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Abstract

The Madden—Julian Oscillation (MJO) is the leading mode of intraseasonal
variability in the tropics. Though it is a tropical phenomenon, the MJO also
excites a response in the extratropics, producing teleconnection patterns. These
teleconnections impact on the weather and climate of the extratropics,
providing a valuable source of predictability. ~Whilst MJO teleconnection
patterns are predictable, they can be modulated by external factors. The
extratropical response to the MJO is sensitive to changes in both MJO forcing
and the extratropical background circulation, which in turn can be modulated
by various modes of climatic variability. The question of if, and how, the
extratropical response to the MJO varies on decadal time scales is yet to be

answered.

Here the ability of coupled climate models to simulate MJO teleconnections is
assessed, before both reanalysis and model data are used to examine the decadal
variability of the extratropical response to the MJO. We find that climate
models can capture some of response to the MJO, but cannot represent all of
the processes underpinning MJO teleconnections. Evidence is then provided for
decadal scale variability of the extratropical response to the MJO over the past
50 years. Finally, a coupled climate model is used to show that both Atlantic
Multidecadal Variability (AMV) and the Pacific Decadal Oscillation (PDO) are

able to modulate MJO teleconnections on decadal time scales.
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All data used in this thesis is publicly available at the time of writing.

The following reanalysis data have been used:

ERA-interim reanalysis — Dee et al. (2011); European Centre for Medium-
Range Weather Forecasts (2011)

ERAD5 reanalysis — Hersbach et al. (2018, 2020)

NOAA OLR interpolated dataset — Liebmann and Smith (1996)

HadISST reanalysis — Met Office Hadley Centre (2022); Rayner et al. (2003)

CMAP reanalysis — Xie and Arkin (1997)

Some figures adapted from other sources also reference the TRMM precipitation

reanalysis (Tropical Rainfall Measuring Mission, 2011).

Climate models (Table 2.1) and climate indices (Appendix A) used are cited

within the text.
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Structure of this thesis

This thesis begins with a general introduction (Chapter 1), which gives an
overview of the subject and the literature to date. Here you will also find

motivation for this study, and the specific research questions to be answered.

The main results of this work are presented in Chapters 2-4. Each of these
chapters are designed to be self-contained, with its own introduction,
methodology and conclusions. There may, therefore, be some repetition of
material between chapter introductions/conclusions and the overall

introduction/conclusion. The hope, however, is that this will aid readability.

Finally, a summary and synthesis of the results presented in the three previous
chapters is given in Chapter 5. Here, the research questions presented in

Chapter 1 are answered and potential avenues for future work are identified.

Acronyms and abbreviations are used throughout for the purposes of readability.

A full glossary of acronyms can be found on page 23.

Endnotes are given at the end of each chapter and are marked in the text by

numbered superscripts, like this(!.
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1.1 The Madden—Julian Oscillation

The Madden—Julian Oscillation (MJO; Jiang et al., 2020; Lin, 2022; Madden
and Julian, 1971, 1972; Zhang, 2005; Zhang et al., 2020) is the leading mode of
intraseasonal variability in the tropics. Through its teleconnections, the MJO
modulates atmospheric variability around the world (Section 1.2; Cassou, 2008;
Lau and Waliser, 2012; Lin, 2022; Lin et al., 2009, 2010; Matthews et al., 2004;
Matthews and Meredith, 2004; Mori and Watanabe, 2008; Seo and Lee, 2017;
Stan et al., 2017; Tseng et al., 2020a,b), and it is therefore a key source of
predictability for numerical weather prediction and climate modelling (Kent et al.,

2022; Maloney et al., 2019b; Nardi et al., 2020).

The MJO is characterised by an eastward-propagating region of enhanced
anomalous convection (and corresponding region of suppressed anomalous
convection), which initiates off the east coast of Africa and dissipates in the
central Pacific (Figure 1.1). The period of the MJO varies between 30 and 60

days, giving a propagation speed of approximately 4-8ms™!.

A number of
theories exist around the exact mechanisms behind the formation, propagation
and dissipation of the MJO (Jiang et al., 2020, 2018; Lin, 2022), and this is still
very much an area of active research. The coupling of dynamics,

thermodynamics, and radiative effects make the MJO particularly challenging

to pick apart (Ciesielski et al., 2017).

Numerous reviews (e.g. Jiang et al., 2020; Lau and Waliser, 2012; Madden and
Julian, 1994; Yang et al., 2020; Zhang, 2005; Zhang et al., 2020) have attempted
to summarise the main theories of the MJO and the key processes that govern
its initiation, propagation and dissipation. A number of ingredients appear to be
essential, but there is still much debate about how exactly the MJO should be

defined and studied.

A number of theories categrise the MJO as a moisture mode (Neelin and Yu,

1994; Yu and Neelin, 1994) — that is, a mode of variability in which the
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Figure 1.1: Schematic depiction of the time and space (zonal plane)
variations of the MJO. The mean pressure disturbance is plotted at
the bottom of each chart with negative anomalies shaded. Regions
of enhanced large-scale convection are indicated schematically by the
cumulus and cumulonimbus clouds. The relative tropopause height is
indicated at the top of each chart. Adapted from Figure 16 of Madden
and Julian (1972).
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dynamics are dominated by the evolution of moisture. The details of this
evolution and its impacts on the growth and propagation of the MJO vary
between different models, however the importance of moisture-convection
feedbacks in the representation of precipitation makes the central role of
moisture in the MJO hard to dispute. The eastward propagation of this
moisture wave has been attributed to a Matsuno—Gill-like response (Gill, 1980;
Matsuno, 1966) to an equatorial heat source which is in weak temperature
gradient balance (Adames and Kim, 2016; Sobel and Maloney, 2012, 2013;
Sobel et al., 2001), or to wind-induced surface heat exchange (Fuchs and
Raymond, 2005, 2017). Both of these models provide an elegant explanation for

the MJO, but fail to capture much of its complexity.

Wave activity also appears to be essential to a complete description of the
MJO. Convectively coupled equatorial Kelvin waves are very closely linked to
the MJO (e.g. Baranowski et al., 2016), contributing to the MJO convective
envelope and playing a role in its initiation. Some theories also link the MJO
with the propagation of gravity waves (Yang and Ingersoll, 2013, 2014), and
there has even been a suggestion that the MJO can be modelled as a nonlinear
solitary Rossby wave in a dry framework (Rostami and Zeitlin, 2019; Yano and

Tribbia, 2017), removing the need for moisture coupling.

Whilst there is still no ‘holy grail’ theory which fully describes the MJO, it
seems that moisture availability, air-sea fluxes, wave activity (particularly Kelvin

waves), and deep convection all play a role.

In order to efficiently describe the state of the MJO at a given point in time,
it is common to refer to its phase and amplitude. Whilst many diagnostics and
indices are available for the MJO (Waliser et al., 2009), the realtime-multivariate
MJO (RMM) index! of Wheeler and Hendon (2004) is the most commonly used.
The RMM index assigns to the MJO, at each time, a phase and amplitude,
which signify the longitudinal position and magnitude of the convective anomalies

respectively. MJO phases are given as an integer between 1 and 8, with phases 2—
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Figure 1.2: Evolution of composite rainfall anomalies (mmday~!) during
boreal winter season from November to March for MJO (a—h) Phases 1-8
as defined by Wheeler and Hendon (2004). The rainfall data are based on
TRMM from 1998 to 2016. Before used in the composite analysis, daily
rainfall anomalies are derived by removing the climatological annual cycle
and then applying a 20- to 100-day band-pass filtering. Adapted from
Figure 1 of Jiang et al. (2020).
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3 corresponding to enhanced convection over the Indian Ocean (I0), phases 4-5
corresponding to enhanced convection over the Maritime Continent (MC), phases
67 corresponding to enhanced convection over the western Pacific, and phases
8-1 corresponding to enhanced convection over the central Pacific and western
IO (Figure 1.2). The amplitude is scaled so that the MJO may be considered

‘active’ when its amplitude is greater than one.

The MJO varies on a range of timescales and due to a range of factors,
displaying considerable diversity (e.g. Wei et al., 2023). Coupled
atmosphere—ocean interactions are a key modulator of the MJO (DeMott et al.,
2015), regulating MJO strength (Krishnamurti et al., 1988), propagation (Zhou
and Murtugudde, 2020) and initiation (Webber et al., 2010, 2012). The MJO is
also modulated by other modes of variability (e.g. Dasgupta et al., 2020; Fu
et al., 2022, 2020; Henderson and Maloney, 2018; Marshall et al., 2017; Martin
et al., 2021a,b, 2020, 2019; Nishimoto and Yoden, 2017; Pohl and Matthews,
2007; Son et al., 2017; Suematsu and Miura, 2018; Wei and Ren, 2019; Yoo and

Son, 2016), details of which are given in Section 1.4.

The ability of climate models to capture MJO related variability has improved
over recent decades (e.g. Ahn et al., 2020, 2017; Fiedler et al., 2020; Hung et al.,
2013; Jiang et al., 2015; Kim et al., 2009; Lin et al., 2006; Slingo et al., 1996).
A key challenge for climate models is the so-called barrier effect, where MJO
propagation tends to stall, slow, or divert over the MC. Whilst the barrier effect
appears in observations (Zhou et al., 2023), it is exaggerated in models (Ahn

et al., 2020).

Whilst the MJO is, at its core, a tropical system, it also triggers an extratropical
response (e.g. Cassou, 2008; Matthews et al., 2004). The predictability obtained
through investigation of the MJO and its teleconnections (Kent et al., 2022)
motivates the present study. Whilst the MJO is the focus of the following work,
a number of other modes of variability are also of import, due to their interactions

with the MJO. These will be introduced in Sections 1.3-1.4.
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1.2 MJO teleconnection patterns

1.2.1 Tropospheric teleconnection pathway

The primary mechanism by which MJO-induced variability is transferred to the
extratropics is through the propagation of extratropical Rossby waves!2! (Barnes
et al., 2019; L’Heureux and Higgins, 2008; Matthews et al., 2004; Pedlosky,
2003; Rossby et al., 1938). Extratropical Rossby waves are planetary-scale,
quasi-stationary wavetrains which extend across the mid-latitudes, interacting
with synoptic-scale weather systems. The propagation, and subsequent breaking
(Franzke et al., 2004; Michel and Riviere, 2011; Swenson and Straus, 2017;
Woollings et al., 2008), of these Rossby waves in the extratropics leads to
changes in blocking (e.g. Henderson et al., 2016), jet dynamics (e.g. Bao and
Hartmann, 2014; Kang and Tziperman, 2018), storm tracks (Guo et al., 2017),
and weather regimes (e.g. Cassou, 2008; Lin et al., 2009, 2010; Mori and
Watanabe, 2008; Riddle et al., 2013; Seo and Lee, 2017), which may be

interpreted as teleconnection patterns.

Rossby waves are initiated in the presence of a Rossby Wave Source (RWS;

Sardeshmukh and Hoskins, 1988). The RWS is defined as

RWS = -V - (vy() = —vy - V(= (V - vy, (1.1)

where v, is the divergent component of the horizontal wind, and ¢ is the absolute
vorticity. The first term on the right hand side of Equation 1.1 is the advection
of absolute vorticity by the divergent wind. By the conservation of potential
vorticity, a meridional displacement of an air parcel produces an anomaly in
relative vorticity. This vorticity anomaly induces a circulation, which results in
meridional displacement of nearby air parcels and the formation of a wave (Vallis,
2006). The second term is the stretching of absolute vorticity by the divergence

of the wind.
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Figure 1.3: Composites of Outgoing Longwave Radiation (OLR)
anomaly and jet position for MJO phases 4 and 8. Adapted from
NOAA  Climate.gov  animation  (https://www.climate.gov/news-
features/blogs/enso/catch-wave-how-waves-mjo-and-enso-impact-us-
rainfall).

Enhanced anomalous convection associated with the MJO leads to upper
tropospheric divergence, one component of which is an anomalous meridional
displacement. By the aforementioned vorticity advection mechanism, the
resultant RWS initiates Rossby waves, which propagate northward and
eastward across the midlatitudes (Kim et al., 2006; Matthews and Kiladis,
1999a; Seo and Son, 2012). The propagation of these waves is governed by the

background state through which they move (Lin and Brunet, 2018).
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The stationary Rossby wavenumber is defined as
B~y ?
K= (T (1.2
U

where @ is the time-mean zonal wind, § is the meridional gradient of planetary
vorticity, and Ty, is the meridional gradient of time-mean relative vorticity (with
the meridional wind component neglected). K, can be considered an analogue
for a refractive index for Rossby waves, such that the waves will tend to follow
local maxima in K (Dawson et al., 2011; Hoskins and Ambrizzi, 1993; Hoskins
and Karoly, 1981; Karoly, 1983). The physical implication of this is that Rossby
waves will generally follow the mid-latitude jets (where —1,, is large; Matthews

and Kiladis, 1999a).

