields since the approaches used here incorporate
correlation patterns but do not imply causation. Furthermore, the use of multiple
simulations under different scenarios and forcings can allow the comparison of the
evolution of various climate and ecosystem patterns. Differences between natural,
historical and future scenario simulations can provide information regarding internal (e.g.
physical variability) and external (e.g. anthropogenic effects) factors and lead to rigorous
attribution and examination of the North Pacific environment. A well-rounded view of
cause-effect relationships of the North Pacific atmospheric and oceanic parameters will
assist in further understanding of the system and also advancing the predictability of such
mechanisms and their associated climatic response.
Atmospheric forcing is characterised by a stochastic nature and the response is usually
non-linear. Robust prediction of atmospheric features, extreme events and subsequent
weather patterns have proven challenging due to their chaotic behaviour (Lorenz, 1963;
Faranda et al., 2019). On a global scale the limit for accurate weather forecasting is up to
10 days ahead (WMO, 2015). A combination of new observed and modelled sources of
climate parameters, faster supercomputers and progress in weather science have
enhanced weather forecasting (WMO, 2015). Recent developments in advanced
computing and statistics (e.g. machine learning) is a way forward for improving climate
predictability and the understanding of non-linear relationships between individual
parameters and extreme events. The consistent improvement of understanding physical
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mechanisms as well as the use of these advanced statistical techniques in combination
with the vast amount of the data currently available will assist in a solid understanding
and longer forecasting of climate, weather and ecosystem variability. For example, more
sophisticated methods of machine learning can be used for the early forecasting of abrupt
physical changes that may lead to community shifts, as the prediction of ecosystem
response accountable for regime shifts is a challenge that classical statistical tools are
facing (e.g. Beaugrand et al., 2019). At the regional-scale level, statistical learning
algorithms have been used to predict ENSO and air temperature seasonal variability (e.g.
Mohan et al., 2015) as well as precipitation patterns in Europe and the Mediterranean
region (e.g. Totz et al., 2017). Empirical prediction schemes, such as cluster-based
techniques, can improve seasonal predictability since they consider both the amplitude of
the precursors as well as their geographical patterns (Totz et al., 2017). Similarly, the
prediction of extreme phases of atmospheric oscillations such as the PNA or the NPO
(including the dipole of Aleutian Low and North Pacific High pressure systems) and the
investigation of extreme weather patterns they may trigger (such as precipitation and
storm extremes in North America and Eurasia) may be possible using the statistical power
of the great amount of data already available. Efforts to robustly predict extreme events,
weather patterns and climate trajectories represent the next major challenge in moving
towards improved management and decision-making strategies.
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