Since the mid-latitude jets act as approximate waveguides for Rossby waves, they
are a key controller of MJO teleconnections. The position and strength of the jets
are sensitive to changes in SSTs (Woollings et al., 2010b), providing a mechanism
for the modulation of MJO teleconnections by SST variability. Changes in the
meridional SST gradient act to strengthen or weaken the jet, leading to zonal
shifts in the jet position. If the SST gradient is weakened, then so too is the
zonal pressure gradient, allowing the jet to meander. The MJO itself leads to
changes in the jets, through the interaction between the jet and Rossby waves,
which is in part what leads to the teleconnections we observe. When the MJO is
in phases 6-1 (i.e. enhanced convection is over the Pacific), the Asia—Pacific jet
extends eastward, whilst in phases 2-5 (i.e. enhanced convection is over the IO
and MC) the jet is contracted (Figure 1.3; Matthews and Kiladis, 1999a; Molinari
and Vollaro, 2012). Similarly, lower-frequency modes of variability such as the
El Nino—Southern Oscillation, Atlantic Multidecadal Variability and the Pacific
Decadal Oscillation (Section 1.3) can also modulate the jets (e.g. Woollings et al.,
2010b), and so alter the basic state through which MJO induced Rossby waves

propagate.
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1.2.2 Stratospheric teleconnection pathway

A secondary teleconnection mechanism from the MJO to the North Atlantic (NA)
appears via the Stratospheric Polar Vortex (SPV; Barnes et al., 2019; Green and
Furtado, 2019). The SPV is a seasonal phenomenon, in which a cyclonic vortex
forms in the stratosphere above the winter pole (Figure 1.4; Butchart, 2022;
Mitchell et al., 2021; Palmer, 1959; Waugh and Polvani, 2010). Variations in the
strength and /or structure of the SPV can have sizeable effects on the troposphere
(e.g. Baldwin et al., 2001). In some instances, the vortex destabilises to the point
of breaking down entirely, leading to a sudden stratospheric warming (SSW;
Baldwin et al., 2021; Charlton and Polvani, 2007). As a result of large-scale
descent, temperatures in the polar stratosphere increase rapidly during an SSW,

sometimes by up to 50 K.

During MJO phase 6, the standing Rossby wave response discussed above forms
an anomalous low pressure centre over the North Pacific (NP), deepening the
Aleutian Low (AL). The enhancement of the AL allows for increased planetary
wave activity (Garfinkel et al., 2014), including in the vertical direction. Vertically
propagating planetary waves break in the stratosphere, destabilising the SPV,
and thus causing it to decelerate (Garfinkel et al., 2014, 2012; Jiang et al., 2017).
As the SPV decelerates, the meridional pressure gradient is weakened, favouring
the negative phase of the Northern Annular Mode (NAM). This negative shift
in the NAM is then propagated downwards to the troposphere (Baldwin and
Dunkerton, 1999, 2001; Baldwin et al., 2001; Woollings et al., 2010a), pushing

the North Atlantic Oscillation (NAO) towards its negative phase.

This weakening of the SPV, as a result of MJO phase 6, also significantly
increases the chances of SSW occurrence (Garfinkel and Schwartz, 2017; Kang
and Tziperman, 2017, 2018; Liu et al., 2014; Schwartz and Garfinkel, 2017,
2020), which further increases the likelihood of a negative NAM (and hence

NAO; Afargan-Gerstman et al., 2022; Furtado et al., 2021; White et al., 2021).
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Figure 1.4: (a) Latitude-height variation of climatological mean zonal
mean zonal winds for (left) SH in July and (right) NH in January. (b)
Latitude-month variation of climatological mean zonal mean zonal winds
at 10hPa. Adapted from Figure 1 of Waugh and Polvani (2010).
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Figure 1.5: The boreal winter NAO in relation to the Icelandic Low,
Azores High and Subpolar Jet stream. From Rafferty (2019).

These teleconnections from the MJO to the NA via the stratosphere tend to
coincide with those produced via the tropospheric pathway, albeit at a slightly
longer lag time (around 10-20 days for the stratospheric pathway, compared with

5-15 days for the tropospheric pathway).

1.2.3 The North Atlantic Oscillation

The North Atlantic Oscillation (NAO; Barnston and Livezey, 1987; Hurrell et al.,
2003 a; Lorenz, 1951; Stephenson et al., 2003; Walker, 1924; Wallace and Gutzler,
1981) is the leading mode of subseasonal variability in the NA (Hurrell et al.,
2003b; Vautard, 1990) and is central to many climatic processes and impacts
throughout the Northern Hemisphere (NH; Hurrell, 1996). Many studies have
used the NAO as an indicator of the extratropical response to certain MJO phases

(e.g. Cassou, 2008).

The NAO is characterised by a quasi-periodic oscillation in anomalous

atmospheric pressure between Iceland and the Azores (Jones et al., 2003;
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Walker, 1924; Walker and Bliss, 1932). This corresponds to an oscillation in the
strength the climatological Icelandic Low and Azores High, which is directly
related to the dynamics of the sub-polar jet (Figure 1.5; Branstator, 2002;
Parker et al., 2019; Rafferty, 2019; Visbeck et al., 2001; Woollings et al., 2010b).
This variability occurs over a range of time scales (Cook et al., 1998; Hurrell
and van Loon, 1997; Rogers, 1984), however sub-seasonal variability is of

greatest interest to this study.

When the Icelandic Low and Azores High are strengthened (weakened) — that is,
when anomalous low (high) pressure is centred over Iceland and anomalous high
(low) pressure is centred over the Azores — the NAO is said to be in its positive
(negative) phase (NAO+ and NAO—, respectively; Rafferty, 2019). NAO~+ leads
to a strengthening and poleward shift in the North Atlantic jet, whilst NAO— is
associated with a equatorward shift in the jet (Luo and Cha, 2012; Luo et al.,
2007; Woollings and Blackburn, 2012; Woollings et al., 2010b).

There is a particular interest in the study of the NAO due to its impacts on the
weather of North America and Europe (Bliss, 1926; Osborn, 2011). The state
of the NAO also has implications for weather forecasting (e.g. Neal et al., 2016),
ecology (e.g. Drinkwater et al., 2003; Fromentin and Planque, 1996; Mysterud
et al., 2003; Ottersen et al., 2001; Straile et al., 2003), and the economy (e.g.
Cherry et al., 2005; Zanardo et al., 2019).

Models and forecasts struggle to fully capture NAO variability (Bracegirdle et al.,
2018; Robson et al., 2020; Scaife et al., 2014), meaning that expensive large
ensembles are needed to obtain useful predictions (Athanasiadis et al., 2020;
Dunstone et al., 2016; Smith et al., 2020). Hence, there is a motivation to study
potential sources of NAO predictability, such as the MJO (Kent et al., 2022;

Klavans et al., 2021).

Cassou (2008) shows that the NAO is sensitive to MJO forcing at a lag of
approximately 10-15 days. In particular, the probability of observing NAO+

increases significantly around 10 days after MJO phase 3 (Figure 1.6).
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Figure 1.6: Table of contingency between the MJO phases (rows) and
the NA weather regimes (columns). For each MJO phase, the anomalous
percentage occurrence of a given regime is plotted as a function of lag
in days (with regimes lagging MJO phases). The 0% value means that
the MJO phase is not discriminative for the regime whose occurrence is
climatological. A 100% value would mean that this regime occurs twice
as frequently as its climatological mean; -100% means no occurrence of
this regime. The presence of a slope as a function of lag is suggestive of
the MJO forcing. For white bars, either the change in the distribution
between the four regimes is not significant on the basis of x? statistics
at the 99% significance level, or the individual anomalous frequency of
occurrence is lower than the minimum significant threshold tested at 95%
using a Gaussian distribution (approximation for binomial distribution
because of the sufficiently large sampling). For orange and green bars, the
regimes occur significantly more or, respectively, less frequently than their
climatological occurrences. Adapted from Figure 3 of Cassou (2008).

Conversely, the probability of observing NAO— increases significantly around 15

days after MJO phase 6. This is the canonical NAO response to the MJO, and

will, hereafter, be referred to as such.
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1.2.4 The Northern Annular Mode

The Northern Annular Mode (NAM[3]; Black and McDaniel, 2004; Thompson
and Wallace, 1998, 2000; Thompson et al., 2000) is an oscillation in the NH
which is closely related to the NAO. Some sources treat the two oscillations as
one phenomenon (e.g. Thompson et al., 2003; Thompson and Wallace, 2001),
however the two modes have been shown to be distinguishable (Ambaum et al.,

2001; Feldstein and Franzke, 2006).

The NAM is characterised by a (approximately) zonally symmetric see-saw in
atmospheric mass between the mid- and high-latitudes in the NH, which is also
correlated with the strength of the jet. In the troposphere, this variability is
strongest in the NA, leading to the similarity with the NAO. The NAM does,

however, give a signal in other regions (Wallace and Thompson, 2002).

Whilst the NAO is usually considered a tropospheric phenomenon, the NAM
has a stratospheric component which is coupled to the tropospheric variability
(Omrani et al., 2022). The NAM in the stratosphere regulates the stratospheric
polar vortex, and the NAM index is often used as an analogue for polar vortex

strength.

Like the NAO, the NAM impacts on weather and climate across the NH (de Beurs
and Henebry, 2008; McAfee and Russell, 2008; Thompson and Wallace, 2001),
and is itself modulated by the MJO (Zhou and Miller, 2005). The NAM also
varies on decadal time scales (Butler et al., 2023; Schurer et al., 2023), so this

could be a potential source of decadal variability in MJO teleconnections.

1.2.5 Pacific—North American Pattern

The Pacific-North American pattern(? (PNA; Barnston and Livezey, 1987;
Wallace and Gutzler, 1981) is a mode of pressure variability with centres over

the NP (more specifically, the Aleutian Low) and continental North America.
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The pattern is usually described by a ‘chequerboard’ pattern of four pressure
centres located over the eastern NP, central Canada, Hawaiil’ and Florida

(Figure 1.7a).

The positive phase of the PNA (PNA+) is defined by anomalous high pressure
over Canada and Hawaii with anomalous low pressure over the NP (ie. a
deepening of the AL) and the US Gulf Coast. This also corresponds to a
strengthening of the East Asian Jet and an eastward shift in its exit. The

negative (PNA—) phase is an approximate mirror of this pattern.

Just as the NAO plays a major role in the weather of the UK, the PNA is key
to the weather in the USA and Canada. In PNA+, we observe warmer
conditions in Alaska, Canada and the northwestern USA alongside cooler
conditions in southeastern USA, the east coast of the USA and Central America
(Figure 1.7b). Wetter conditions are found in the Gulf of Mexico and southern
coast of Alaska with dry conditions over the Rocky Mountains, Great Lakes and
Tennessee Valley (Figure 1.7c). PNA— is associated with a reversal of these

states.

The PNA and NAO are linked, with the AL and Icelandic Low anomalies tending
to be of opposite sign (Honda et al., 2001). Hence, MJO teleconnections are able
to reach the NA via the PNA.

MJO phases 2 and 3 favour PNA—, whilst phases 6 and 7 tend to precede PNA+
(Mori and Watanabe, 2008; Seo and Lee, 2017; Stan et al., 2017; Tseng et al.,
2020a,b).

1.2.6 The Southern Hemisphere

The MJO is known to produce teleconnections in the Southern Hemisphere (SH),
impacting on both SH weather regimes (e.g. Grimm, 2019; Matthews et al., 2004;

Matthews and Meredith, 2004) and Antarctic sea ice (Lee and Seo, 2019).
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Figure 1.7: (a) 500-hPa geopotential height (Z500), (b) surface
temperature, and (c) precipitation anomalies over North America,
regressed onto the PNA index. Images adapted from L’Heureux (2021).
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Whilst these teleconnections are of great importance to SH weather prediction,
this thesis will focus on the NH teleconnections from the MJO, which tend to be

greater in magnitude and impact.

1.3 Low-frequency modes of climatic variability

The extratropical response to the MJO is dependent on the basic state. Hence,
low-frequency changes in the basic state will likely change the extratropical
response to the MJO. We introduce three key modes of climatic variability

below, so that we may assess their impact on MJO teleconnections.

1.3.1 The El Nino—Southern Oscillation

The El Nino-Southern Oscillation (ENSO; Allan et al., 1996; Neelin et al., 1998;
Philander, 1989, 1983; Trenberth, 1997; Wang et al., 2017) is the leading mode
of climatic variability on interannual time scales. ENSO is quasi-periodic, with
cycles lasting between 2 and 10 years (Figure 1.8). The peak in spectral activity,
though, falls between periods of 3 and 7 years (Christensen et al., 2017; Deser

and Trenberth, 2016; Rasmusson and Carpenter, 1982; Siqueira et al., 2019).

ENSO is an oscillation in eastern and central Pacific sea surface temperature
(SST) anomalies (Figure 1.9). The warm phase, El Nino, is characterised by
a ‘warm tongue’ which stretches from the Peruvian coast across the equatorial
Pacific. This warm tongue is flanked by colder SST anomalies in the north, south
and west Pacific. The cold phase, La Nifia, on the other hand, is characterised
by cold SST anomalies in the central and eastern equatorial pacific. Notably, the
La Nina SST pattern is not simply the reciprocal of the El Nino SST pattern,
instead showing a weaker response in the eastern Pacific, but a stronger response

in the central Pacific (Sarachik and Cane, 2010).

ENSO modulates the SST variability in the IO, particularly via the Indian Ocean
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Figure 1.8: Power spectra of the normalised ENSO and PDO indices
(Appendix A), based on the HadISST dataset for the period 1870-2014.
Adapted from Figure 2 of Deser and Trenberth (2016).

Dipole (I0D; Wang and Wang, 2014; Yu and Lau, 2005). The IOD is an aperiodic
meridional oscillation in SST anomalies across the 10, and is the primary mode
of variability in the IO (Saji et al., 1999). The IOD itself also impacts on the
MJO (e.g. Ajayamohan et al., 2009; Wilson et al., 2013), providing an indirect
link between ENSO and the MJO. The importance of ENSO in regulating the
IOD is up for debate (Leupold et al., 2021; Wang et al., 2016), however there is

certainly a connection between the two modes.

There is a direct link between ENSO SST variability and the Walker circulation
(Bjerknes, 1969; Julian and Chervin, 1978; Walker, 1923). El Nino events are
associated with a weakened Walker circulation, due to the weakening of the east—
west SST gradient. La Nina, however, sees a strengthening of this gradient and

hence of the Walker circulation.

ENSO-driven changes in the Walker circulation, and of the associated
precipitation patterns, lead to global teleconnection patterns (e.g. Diaz et al.,
2001). These changes also modulate the MJO and its teleconnection patterns

(Subsection 1.4.2; Arcodia et al., 2020; Hendon et al., 1999; Lee et al., 2019; Ma
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Figure 1.9: Composite tropical Pacific SST anomalies displaying the
typical patterns associated with the anomalous peak warming for strong
(> 1.5) El Nino (a) and La Nina (b); Coloured areas denote regions
significant at the 95% level and contours show pressure departures in
hPa. Coloured stars show the approximate location of Darwin (red) and
Tahiti (blue) from which pressure differences are used to calculate the
Southern Oscillation Index. Box in (b) shows the region (NINO3.4) where
the largest SST variability occurs on ENSO timescales, typically used for
ENSO monitoring. Asymmetry between the location of the maximum
anomaly with El Nino peaking farther east and La Nina peaking more
toward central Pacific is also noted. Adapted from Figure 1 of Siqueira
et al. (2019).

et al., 2020; Moon et al., 2011; Tseng et al., 2020a).

1.3.2 Atlantic Multidecadal Variability

The leading mode of decadal and interdecadal variability globally is Atlantic
Multidecadal Variability!®! (AMV; Bjerknes, 1964; Grossmann and Klotzbach,
2009; Kavvada et al., 2013; Kerr, 2000; Kushnir, 1994; Lin and Qian, 2022;
Trenberth and Shea, 2006; Xie and Tanimoto, 1998). AMV describes an

oscillation in North Atlantic SST anomalies over long time scales. The period of
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Figure 1.10: Observed SST anomalies projected onto the AMV index
(Appendix A), based on HadISST data. Adapted from Figure 11 of
Deser et al. (2010).

AMV is on the order of 65-80 years (Enfield et al., 2001), however it is

quasi-periodic in nature (Knight et al., 2005).

When AMV is in its positive (or warm) phase (AMV+), North Atlantic SSTs are
anomalously warm when compared with the global average (Figure 1.10), whilst

in the negative (or cold) phase (AMV—) the reverse is true (Lin and Qian, 2022).

AMYV is a driver of the global climate system (Qasmi et al., 2020; Sutton and
Hodson, 2005) and regional weather (Ummenhofer et al., 2017) on multidecadal
time scales. For example, during AMV+ (AMV—), the NAO (Subsection 1.2.3)
tends to favour its negative (positive) phase (Elsbury et al., 2019; Msadek et al.,
2011). AMV is also able to modulate ENSO and its teleconnections (Geng et al.,

2020, 2017; Ruprich-Robert et al., 2021; Zhao et al., 2022).

1.3.3 The Pacific Decadal Oscillation

The second largest mode of global SST variability on decadal time scales is the
Pacific Decadal Oscillation!” (PDO; Mantua and Hare, 2002; Mantua et al.,

1997; Newman et al., 2016). The PDO has a similar spatial SST pattern to
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Figure 1.11: Observed SST anomalies projected onto the PDO index
(Appendix A), based on HadISST data. Adapted from Figure 10 of
Deser et al. (2010).

ENSO, but with greater emphasis on the NP rather than the equatorial Pacific
(Figure 1.11). The positive phase (PDO+) is characterised by colder than
average SSTs in the western and central NP, with warmer SSTs in the eastern
NP and equatorial Pacific (similar to La Nina). The reverse is true of the
negative phase (PDO—). The PDO also has a much longer time period than

ENSO (Figure 1.8) at approximately 50 years.

During PDO+, the colder SSTs in the NP tend to deepen the Aleutian Low (AL).
This in turn produces an atmospheric response similar to the positive phase of
the PNA (Taguchi et al., 2012). The PDO is strongly coupled to the atmosphere,

though, so care should be taken when discussing the atmospheric response to the

PDO.

Since the two modes are so similar in their SST patterns, it is no surprise that
the PDO can act as a driver of ENSO. Interestingly, though, the teleconnections
produced by Pacific SST variability changes depending on the time scale of the
variability (Seabrook et al., 2023). There are also links between the PDO and

AMV, with AMYV driving low-frequency Pacific variability with an approximately
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12 year lag (Wu et al., 2011; Zhang and Delworth, 2007)

1.4 Known modulators of the MJO and its

teleconnections

1.4.1 Effects of MJO diversity on teleconnections

Any given MJO event may be described by through a number of different
characteristics. Differences in the intensity, propagation speed, periodicity, and
various other properties will affect the resultant teleconnection patterns (Chen,
2021; Goss and Feldstein, 2018; Song and Wu, 2020a; Yadav and Straus, 2017;
Yadav et al., 2019; Zheng and Chang, 2019).

Yadav and Straus (2017) show that the extratropical response to the MJO is
sensitive to its propagation speed. The canonical NAO response to the MJO
(that is, NAO+ following MJO phase 3 and NAO— following MJO phase 6, as
described by Cassou (2008) and discussed in Subsection 1.2.3) is dominated by
slowly propagating MJO episodes!®l. The NAO+ response also appears to peak
later (around 15 days after MJO phase 4) during slowly propagating MJO events

than is observed in overall composites.

The intensity of MJO events is also crucial to the teleconnection produced. Song
and Wu (2020a) provide evidence of a bimodal distribution in MJO-related OLR
anomalies in the I0. Compositing over weak and strong MJO events, they find
that stronger MJO events produce a Rossby wave train after MJO phases 2 and
3, which is consistent with the canonical response. The response to weak MJO

events, however, is not significant.
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1.4.2 Modulation by ENSO

ENSO impacts both on the MJO itself (Pohl and Matthews, 2007), and on its
teleconnections (Fernandes and Grimm, 2023; Hood et al., 2020) through

alterations in the basic state (Arcodia and Kirtman, 2023).

MJO-related convective anomalies in the Pacific tend to extend further east
during El Nino (Hendon et al., 2007, 1999; Kessler, 2001). This relationship,
though, seems to be dependent on the spatial structure of the SST pattern
associated with a given ENSO event (Chen et al., 2016; Hsu et al., 2018; Hsu

and Xiao, 2017; Wang et al., 2018).

During El Nino, the canonical NAO+ response to MJO phase 3, via the
tropospheric teleconnection pathway, is enhanced through increased Rossby
wave activity (Figure 1.12, upper-left panel; Lee et al., 2019; Moon et al., 2011).
Conversely, La Nina tends to enhance the NAO— to MJO phase 6
teleconnection via the stratosphere through deepening of the AL (Figure 1.12,

bottom-right panel; Ineson and Scaife, 2009; Lee et al., 2019; Ma et al., 2020).

The effect of ENSO on the Pacific region response to the MJO is more nuanced,
with the shift in convective anomalies altering the locations of the circulation
anomaly centres.  Henderson and Maloney (2018) show that whilst the
amplitude of the Rossby wave response to MJO phase 7 is increased during La
Nina, producing the enhanced NAO— response discussed above, the path of the
teleconnection is altered, leading to destructive interference in the blocking
patterns across the Pacific. This work, along with Takahashi et al. (2011),
demonstrates the need to consider the alteration of the teleconnection as a
whole, rather than focussing just on the impact of the change on a single
weather pattern. It is also important to note that whilst ENSO is responsible
for changes in MJO teleconnections in the time-averaged sense, it also has an
effect on the event-to-event consistency of the teleconnection patterns (Tseng

et al., 20200)
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Figure 1.12: Schematic of ENSO modulation of subseasonal
teleconnections from the MJO to the NA and Europe. El Nifio (upper
panels; red) and La Nina (lower panels; blue) states are illustrated
following MJO phases 3 (left panels) and 7 (right panels). AWB and
CWB refer to anticyclonic wave breaking, and cyclonic wave breaking,
respectively. The anomalous convection signals (solid: enhanced; dashed:

suppressed) comprise the MJO, in the given phases, as modified by the
large-scale ENSO circulation. Adapted from Figure 4 of Lee et al. (2019).

As well as the aforementioned changes in the zonal extent of the MJO convective
anomalies, the propagation speed of the MJO is modulated by ENSO (Henderson
and Maloney, 2018; Pohl and Matthews, 2007; Suematsu and Miura, 2018; Wei
and Ren, 2019). As discussed in Subsection 1.4.1, changes in MJO propagation
speed can directly influence the extratropical response to the MJO. Whilst we
have separated various modulators of MJO teleconnections here for clarity and
ease of understanding, it is important to remember that they are all, in fact,

linked and occuring simultaneously.

Although most analyses (including that presented in this thesis) consider
modulation of MJO teleconnections as a whole, Arcodia and Kirtman (2023)
consider the modulation of the basic state and of the MJO forcing by ENSO as
separate phenomena. Using a pair of idealised models, the ENSO conditioned
MJO forcing and extratropical mean state are applied independently, so that
the effects of ENSO on each stage of the teleconnection mechanism can be
assessed. The teleconnection patterns obtained under ENSO conditioning are
different depending on the type of modulation applied. These results further

strengthen the argument for considering the modulation of MJO teleconnections
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Figure 1.13: Time-height section of the monthly-mean zonal wind
component (ms~!), with the seasonal cycle removed, for 1964-1990.
Below 31km, equatorial radiosonde data are used from Canton Island
(2.88°N, January 1964 to August 1967), Gan/Maledive Islands (0.78°S,
September 1967 to December 1975), and Singapore (1.48°N, January
1976 to February 1990). Above 31km, rocketsonde data from Kwajalein
(8.78°N) and Ascension Island (8.08 °S) are shown. The contour interval
is 6ms™!, with the band between 23 and 13 unshaded. Red represents
positive (westerly) winds. Adapted from Plate 1 of Baldwin et al. (2001).

as a superposition of modulations to both the tropical forcing, and the

extratropical teleconnection pathway, rather than as a single process.

It is also worth noting that whilst the effect of ENSO on MJO teleconnections is
considered here, there is also evidence of a reciprocal relationship, whereby the

MJO can modulate ENSO teleconnections (Hoell et al., 2014).

1.4.3 Modulation by the QBO

The Quasi-Biennial Oscillation (QBO; Baldwin et al., 2001; Lindzen and
Holton, 1968; Reed, 1964; Wallace, 1967) is the dominant mode of variability in
the tropical stratosphere. It is characterised by an oscillation in anomalous
zonal mean winds which propagates downwards and which has a period of

approximately two years (Figure 1.13).

The QBO is closely coupled to atmospheric wave activity, with the QBO both
being driven by and modulating Rossby wavel® activity (Andrews et al., 1987;
Koval et al., 2022; Yang et al., 2011). It also modulates the sub-polar jets (e.g.
Niwano and Takahashi, 1998) and the SPV (e.g. Anstey and Shepherd, 2014;
Baldwin and Dunkerton, 1998; Holton and Tan, 1980, 1982; Thompson et al.,

2002), both of which are key to MJO teleconnections.
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Figure 1.14: Composited NAO indices of the third pentad (11-15
days) for MJO phases 3 and 7 of the EQBO and the WQBO events of
observational data and ten S2SM1% simulations. Asterisks indicate those
passing the 95% confidence level. The open circles and diamonds are the
composited NAO index of individual ensemble members. Adapted from
Figure 5 of Feng and Lin (2021).

The QBO alters the MJO directly, with the MJO strengthening (weakening)
during the easterly (westerly) phase of the QBO (EQBO and WQBO,
respectively; Butler et al., 2019; Klotzbach et al., 2019; Marshall et al., 2017;
Martin et al., 2021a,b, 2020, 2019; Nishimoto and Yoden, 2017; Son et al., 2017;
Yoo and Son, 2016). It appears, though, that this strengthening is in fact
caused by an increase in the number of active MJO days (due to a weakened
maritime continent barrier effect and increased MJO initiation over the I10O)

rather than an increase in the amplitude of individual MJO events (Zhang and

Zhang, 2018).

Evidence of QBO modulation of MJO teleconnections is provided by Toms et al.
(2020), however it is not clear whether this modulation is the result of changes
to the tropical MJO forcing, the extratropical mean state, or both. Interestingly,
although the MJO is strengthened during EQBO, the NAO response to the MJO
is stronger during WQBO (Figure 1.14; Feng and Lin, 2019, 2021). This is due
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to the strengthening of the Asia-Pacific jet during the westerly phase.

This result is consistent with Song and Wu (202056), who suggest that the QBO
may also be modulating the stratospheric teleconnection pathway between MJO
phase 6/7 and NAO—[I'U.  In the Southern Hemisphere (SH) a similar
intensification of the extratropical wave train initiated by the MJO is seen
during WQBO, however MJO related precipitation anomalies are also
intensified in the South Atlantic Convergence Zone (SACZ) during EQBO (Sena

et al., 2022).

1.4.4 Modulation on decadal time scales

Fu et al. (2022) show that AMV can alter the location and amplitude of MJO
convection. AMV— tends to increase the magnitude of MJO related anomalies,

while convective anomalies over the Pacific extend further east during AMV+.

Meanwhile, the PDO influences the distribution of MJO phases, and the location
of peak MJO amplitude (Dasgupta et al., 2020), which could in turn affect MJO

teleconnection patterns.

Conversely, multiple studies (Suhas and Goswami, 2010; Wang et al., 2021) find
evidence of multidecadal variability in the MJO, but state that this variability

cannot be attributed to either AMV or PDO modulation.

Whilst there is some evidence (albeit, not a consensus) that the MJO is
modulated by AMV and the PDO on decadal time scales, the modulation of
MJO teleconnections by decadal SST modes is yet to be thoroughly
investigated. Oliver (2015) provide some evidence of a link between the PDO

and MJO teleconnections to Alaska, however it is certainly not conclusive.
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1.5 Research questions

Having now reviewed the background information and existing literature around
MJO teleconnections and decadal climatic variability, we must now define the

research questions that will be answered within this thesis. They are as follows:

1. How well do climate models simulate the extratropical response to the MJO?

This question is investigated in Chapter 2. Before using climate models to
assess decadal variability of the extratropical response to the MJO, we must
first ensure that they are able to properly simulate this response over the
observational time period. With the knowledge of any biases in the models
and their representation of MJO teleconnections, we can then put further

results in context.

2. Does the extratropical response to the MJO vary on decadal time scales?

Whilst the goal of this study is find physical mechanisms for decadal
variability of the extratropical response to the MJO, it is important to
first check for evidence of this variability in observations. Unfortunately,
we have a relatively short (50 years) reanalysis dataset to work with,
however useful progress can still be made. This work, presented in

Chapter 3, will provide the motivation for the following question.

3. What modulates decadal variability of the extratropical response to the

MJO?

Since ENSO is a known modulator of MJO teleconnections, we
hypothesise that decadal modes of SST variability (AMV and PDO) also
modulate the extratropical response to the MJO. A coupled climate model
(which provides a much longer dataset) is used in Chapter 4 to examine

this hypothesis, within the context of the previous two research questions.

These three questions will be revisited in Section 5.1, having been thoroughly

examined in their respective chapters.
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Notes for Chapter 1

[1] Further details of the Wheeler and Hendon (2004) RMM index are given in

Appendix A.
[2] Rossby waves are sometimes also known as planetary waves.
[3] The NAM is sometimes also known as the Arctic Oscillation (AO).

[4] The PNA’s name was coined by Wallace and Gutzler (1981) as the
‘Pacific/North American pattern’ and is sometimes also stylized as the ‘Pacific
North American pattern’ or ‘Pacific-North American Teleconnection Pattern’ in
other literature. =~ We will continue to use the stylization ‘Pacific-North

American pattern’ in line with the IPCC (e.g. Trenberth et al., 2007).

[5] In some literature the PNA is described as tripolar rather than quadripolar

with the Hawaiian pole omitted.

[6] AMV is sometimes also known as the Atlantic Multidecadal Oscillation

(AMO).
[7] The PDO is sometimes also known as the Pacific Decadal Variability (PDV).

[8] Slowly propagating MJO episodes are defined by Yadav and Straus (2017) as
those in which the OLR minimum takes 20 or more days to propagate from phase
3 to phase 6. For episodes to be counted, they must also exceed an amplitude of
1 for at least 3 consecutive days in phase 3 and, subsequently, 3 consecutive days

in phase 6.

[9] Kelvin (Holt et al., 2022; Kawatani et al., 2010; Wallace and Kousky, 1968;
Yang et al., 2011), gravity (Kawatani et al., 2010; Lindzen and Holton, 1968) and
mixed Rossby—gravity (Holt et al., 2022; Wallace and Kousky, 1968; Yanai and
Maruyama, 1966; Yang et al., 2011) waves also impact on the QBO, but we are

interested in Rossby waves in the context of MJO teleconnections.
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[10] Models displayed in Figure 1.14 taken from the WCRPs subseasonal-to-

seasonal (S2S) project (Feng and Lin, 2021).

[11] Song and Wu (2020b) analyse the response of the AO to the MJO, rather
than the NAO. The result is equivalent, though, since the NAO can be viewed

as the Atlantic basin manifestation of the AO.
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2.1 Introduction

The NAO is a key mode of winter variability in northern Europe. Thus,
understanding the behaviour of the NAO is key to accurate UK weather
prediction. The NAO is characterised by a positive and a negative phase, which
bring different types of weather to the UK. During the winter, the NAO+ is
associated with warmer, stormier weather, while the reverse relationship is

observed for the NAO—.

The PNA, meanwhile, modulates the weather of North America, making it central
to weather prediction in the United States and Canada. Like the NAO, the
PNA is characterised by a positive and a negative phase. PNA+ brings warmer
weather to Canada and the northern United States, with colder weather in the

southeastern United States and northern Mexico.

Through observational studies, the NAO (Cassou, 2008; Lin et al., 2010), and
PNA (Seo and Lee, 2017), are known to be forced at least in part by the MJO.

In this chapter, we will assess the fidelity of these teleconnections in the latest

global coupled model from the UK Met Office.

2.2 The HadGEM3-GC3.1 model

We analyse the Met Office Hadley Centre Global Environment Model in the
Global Coupled configuration 3.1 with a medium resolution atmosphere and
ocean (HadGEM3-GC3.1-MM; HadGEMS3 hereafter). For a full description of
the model and historical experiment, see Williams et al. (2018) and Andrews
et al. (2020), respectively. This model formed part of the sixth phase of the
Coupled Model Intercomparison Project (CMIP6) — a collaboration between
climate modelling centres from around the globe with the goal of standardising
coupled model experiments. In particular, we will focus on the ‘historical’

experiment runs, which used the CMIP6 defined forcings. This allows for an
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assessment of MJO teleconnections in contemporary climate conditions. The
historical experiment runs from 1850 to 2014 (inclusive), but we will focus on
the final 30 years of this period (1985-2014) to align with the availability of

high-quality reanalysis data.

2.3 Methodology

In order to analyse the MJO and its effects, we use the index created by
Wheeler and Hendon (2004). This index is constructed from daily mean values
of OLR and zonal wind at the 200- and 850-hPa pressure levels (U200 and
U850, respectively). Due to the availability of model wind data in CMIP6, we
will use 250-hPa zonal wind (U250) instead of U200, although analysis has
shown that this has little qualitative effect on the outcomes. On each day, the
index assigns a value for the MJO amplitude and phase. The amplitude is a
positive number which describes the strength of the anomalous convection. On
days when the amplitude is greater than one, the MJO is said to be active and
this day will be included in our analysis. The phase takes an integer value
between one and eight and describes the longitudinal location of the convective
centres. Figure 2.1 shows boreal winter (November—April) composites of OLR
(which is used as an analogue for convection) in each of the eight phases. For
example, phase 1 (Figure 2.1a) represents enhanced convection over the western
IO and phase 8 (Figure 2.1h) represents enhanced convection over the mid to
eastern Pacific Ocean. RMM indices are calculated separately for the reanalysis

and model, using their respective OLR, U250 and U850 data.

The NAO can be characterised by the difference in anomalous pressure between
Iceland and the Azores. Therefore, we define our index as the normalised
difference between two area averages of 500-hPa geopotential height (Z500)
anomaly?l. The two areas are chosen to suitably encompass the centres of the
pressure variation (50-70°N, 10-50°W and 30-45°N, 5-55°W). This method

of calculating the NAO index is similar to that of Cropper et al. (2015).
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Figure 2.1: Boreal winter Madden—Julian Oscillation phase composites of
OLR anomaly over the period 1985-2014 in HadGEM3. Here, a negative
anomaly in OLR is analogous to increased anomalous convection.
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Figure 2.2: Boreal winter (a) NAO— and (b) NAO+ Z500 anomaly
composites over the period 1985-2014 in HadGEM3.

However, we average the geopotential height anomaly over a larger area to
account for the fact that the centres of action can be shifted in models. Our
index is a time series, in which each day is either defined to be ‘NAO+’,
‘NAO—" or ‘inactive’ depending on whether the index exceeds one standard
deviation in magnitude and whether its sign is positive or negative. As for the
MJO, we can create boreal winter composites to visualise the positive and
negative NAO regimes (Figure 2.2). Note that this index is slightly different to
that used by Cassou (2008) as we are focussing solely on the NAO in the NA

region.

The PNA produces a ‘chequerboard’ pressure pattern over the NP and North
America, with PNA+ characterised by a deepened AL and low pressure over
Florida, with corresponding highs over western Canada and Hawaii. The two
northernmost nodes (Over western Canada and the Aleutian islands) are
dominant, with less variability in the southern nodes. For this reason (and to be
consistent with our NAO index), our PNA index is also defined as the
normalised difference between two area averages of Z500 anomaly (45-70°N,

80-125°W and 40-65°N, 130°W-150°E). Positive and negative phases of the
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Figure 2.3: Boreal winter (a) PNA— and (b) PNA+ Z500 anomaly
composites over the period 1985-2014 in HadGEM3.

PNA are classified in the same way as the NAO. Z500 composites for PNA—

and PNA+ are presented in Figure 2.3.

With time series for both the MJO phase and the states of the NAO and PNA,
the link between the tropics and extratropics may then be analysed. Following
Cassou (2008), we calculate the frequency of days in which an NAO (or PNA)
state is active for each MJO phase in turn. We then obtain a percentage change in
the probability of observing each state from the climatological mean probability
when a given MJO phase is active. This is then repeated with a lag (MJO leading)
of 1-20 days to ascertain how the NAO and PNA respond in the days and weeks

following each MJO phase.

To test for statistical significance in the frequency of an NAO or PNA state’s
occurrence, we employ a Student’s t-test at the 95% confidence level. The
population dataset is taken to be the value of the normalised extratropical
index over the whole time domain, while the sample dataset consists of only the
days that fall within the given MJO phase (with some given lag). The relative

frequency of each extratropical state is then compared between the population
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and sample. This is equivalent to the second of the two significance tests used
by Cassou (2008). We have not used the first significance test from Cassou
(2008) due to differences in methodology, as we do not assign every day in our
analysis to either NAO+ or NAO— (or, in the case of the PNA, PNA+ or
PNA-).

The model is compared with reanalysis data taken from the ERA-Interim
reanalysis product (U250, U850 and Z500) and the NOAA-interpolated OLR
dataset. The above analysis is applied to both the model and reanalysis data so
that differences between the two may be assessed. Other reanalysis products

provide similar representations of the MJO (Gao et al., 2016).

2.4 Results

The results of our analysis into the NAO response to each MJO phase for both
the model and reanalysis data are presented in Figure 2.4. We note that both the
magnitude and rate of change of the response are of interest, as the magnitude
indicates the strength of the NAO response, while a steep gradient indicates a
more direct link between the given MJO phase and NAO state. There are strong
responses (over 30% change in probability of observing either NAO+ or NAO—) to
a number of MJO phases in the model, which are statistically significant compared
to the climatological mean. In general, the NAO response to the MJO in the
HadGEM3 model is often of the same sign as the NAO response to the MJO in the
reanalysis (Figure 2.4). The model replicates the reanalysis response particularly

well in a small number of cases (phases 1 and 8).

However, there are other MJO phases in which the NAO response is either
suppressed or even of the wrong sign, particularly at lags of more than one
week. Two key teleconnection patterns identified by Cassou (2008), which are
visible in the reanalysis data, are the responses of NAO+ and NAO— to MJO

phases 3 and 6, respectively (Subsection 1.2.3). Both of these teleconnections
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Figure 2.4: NAO response to the MJO. The bars represent the percentage
change in the probability of observing a particular NAO state, at a given
lag after observing a particular MJO phase, in the HadGEM3 model.
Bars which are coloured in red represent a change which is statistically
significant at the 95% level. The NAO response to the MJO in the
reanalysis data is plotted as the black line, with circular markers to
indicate significance.
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act as useful predictors for the NAO state and so are the focus of our

investigation.

In the reanalysis data, the lag 0 NAO+ response to MJO phase 3 is zero (i.e.
climatological probability of observing NAO+). After approximately one week,
the probability of occurrence of NAO+ rises by more than 30%, implying
predictability of entering an NAO+ regime. However, in the model, the chances
of experiencing an NAO+ event are approximately constant from lag 0 onwards,
at 20% higher than the climatological mean. It is encouraging that the model at
least predicts the correct sign for the response; however, the time dependence of

this link is not well reproduced by the HadGEM3 model.

There is a strong NAO— response to MJO phase 6 in the reanalysis data. In
this case, the response peaks approximately two weeks after phase 6 and exhibits
a 47% increase in NAO— occurrence, suggesting phase 6 as a precursor to an
NAO-— event. The model replicates the response well for approximately one
week. However, at longer lags, it shows a statistically significant decrease in the

probability of NAO—. The reasons for the difference should be explored further.

In the reanalysis results we see that, for the most part, the NAO response to one
MJO phase approximately follows on from the response to the preceding phase,
but lagged by 5-10 days. This indicates that the eight MJO phases are occurring
in a sequential manner as we would expect. For example, in MJO phase 4, the
NAO+ response peaks at lag 3 days, while in phase 3, it peaks at lag 8 days. In
the model, this is not the case, as we see no significant NAO+ response to MJO
phase 4. The relationship between these two phases seems to be much weaker,

indicating that the model MJO may not be behaving as observed.

MJO events spend less time in each phase in the model than in reanalysis
(Figure 2.5a), so we may infer that the MJO propagation is faster in the model.
The time-scales over which the MJO propagates are very similar to the
timescales over which the extratropics responds to the MJO (that is, the time

that the MJO spends in each phase is similar to the lag between changes in the
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Figure 2.5: Reanalysis (black) and HadGEMS3 (red) average MJO event
lifespan (a) by phase and (c) overall, and total MJO active days (b) by
phase and (d) overall, over the time period 1985-2014. Although the
MJO propagates faster in the model (as shown by shorter average event
lifetimes), the total number of days spent active in each phase and overall
is similar between the model and reanalysis.

MJO and NAO). Therefore, a change to the propagation speed of the MJO
means that the NAO response to a given phase will occur within a different
atmospheric state. Both Yadav and Straus (2017) and Yadav et al. (2019) have
shown that these changes in MJO propagation speed can alter the NAO
response to the MJO. They find that both the NAO response to the MJO is
predominantly a result of slower moving MJO events, hence this apparently fast
moving MJO in the HadGEM model could help to explain the weak
teleconnection. It is likely that this is one reason why some of the sequential
manner of the NAO response is lost. Interestingly, the total number of days
spent in each MJO phase is similar between the model and reanalysis,
suggesting that although the MJO is propagating faster, there are also more

individual events (Figure 2.5b).

Among other reasons for this seeming lack of continuity is a stalling or dissipation
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of the MJO as it propagates over the MC, which can directly impact on the
extratropical response observed (Zhou et al., 2023). Ahn et al. (2020) showed
that the HadGEM3 model performs well compared to other CMIP6 models in
capturing the MJO propagation over the MC, and this has been backed up by our
own investigations. We have shown that although the MJO is propagating faster
in the model than reanalysis, this difference is approximately the same across
all eight MJO phases rather than being confined to those phases in which the
MJO is passing over the Maritime Continent. This should be considered when

analysing other models.

Turning to the PNA, we again see that the response from HadGEMS3 is reasonable
in many cases, however there some phases in which the response is less well
captured (Figure 2.6). The canonical responses of PNA— after phases 2-3 and
PNA+ after phases 67 are well represented in the model (in the case of PNA+,

even more clearly than in reanalysis).

The response of PNA—, whist smaller in magnitude than the response in
PNA+B! is generally well represented in HadGEMS3 (aside from some difficulty
with MJO phases 5 and 6). The responses are of reasonable magnitude and are

generally of the correct sign (particularly where the responses are significant).

Interestingly, the PNA— response from the model actually seems to be larger
than in reanalysis, with the exception of MJO phase 1. This is contrary to
our results for the NAO and the consensus around weak tropical-extratropical

teleconnections in models.

The PNA+ response to the MJO paints a slightly puzzling picture. The gradients
of the response as a function of lag appear to be well modelled, however for some
phases we see a positive (phase 6) or negative (phase 2) shift in the response. The
fact that the gradients are largely correct suggests that the mechanisms behind
the MJO-PNA teleconnection are well modelled, since it is the gradient that

points to the direct effect of the MJO on the PNA.
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There are many reasons why there may be a shift in the response. In the
reanalysis, the likelihood of PNA+ after MJO phase 2 begins at approximately
the climatological level at lag 0, before rising to a roughly 30% increase in
frequency after two weeks. Meanwhile, in the model, we begin with a
30%-less-than-average chance of observing PNA+ at lag 0. This suggests that
some precursor to MJO phase 2 is inhibiting the formation of the PNA+ regime
in the model. Looking to phase 1, though, it is clear that the model does a good
job of modelling the response. A similar situation is true for phase 6, but this
time with the model failing to capture the lower likelihood of PNA+ at lag O.
In this case, the response to the preceding phase (phase 5) is poorly modelled,

which would go some way to explaining the error.

It is also possible that our index is not fully capturing response in both the model
and reanalysis. The reason for choosing this index (rather than, for example, an
EOF analysis) is that it allows for some differences in the exact representation of
the PNA pattern, however it does open the possibility that other unwanted signals
may also be included. Also, whilst the PNA is a natural mode of variability in
the atmosphere, the MJO teleconnection will not necessarily project onto the
PNA directly. In fact, Seo and Lee (2017) showed that whilst a PNA-like pattern
is observed after MJO phase 2, this pattern does not exactly match the PNA.
Differences in how closely the model and reanalysis responses project onto the
PNA, even if they are both representing the same mechanisms, could cause the

shift we see.

2.5 Discussion

We have shown that HadGEM3 exhibits a significant extratropical response to
the MJO, but that this response is not always in line with that seen in reanalysis.
This includes NAO responses in some phases which are too weak or the wrong
sign, and PNA responses that show the correct gradient, but are positively or

negatively shifted. We may, therefore, question the model’s ability to predict
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Change in NAO regime frequency (%)

Figure 2.7: (a) NAO+ response to MJO phase 3 and (b) NAO— response
to MJO phase 6. The blue line represents the multi-model mean from 25
CMIP6 coupled climate models, with a band of £1 standard deviation
given by the dark blue shading and the multi-model range given by the
light blue shaded region. The HadGEM individual model response is
shown by the red line and the reanalysis response is shown by the black
line.

the extratropical circulation at lead times of more than one week when tropical—
extratropical interactions become important, whilst being mindful of the fact
that the MJO is only one of many sources of tropical teleconnections to the
extratropical NH (Scaife et al., 2017). The results presented above pertain to
just one model. However, by analysing an ensemble of models from the CMIP6
project, we may hope to find a more accurate representation of the extratropical

response to the MJO.

Figure 2.7 shows the two key teleconnections (NAO+ response to MJO phase
3 and NAO— response to MJO phase 6) discussed above for the reanalysis and
HadGEMS3 datasets, alongside a summary of 25 CMIP6 models (Table 2.1). The
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Figure 2.8: (a) PNA— response to MJO phase 3 and (b) PNA+ response
to MJO phase 6. The blue line represents the multi-model mean from 25
CMIP6 coupled climate models, with a band of £1 standard deviation
given by the dark blue shading and the multi-model range given by the
light blue shaded region. The HadGEM individual model response is
shown by the red line and the reanalysis response is shown by the black
line.

responses were calculated in the same way for each model as they were for the
HadGEM model (see Section 2.3). The MJO and NAO indices are separately
calculated for each model and the response in each model is calculated before
these responses are then averaged. We find that the majority of the models,
including HadGEMS3, significantly underestimate the magnitude of the response
of the NAO. Even the most extreme response from the models (shown by the
light blue shading in Figure 2.7b) cannot simulate the large observed response
in NAO— to MJO phase 6. This is in agreement with previous works that have
highlighted weakened teleconnections in climate models (Garfinkel et al., 2022;

Scaife and Smith, 2018; Vitart, 2017).
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The PNA— response to MJO phase 3 is well represented by CMIP6 models
(Figure 2.8a), with the reanalysis response falling within one ensemble standard
deviation at almost all lags. HadGEM3 tends to overestimate the increase in
PNA-— frequency in the week after phase 3, producing one of the largest model
responses. It does, however, accurately capture the positive-negative switch in

likelihood around day 8.

All CMIP6 models appear to show the same positive shift in the PNA+
response to MJO phase 6 that was discussed in Section 2.4. This suggests either
a fundamental gap in our ability to model the MJO-PNA teleconnection, or a

systematic error produced as a result of our methodology.

2.6 Conclusions

To accurately simulate MJO teleconnection patterns, models must first have
accurate representations of the MJO, the climatological mean state (Henderson
et al., 2017; Zheng and Chang, 2020), wave trains, and the stratospheric polar
vortex (Barnes et al., 2019). The complexity of these processes and linkages
between them make the MJO teleconnection problem challenging to model.
Even though the HadGEM3 model performs well among CMIP6 models in
simulating the MJO propagation over the MC (Ahn et al., 2020), this is
countered by the excessive speed of the MJO propagation. Hence, it is still
unable to simulate the full range of processes needed to accurately model MJO
teleconnections. In this study we examine the extratropical response to the
MJO, but the representation of the extratropics will also affect the MJO itself,
as discussed in Section 1.4. Biases in the extratropical mean state may also be a
source of the discrepancy between the reanalysis and model teleconnections, so
in the coming chapters the effect of decadal scale changes in the extratropics

will be examined.

It is also clear that whilst the statistical framework used throughout this
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Table 2.1: A summary of the CMIP6 models to produce Figures 2.7 and
2.8. The HadGEM3 model used throughout this chapter is shown in bold.

Centre/Institute Model Reference(s)
B . Lee and Liang (2020); Lee et al.
AS-RCEC TaiESM1 (20200)
AWT AWLESM-1-1-LR Danek et al. (2020); Semmler et al.
(2020)
BCC BCC-ESM1 Wu et al. (2020); Zhang et al. (2018)
CAS FGOALSg3 Li (2019); Li et al. (2020)
CCCma CanESM5 Swart et al. (2019a,b)
B . Krishnan et al. (2021); Raghavan and
CCCR-IITM IITM-ESM Panickal (2019)
Centre National de Recherches
Météorologiques and Centre Européen
CNRM-CM6-1 de Recherche et Formation Avancée en

CNRM-CERFACS

Calcul Scientifique (2019); Voldoire
(2018); Voldoire et al. (2019)

CNRM-ESM2-1

Séférian (2018); Séférian et al. (2019)

Bi et al. (2020); Dix et al. (2019)

CSIRO-CCSS ACCESS-CM2
EC?Ear.thi EC-Earth3 Déscher et al. (2021); EC-Earth, (2019)
Consortium
INM INM-CM4-8 Volodin et al. (2019a, 2018)
INM-CM5-0 Volodin et al. (20195, 2017)
IPSL IPSL-CM6A-LR Boucher et al. (2018, 2020)
Tatebe et al. (2019); Tatebe and
MIROC MIROCE Watanabe (2018)
Andrews et al. (2020); Kuhlbrodt et al.
HadGEM3-GC3.1-LL (2018); Ridley et al. (2019a); Williams
MOHC et al. (2018)
B B Andrews et al. (2020); Ridley et al.
HadGEM3-GC3.1-MM (2019b); Williams et al. (2018)
O’Connor et al. (2021); Sellar et al.
UKESML.0-LL (2019); Tang et al. (2019a,b)
MPLESMI-2 LR Mauritsen et al. (2019); Wieners et al.
MPI (2019)
MPLESMI-1_HR Jungclaus et al. (2019); Miiller et al.
(2018)
MRI MRI-ESM2-0 Yukimoto et al. (2019a,b)
Danabasoglu (201956); Danabasoglu
CESM2 et al. (2020)
NCAR Danabasoglu (2019a); Danabasogl
. anabasoglu a); Danabasoglu
CESM2-FV2 et al. (2020)
g Danabasoglu (2019¢); Danabasoglu
CESM2-WACCM ot al. (2020)
NIMS KMA KACE-1-0-G Byun et al. (2019); Lee et al. (2020a)
NOAA-GFDL GFDL-CM4 Guo et al. (2018); Held et al. (2019)
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chapter, which was inspired by Cassou (2008), does not capture the full extent
of the extratropical response to the MJO. Whilst the interaction of the MJO
with weather regimes such as the NAO and PNA produces a neat and concise
representation of MJO teleconnections for prediction purposes, they do not
paint the full picture. Hence, when assessing changes in the extratropical
response to the MJO, we should take care to assess the whole teleconnection

pattern, rather than its projection onto particular regimes.

The goal of this chapter was to answer the question ‘How well do climate models
simulate the extratropical response to the MJO?’. We have assessed the ability of
the UK Met Office coupled climate model (HadGEM3-GC3.1-MM) to simulate
the NAO and PNA responses to the MJO at lead times of 1-2 weeks and show
that, whilst elements of the teleconnection are well represented, improvements

are needed in the modelling of extratropical response to the MJO.
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Notes for Chapter 2

[1] Parts of this chapter are adapted from the published paper ‘North Atlantic
Oscillation response to the Madden—Julian Oscillation in a coupled climate model’

(Skinner et al., 2022).

[2] Both mean sea level pressure (MSLP; e.g. Hurrell, 1995; Visbeck et al., 2001;
Walker and Bliss, 1932) and geopotential height (e.g. Cassou, 2008; Vitart, 2017;
Wallace and Gutzler, 1981) are commonly used in NAO indices. In Appendix B,
we show that the results obtained using Z500 are similar to those obtained when

using MSLP in our index.

[3] This asymmetry in the responses of PNA+ and PAN— suggests that our PNA

index may not be capturing the NP response to the MJO fully.
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3.1 Introduction

In Chapter 2, we showed that General Circulation Models (GCMs) struggle to
fully capture MJO teleconnections in their simulations (e.g. Wang et al.,
2020a,b). Though some are able to recreate the patterns of the teleconnections,
these responses are almost universally too weak (Lin et al., 2021; Skinner et al.,
2022; Vitart, 2017). This is a common feature across tropical-extratropical
interactions in climate models and seasonal forecasts (Garfinkel et al., 2022;

Williams et al., 2023).

Deterministic weather prediction is skilful up to a lead time of approximately
one to two weeks in the extratropics, however this lead time can be extended by
considering the effects of modes such as the MJO (Kent et al., 2022; Nardi et al.,
2020), QBO (Nardi et al., 2020) and ENSO (Patricola et al., 2020). The signature
teleconnection patterns produced by these modes provide predictive skill on sub-
seasonal to seasonal time scales. This skill, however, is dependent on the ability
of models to reproduce the mechanisms and variability of teleconnections over a

range of time scales.

ENSO is able to modulate the MJO (Chen et al., 2016; Hsu and Xiao, 2017;
Kessler, 2001) and its teleconnections (Lee et al., 2019; Moon et al., 2011; Tseng
et al., 2020a) on seasonal to interannual time scales (Subsection 1.4.2). However,
there is little understanding of the variability of MJO teleconnections on decadal
time scales. Furthermore, the extratropics have been shown to respond differently

to remote forcing on interannual and decadal time scales (Seabrook et al., 2023).

In this study, evidence of decadal variability in the extratropical response to
the MJO is presented, using ERA5 reanalysis data from 1974 (the start time of
reliable MJO indices) to 2018. This variability is then compared with ENSO-
modulated interannual variability. Finally, we discuss the impacts of changes in

the response on the weather experienced in the extratropics.
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Figure 3.1: Values of ENSO, PDO and AMYV indices over our time
domain. Periods 1 and 2 are marked. Dotted lines show the average
values of indices for each time period. We use the Ninio 3.4 index, PDO
index (on which we ran a 5 year low-pass filter) and AMO index (10 year
low-pass filtered) from the NCAR Climate Data Guide (Appendix A).

3.2 Data and methodology

The MJO varies on interannual (Chen et al., 2016; Hsu and Xiao, 2017; Kessler,
2001) and decadal (Fu et al., 2020; Jones and Carvalho, 2006; Wu et al., 2021)
time scales. The extratropical response to the MJO is dependent on the
background state of the atmosphere (Henderson et al., 2017), which can also
vary on interannual and decadal time scales. These variations can be caused by
changes in external forcing or in low-frequency modes of internal variability.
Two key modes of variability are AMV (Kerr, 2000; Trenberth and Shea, 2006)
and the PDO (Mantua and Hare, 2002; Mantua et al., 1997; Newman et al.,
2016). Over the observational time period of 1974-2018, AMV switches from its
negative phase to positive phase around 1997 (Figure 3.1, orange line). The
PDO displays greater variability but moves from favouring its positive phase to

negative phase, also switching around 1997 (Figure 3.1, red line).
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This leads us to consider changes in the extratropical response to the MJO
between two non-overlapping segments: period one from 1974/75 to 1996/97,
and period two from 1997/98 to 2017/18. Subsequent analysis is restricted to
boreal winter (November—April) as this is when the MJO (and its
teleconnections) are at their strongest (Jenney et al., 2019; Stan et al., 2017),
and only considers full winter seasons. Due to an interruption in OLR data
availability (Liebmann and Smith, 1996), there is no MJO index for 1978, so the
1977/78 and 1978/79 seasons are omitted. Hence our two time periods are of

equal length at 21 winter seasons.

200-hPa streamfunction (1)200()) anomalies are derived from ERA5 wind data.
Anomalies are calculated by removing the mean and first three harmonics of the
annual cycle from the daily averaged ERA5 data. Annual cycles are calculated
and removed separately for each time segment, so that the two periods may
be considered independent samples. By removing separate annual cycles, the
changes observed in the extratropical response to the MJO are due to changes
in the interaction of the MJO with the mean state (i.e., the MJO teleconnection

patterns), rather than changes in the mean state itself.

The MJO is diagnosed by the RMM index, described by Wheeler and Hendon
(2004), which is available from 1974 to present (Bureau of Meteorology, 2021).
The RMM index produces two values: a phase and amplitude. The phase, given
by an integer between 1 and 8, signifies the zonal location of the centres of
anomalous MJO convection. Phase 1 indicates enhanced convection over the
western 10, then, through eastward motion of the MJO, phases 2-3, 4-5, and
67 signify enhanced convection over the eastern 10, MC and western Pacific
respectively. By phase 8, the enhanced convection has moved into the eastern
Pacific and dissipates, whilst simultaneously reforming in the western 10. The

amplitude indicates the relative strength of this anomalous convection.

10-day lagged composite maps of 200 anomaly are produced for each MJO

phase, taking only days in which the MJO is ‘active’ (defined as amplitude greater
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than 1). Note that all active days are included for each MJO event, not just the
first day in each phase. The 10-day lag was chosen since the NAO and PNA
response to the MJO peaks between 5 and 15 days for most MJO phases (see
Figures 2.4 and 2.6). Composites were plotted at a range of lags, with the 10-
day lagged composites generally showing the most robust signal, hence that have
been displayed below. Statistical significance in the difference between lagged
composites in the two periods is assessed using a two-tailed, two-sample t-test at

the 95% significance level.

To assess the impact of upper tropospheric circulation changes on meteorological
conditions, 10-day lagged MJO composite maps of 850-hPa temperature (7'850)
and precipitation anomalies are also created. T'850 anomalies are derived from
daily-averaged ERA5 data. Precipitation anomalies are derived from CMAP

pentad-mean data, which have been interpolated to daily data.

MJO teleconnection patterns are strongest in the winter (Northern) Hemisphere,
so results are presented over this domain. Discussion will be made within the
context of societal impacts, so will focus on regions which are densely populated,

or which impact on key weather patterns such as the NAO.

3.3 Decadal variability of the background state

Period one is characterised by AMV— and PDO+, whilst in period two the reverse
is observed. The signatures of AMV and the PDO are visible in November—
April mean HadISST SSTs (Figure 3.2a). Whilst the change in AMV state is
statistically significant at the 95% confidence level, the PDO SST pattern is only
significant in the warm western and central NP but not in the cold eastern NP.
There are changes in the upper tropospheric zonal wind (Figure 3.2b), where, as
expected, there are changes in the subtropical jets (Matsumura and Horinouchi,
2016; Ruggieri et al., 2021). The northern hemisphere jet exhibits a general

poleward shift in period two, particularly over the NP, highlighted by a positive
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Figure 3.2: Change in boreal winter (November—April) mean (a) SST and
(b) U200: period two (1997/98-2017/18) minus period one (1974/75-
1996/97). Stippling shows the regions in which this difference is not
significant at the 95% confidence level, based on a two-sample, two-tailed
t-test. Period two mean U200 is plotted at 0 ms~! (dashed black contour),
20ms~! (thin black contour), and 30 ms~! (thick black contour) in panel
(b) for reference.

(negative) change in U200 to the northern (southern) flank of the mean period

two jet position (Figure 3.2b).

Around the MC there is evidence of a strengthened Gill-type response (Gill, 1980,
see the negative (positive) shift in U200 to the west (east) of the MC in Figure
3.2b) in the period two circulation due to SST warming in the IO and western
Pacific, which in turn leads to enhanced convection. This warming is consistent
with PDO— (see western Pacific; Mantua and Hare, 2002) and with a global

warming signal (see I0; Ruela et al., 2020). To the west of the MC the equatorial
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easterly anomalies and off-equatorial westerly anomalies are consistent with twin
anticyclones, indicating an enhanced equatorial Rossby wave response, whilst to
the east of the MC an enhanced equatorial Kelvin wave response can be seen in

amplified westerlies near the equator.

Changes in SST patterns, both in the tropics and extratropics, and the
corresponding changes in the upper troposphere together provide a different
mean state with which the MJO and its teleconnections will interact. These
changes are the combined result of both internal variability (i.e. AMV and the
PDO) and long-term trends. In the present study, these changes are treated as
a whole, due to the relatively short length of the dataset. Future studies,
making use of climate models, may have an opportunity to untangle the effects

of individual mean state variations.

We assess changes in the mid-latitude jets by considering the stationary Rossby
wavenumber, K (Equation 1.2). Since Rossby waves usually propagate in the
upper troposphere, K, is calculated at 200 hPa. Rossby waves are refracted
towards regions of high K, (Dawson et al., 2011; Hoskins and Ambrizzi, 1993),
so local maxima in K can be approximated as Rossby waveguides. This
approximation relies on the crude assumption that the scale of the Rossby
waves is much smaller than the scale of changes in the mean state (Hoskins and
Ambrizzi, 1993; Hoskins and Karoly, 1981; Karoly, 1983), however it works well

in a qualitative sense.

There is relatively little qualitative change in the NA waveguide (Figure 3.3),
however a local minimum in K around 30 °N, 140 °W in period two diverts the
NP waveguide towards British Columbia and central Canada. During period
one, however, this waveguide merges into the NA waveguide. The effect of this
diversion in the waveguide is an amplified teleconnection over Canada and

stronger Rossby wave response passing over Greenland into the NA.
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Figure 3.3: Boreal winter (November—April) 200-hPa stationary Rossby
wavenumber, K, for (a) period one (1974/75-1996/97) and (b) period
two (1997/98-2017/18). Regions in which K is undefined, and Rossby
waves are evanescent — that is, when w < 0 or 8 — %y, < 0 — are denoted
by hatching (/// and \\\ respectively). Rossby waves will tend to follow
local maxima in K, hence these maxima can be qualitatively viewed as
Rossby waveguides. Two key Rossby waveguides, the North Pacific (NP),
and North Atlantic (NA), are labelled.

3.4 Changes in the upper tropospheric response to

the MJO

3.4.1 Decadal changes between periods one (1974/75-1996/7)
and two (1997/98-2017/18)

Upper tropospheric divergence associated with anomalous MJO convection forms
an anticyclonic anomaly either side of the equator, spanning the convective centre
(Figure 3.4). The vorticity perturbation induced by this anticyclonic anomaly
produces a stationary Rossby wave, characterised by alternating cyclonic and

anticyclonic anomalies across the mid-latitudes. These broad features are visible



3.4 Changes in the upper tropospheric response to the MJO 105

90°N

60°N 1

30°N {5

30°s & ; - Wa ; : ' ; G s %Am

90°N 39% area significant

60°N +

30°N P2

90°N

60°N

30°N 4=

30°S

90°N Phasc 4 23% area significant Phase 8 34% area sienificant

LD Cy

60°W 0° 60°E  120°E  180°

120°W

Figure 3.4: Lag 10-day composites of boreal winter (November—April)
1200 anomaly for each of the eight MJO phases. Thick black contours
represent period two, and shading shows the difference — period two
(1997/98-2017/18) minus period one (1974/75-1996/7) — wherever this
difference is significant at the 95% level. The contour interval for both the
line and shaded contours is 2x10%m?s™!, and dashed contours represent
negative values. The zero contour has been omitted. The percentage of
the spatial domain in which the difference is significant is stated in the
top right of each panel.

in both period one and two; however, the strength and spatial structures of the

Rossby wave trains have changed.

Over western North America there are substantial changes to the upper
tropospheric circulation 10 days after MJO phases 1-2 and phases 5-6. In
period two, the Rossby wave train initiated over the central NP after MJO
phases 1-2 extends over Canada, producing an cyclonic (anticyclonic) anomaly

over British Columbia after phases 1-2 (5-6). This feature is not observed in



106  Chapter 3: Observed decadal variability of the extratropical response to the MJO

period one. This change may be attributed to the deflection of Rossby waves

into Canada as discussed in Section 3.3.

Continuing the Rossby wave train into the NA and Europe, we see the canonical
NAO+ and NAO-— responses (Subsection 1.2.3; Cassou, 2008) after phases 3
and 6 respectively. Most notably, we see a strengthened anticyclonic anomaly
(corresponding to a weakening of the Icelandic Low) in the NA after phase 6.
Whilst a broad cyclonic anomaly is present over southern Europe and the NA
in period one, a strengthened and tilted cyclonic anomaly covers the entirety
of Europe in period two. This anomalous low pressure centre (Figure 3.5) will
bring polar air masses across western Europe, which are colder than the air
advected from eastern Europe in period one. It also represents a strengthening
of the NAO— response that we would expect to see following phase 6 (Cassou,
2008). Period two is characterised by AMV+ in the NA, which weakens the
meridional temperature gradient across the NA, favouring NAO— conditions.

This compounds and amplifies the NAO— response to MJO phase 6.

Overall, there are a considerable number of changes in the upper tropospheric
circulation response to the MJO between periods 1 and 2. Now we compare these
decadal variations against known interannual variability (Section 3.4.2) and assess

the impacts of these changes (Section 3.5).

3.4.2 Interannual changes associated with ENSO

Whilst the MJO is the leading mode of tropical variability on sub-seasonal
timescales, ENSO is the leading mode on interannual time scales. ENSO
modulates MJO teleconnection patterns on interannual time scales
(Subsection 1.4.2; Lee et al., 2019; Moon et al., 2011; Roundy et al., 2010;
Tseng et al., 2020a), so it seems natural to compare this variability with the
changes observed on decadal time scales. We expect to see some agreement
because the ENSO SST pattern projects heavily onto the PDO SST pattern

(the key difference being the relative strength of the North and tropical Pacific
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Figure 3.5: As in Figure 3.4, but for mean sea level pressure (MSLP).
The contour interval for both the line and shaded contours is 0.5 hPa.

anomalies). On the other hand, there is evidence that the interaction between
Pacific SST variability and the extratropics can be dependent on time scale
(Seabrook et al., 2023). If the decadal variability discussed in Section 3.4.1 is an
aliasing of the interannual ENSO wvariability, similar changes to the MJO
response between El Nino and La Nina as between period one and two might be

expected.

A key change to the response to the MJO between periods one and two is the
formation of an anticyclonic (cyclonic) anomaly over British Columbia after MJO
phase 1-2 (5) (Figure 3.4). A similar shift to a cyclonic anomaly is observed
when moving from La Nina to El Nino after MJO phase 5 (Figures 3.6 and 3.7).
This shift is in the opposite direction to that expected given the negative PDO

tendency in period two. Also, after MJO phases 1 and 2 the circulation changes
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over western Canada between La Nina to El Nino, however these changes display

a different structure to those between periods one and two.

Over Europe, the largest change to the response to the MJO between periods
one and two is the amplification and tilting of the anticyclonic anomaly observed
after MJO phase 6. On the other hand, there is little difference between the

responses over Europe in El Nino and La Nina years.

However, the spatial patterns of the decadal variability in the extratropical
response to the MJO (Figure 3.4) and the interannual variability in the
extratropical response to the MJO (Figures 3.6 and 3.7) take different forms.
Even with the connection between the PDO and ENSO, there is no evidence
that the observed decadal variability is due to aliasing of ENSO-modulated

interannual variability.

3.5 Impacts of changes to MJO teleconnections

The observed changes in the upper tropospheric circulation response to the
MJO between periods one and two will in turn lead to changes in the weather
experienced in the extratropicsi®. 10-day lagged composites of T850 anomaly
are calculated using ERA5 data (Figure 3.8). Similarly, CMAP precipitation
data are used to create 10-day lagged composites of precipitation anomaly
(Figure 3.9). Due to the availability of CMAP data, precipitation composites
were calculated from 1979/80 to 1996/97 for period one and from 1997/98 to

2015/16 for period two.

The response in lower tropospheric temperature to the MJO in period two (black
contours in Figure 3.8) is generally qualitatively consistent with previous studies
(e.g. Figure 1 of Seo et al. (2016), and Figure 3 of Zhou et al. (2012), accounting
for 1-2 phase shift as a result of the 10-day lag used here). There are some
differences between the exact response to each MJO phase in these studies due

to differences in the time domains and data sets used; however, our results match
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Figure 3.6: Lag 10-day 200 anomalies. As in Figure 3.4, but with
black contours representing El Nino years, and shaded contours show the
difference between El Nino and La Nina years (La Nina minus El Nino).

previous results to leading order.

There are significant and coherent changes in the lower tropospheric temperature
response to the MJO from period one to period two. These changes are consistent
with the differences observed in the upper tropospheric circulation responsel?.
Where responses have changed significantly between periods one and two, this
usually corresponds to a strengthening of the teleconnection (since the shaded

difference tends to be of the same sign as the black contours for period two).

Changes in the temperature response to the MJO over western Canada after
MJO phases 1 and 5 are consistent with the changes in the upper tropospheric
circulation and are exacerbated by the presence of the Rocky Mountains. In MJO

phase 1 there is a cold shift in the response. In period one there is anomalous
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Figure 3.7: Lag 10-day 1200 anomalies. As in Figure 3.6, but with black
contours representing La Nina years.

south-easterly flow from the central United States to western Canada, whereas
in period two colder air is advected westward from northern Canada. Conversely,
after MJO phase 5 warming is observed over western Canada in period two, as

warmer air is transported north-westward from the midwestern United States.

Changes in the response to MJO phase 6 will also have significant impacts on
human populations across the NH. Over eastern North America there is a shift
to a cold anomaly, from anomalous southward advection from northern Canada
rather than westward from the Atlantic. Interestingly, this cold anomaly is more
often associated with the response to later MJO phases (specifically MJO phase
8; e.g. Schreck et al., 2013, Figure 2), indicating a shift in the mechanisms of the

response.
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Figure 3.8: As in Figure 3.4, but for 7850 anomalies

Across Europe, the strengthened and tilted cyclonic anomaly in period two has
induced a strong cold anomaly. This feature is not present in period one but has
a strength of —1.5 K in period two. The cold anomaly over Europe, paired with
the eastern North American cold anomaly and warm anomaly over Greenland
and Northern Canada bears considerable resemblance to the temperature pattern
associated with NAO— (Wang et al., 2010). Moreover, the average NAO index!?]
value at 10-day lag after MJO phase 6 has increased in magnitude (i.e. has
become more negative) by approximately 33% in period two, compared to period
one. MJO phase 6 is known to precede NAO— (Cassou, 2008; Lin et al., 2009),
so the strengthening of these patterns suggests a strengthened link between MJO
phase 6 and the NAO— (Figure 3.5).
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Figure 3.9: As in Figure 3.4, but for precipitation anomaly. Note
that anomalies and differences are plotted on a logarithmic scale, and
composites were calculated from 1979/80 to 1996/97 for period one and
from 1997/98 to 2015/16 for period two.

Precipitation anomalies (Figure 3.9) are less spatially coherent than the
corresponding 850-hPa temperature anomalies. Nevertheless, statistically
significant changes in the extratropical precipitation response to the MJO from
period one to period two are observed in some locations. In particular, the cold
shift over central and southern Europe in MJO phase 6 is associated with a wet
shift there, which is the opposite of what would usually be expected in boreal
winter (Crhovéd and Holtanova, 2018; Madden and Williams, 1978). Over
southern Europe this is due to the formation of a wet anomaly in period two,

whereas in central/western Europe this is due to a switch from dry to slightly
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wet anomaly. An explanation for the change in southern Europe is that the
cyclonic anomaly is associated with a low pressure anomaly. The centre of this
low pressure covers southern Europe in period two, whereas in period one the
centre is located off the west coast of North Africa. The low pressure over
Europe will generally lead to cloudier, wetter weather and hence the positive

precipitation anomaly.

3.6 Conclusions

Evidence has been found in ERAS5 reanalysis data, showing that the extratropical
response to the MJO changes on decadal time scales. ENSO is known to modulate
MJO teleconnection patterns on interannual time scales, however the decadal
variability we have observed differs from this ENSO-modulated variability and is

not an example of aliasing over different time scales.

With only 4 decades of data, however, we are unable to conclusively attribute
these changes to either external forcing or internal modes of variability. We
hypothesise that low-frequency modes such as AMV the and PDO play a role in
modulating MJO teleconnections, and by using climate models to increase our

sample size we hope to examine this hypothesis further.

Changes in teleconnection patterns have impacts on meteorological conditions,
particularly temperature and precipitation, which will directly affect human
populations. These impacts are widespread, covering large portions of the

extratropical NH.

Skilful prediction of MJO teleconnections are vital to skilful seasonal forecasting
in the extratropics (Kent et al., 2022), which in turn impacts on various
industries (Palmer, 2002), including transportation (Karpechko et al., 2015;
Palin et al., 2016), agriculture (Cantelaube and Terres, 2005; Challinor et al.,
2005) and energy (Bloomfield et al., 2021; Clark et al., 2017). Finding clear

evidence of decadal variability in the extratropical response to the MJO is a key
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step towards improved MJO-induced predictability in the extratropics and

opens exciting opportunities for further refinement.

In Chapter 1 we posed the question ‘Does the extratropical response to the MJO
vary on decadal time scales?’. ERAD reanalysis data have been used to show
that the boreal winter MJO teleconnection pattern in the NH has changed in
recent decades in line with changes in the PDO and AMV. Changes are seen
in the circulation, temperature and precipitation responses. In particular, from
1997, intraseasonal cold anomalies appear over Europe and the eastern United
States due to MJO convection over the western Pacific; these were not present 20
years previously. The decadal variability observed is not the product of aliasing

of ENSO modulation of the teleconnection.
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Notes for Chapter 3

[1] This chapter is adapted from the published paper ‘Decadal variability of the

extratropical response to the Madden—Julian Oscillation’ (Skinner et al., 2023).

[2] Streamfunction is calculated, throughout, in usual way. That is,

oy
oy’ - oz’

[3] Also known as “Observed Natural Oscillations Modulating Anomalous
Temperature Or Precipitation Over Europe, Iceland and America”

(ONOMATOPOEIA)

[4] And hence, are consistent with the lower tropospheric circulation response
since we can assume equivalent barotropic behaviour in the extratropics (Figures

3.4 and 3.5)

[5] Here we use the index of the National Oceanic and Atmospheric

Administration Earth System Research Laboratories (2023).
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4.1 Introduction

The MJO influences weather in the extratropics through two teleconnection
pathways (Barnes et al., 2019). Upper tropospheric divergence (triggered by
anomalous MJO convection) induces a Rossby wave train which extends across
the mid-latitudes into the extratropics, providing a tropospheric teleconnection
pathway (Subsection 1.2.1; Matthews et al., 2004). A stratospheric
teleconnection pathway to the NA is also provided by a deepening of the AL
(whilst enhanced MJO convection is centred over the West Pacific) which
weakens the SPV (Waugh and Polvani, 2010) through increased vertical wave
activity (Garfinkel et al., 2014, 2012; Jiang et al., 2017). The deceleration of the
SPV, in turn, favours NAO— (Subsection 1.2.2; Woollings et al., 2010a). The
tropospheric teleconnection pathway appears to be the dominant mechanism by
which the MJO influences the extratropical circulation at lags of up to two
weeks, however the stratospheric pathway is still of interest, particularly at

longer lead times (Green and Furtado, 2019).

Both the MJO and its teleconnections vary over a range of time scales
(Section 1.4). The MJO exhibits variability on interannual (Chen et al., 2016;
Hsu and Xiao, 2017; Kessler, 2001; Pohl and Matthews, 2007) and decadal (Fu
et al., 2020; Jones and Carvalho, 2006; Wu et al., 2021) time scales. Meanwhile,
MJO teleconnections are modulated on sub-seasonal time scales by the
propagation speed of the MJO (Yadav and Straus, 2017), on seasonal time
scales by the QBO (Feng and Lin, 2019, 2021; Song and Wu, 2020a), and on
interannual time scales by ENSO (Lee et al., 2019; Moon et al., 2011; Tseng

et al., 20200).

The goal of this chapter is to provide mechanisms for decadal variability in
MJO teleconnections, having now found evidence of this variability in ERA5
reanalysis data. In Chapter 3, we hypothesised that low-frequency modes of
SST wvariability, such as AMV and the PDO, modulate the extratropical

response to the MJO. This chapter will test this hypothesis with the benefit of
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the 1,100-year pre-industrial control simulation of the UKESM model. Whilst
biases and inaccuracies in the model must be noted, this long-time simulation
allows us to robustly interrogate the impact of each SST mode on MJO
teleconnections in a way that is not possible using relatively short reanalysis
datasets. The pre-industrial control experiment also removes the complication
of an anthropogenic global warming signal, which will hopefully mean we see a

clearer picture of internal decadal variability.

AMYV is the dominant mode of low-frequency variability in the Atlantic
(Subsection 1.3.2). It is defined as an oscillation in the average North Atlantic
SST anomaly (relative to the global average), with a period of approximately
60-80 years. During AMV+, SST anomalies in the NA are warmer than the
global average, whilst AMV— is characterised by cold SST anomalies compared

to the global average.

During AMV+, the tropospheric circulation response to the positive SST
anomalies projects onto NAO— (Subsection 1.2.3; Elsbury et al., 2019; Msadek
et al., 2011).

The PDO is the leading mode of SST variability in the NP (Subsection 1.3.3). It
is defined as the first empirical orthogonal function (EOF) of monthly-mean SST's
across the NP basin, and has a period of approximately 20-30 years. PDO+ is
characterised by cold SST anomalies in the western and central NP, with warm
anomalies in the eastern NP. PDO— displays the opposite SST anomalies. The
SST pattern exhibited by the PDO is very similar to that of ENSO. PDO+ and
El Nifio both show similar cold anomalies in the western North and South Pacific,
with warm anomalies in the eastern and tropical Pacific. The PDO differs from
ENSO in its time scale (decadal rather than interannual) and in the focus of SST

anomalies in the NP rather than the tropical Pacific.

PDO+ tends to induce an atmospheric response which projects onto the PNA+
(Subsection 1.2.5), in turn deepening the AL (Taguchi et al., 2012). The reverse

is true for PDO—. The interaction between the PDO and the atmosphere is
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Figure 4.1: Model configuration for UKESM. Image provided by UKESM
(https://ukesm.ac.uk/science-of-ukesm/).

non-linear, with atmospheric forcing a major driver of PDO variability (Newman

et al., 2016).

The PDO is not entirely independent of AMV, with the latter acting as a driver
of low-frequency variability in the Pacific with an observed lag of approximately
12 years (Wu et al., 2011; Zhang and Delworth, 2007). This will be taken into

consideration when considering the effect of each mode on MJO teleconnections.

4.2 The UKESM model

The first stage of the UK Earth System Model (UKESM1.0-LL; henceforth simply
UKESM) is an earth system model (ESM) developed by the UK Met Office and
National Environmental Research Council. For a comprehensive overview of the

model, see Sellar et al. (2019).

UKESM is based on the climate model HadGEM3-GC3.1-LL, coupled with
additional vegetation and biogeochemistry representations from the JULES,
MEDUSA and UKAC models (Figure 4.1). The atmospheric (and land)
component of the UKESM model runs on a 1.25°x1.875° latitude—longitude
grid with 85 vertical levels. The ocean component inherits its nominally 1°

tripolar horizontal grid and 75 vertical levels from the NEMO model.
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Global coupled climate models consistently under-represent
tropical-extratropical teleconnections (Skinner et al., 2022; Williams et al.,
2023), leading to the so-called “signal-to-noise” paradox, in which individual
model realisations display less predictable climate variability than would be
expected (Scaife and Smith, 2018). MJO variability is also generally

under-predicted in climate models (Le et al., 2021).

A consistent weakness in climate models over recent decades has been the
excessive termination of MJO events over the MC, producing a barrier effect
(e.g. Ling et al., 2019; Zhou et al., 2023). This phase of MJO propagation is key

to skilful prediction of teleconnection patterns (Bao and Hartmann, 2014).

Ahn et al. (2020) assess the ability of climate models from CMIP5 and CMIP6
to simulate MJO propagation across the MC. Whilst UKESM does not have the
most skilful representation of trans-MC propagation amongst the CMIP6 models,
it does outperform its physics-only counterpart, HadGEM3-GC3.1-LL, and is able

display at least some propagation (Figure 4.2).

The UKESM model simulates low frequency SST variability well compared to
other ESMs. Coburn and Pryor (2021) show that the model’s spatial and
temporal representation of AMYV are more skilful than the multi-model
ensemble mean of eleven ESMs. This result holds regardless of the skill metric
used. UKESM has the best spatial PDO representation of the eleven models,
whilst the representation of temporal variability is better than average based on
two of the three metrics used. Unfortunately, the model has a poor
representation of the co-variance between AMV and the PDO, however most of

the models struggle to simulate this relationship well.

Robson et al. (2020) found that whilst North Atlantic SST variability is well
represented in UKESM when compared against reanalysis data, model AMV
explains a smaller proportion of global SST variability than observed AMYV. This
is likely due to the fact that model AMYV is more closely correlated with global

mean SST and the AMV spatial pattern is not as tightly confined to the NA.
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Figure 4.2: November—April OLR anomaly composites for each MJO
phase in the UKESM pre-industrial control simulation. Bluer shading
(negative OLR) indicates enhanced anomalous convection.
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The model SST pattern features larger anomalies in the NP and Arctic (Figure

C.1a) than the observed SST pattern.

The North Pacific SST anomalies associated with the PDO are more tightly
concentrated around the Kuroshio—Oyashio extension (KOE) region in the
model than in observations (Figure C.1b). This difficulty with transporting SST
anomalies across the Pacific is a long-standing issue for climate models (e.g.
Pierce et al., 2001), particularly at lower resolutions. Zhang and Delworth
(2007) also suggest that this concentration of anomalies around the KOE region
may help to explain the poor representation of the co-variability of AMV and
the PDO.

Overall the model does a relatively good job of representing decadal variability
(Sellar et al., 2019), with the exception of the correlation between AMV and
theh PDO. We are, however, able to work around this issue (see Section 4.3)
by removing instances in which both modes are active simultaneously from our

analysis.

The spatial pattern of stationary Rossby wave number (Equation 1.2) displays
negligible response to AMV and the PDO in the UKESM model. Since the Rossby
wavenumber is used as a qualitative diagnostic of changes in Rossby waveguides,
relatively large changes are required in order to reach robust conclusions about
its role in modulating teleconnection patterns. The small changes we see in this
case are not significant enough to warrant further discussion in the context of

these results.

Stratospheric processes such as the SPV and SSWs are represented with a range
of accuracy across climate models (Ayarzagiiena et al., 2020; Charlton-Perez
et al., 2013; Hall et al., 2021; Wu and Reichler, 2020). UKESM has a well
resolved stratosphere, compared to many other climate models (Robson et al.,
2020; Sellar et al., 2019). When viewed as a whole season average, UKESM
represents the SPV and the frequency of SSWs reasonably well. The SPV is

slightly too weak (leading to too many SSW events) in early winter and too
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strong in late winter, although this is a common feature of climate models
(Charlton et al., 2007; Seviour et al., 2016). Also, whilst displacement-type
SSWs are well represented in UKESM, split-type SSWs are consistently
under-represented (Hall et al., 2021, 2022; Robson et al., 2020). EQBO phases
are generally too long in UKESM, however the relationship between the QBO
and SPV is better represented in UKESM than most climate models (Rao

et al., 2020).

The pre-industrial control (piControl) simulation forms part of the core (DECK)
suite of simulations from the CMIP6 project (Eyring et al., 2016). For a full
evaluation of the piControl simulation in UKESM, see Section 4.1 of Sellar et al.

(2019).

For the piControl simulation, forcings (aerosols, volcanic activity, land use, etc.)
are held constant at 1850 levels (or some pre-defined reference level — see
Appendix A1.2 of Eyring et al., 2016). Although this is not a true pre-industrial
level, the simulation is designed to show natural variability relative to an
approximately equilibrium state. The simulation is run for 1,100 years, with a
500 year coupled spin-up which is itself preceded by 5,000 and 1,000 year ocean

and land only spin-ups, respectively.

4.3 Methodology

The MJO is described using the RMM index proposed by Wheeler and Hendon
(2004). OLR, U850, and U250 anomaly data are projected onto the EOF
patterns calculated by Wheeler and Hendon. From the resulting RMM time
series, each day is assigned a phase and amplitude. Phases 2-3 signify enhanced
convection over the eastern 10, phases 4-5 describe enhanced convection over the
MC, phases 67 correspond to enhanced convection over the western Pacific, and

phases 8-1 denote enhanced convection over the central Pacific and western 10

(Figure 4.2).
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The index of Trenberth and Shea (2006) is used to describe AMV. SST anomalies
are averaged (area weighted) over the NA (0-80°W, 0-80°N), with the global
average SST anomaly then subtracted to detrend. This time series is 10-year

low-pass filtered, and is normalised so that it has a standard deviation of unity.

The PDO is defined as the first EOF of SST anomalies in the NP (northward
of 20°N), as described by Mantua et al. (1997). The EOF loading pattern is
provided by the NOAA PSL, and is based on HadISST data (Figure A.2). As
with the AMYV index, the time series is 10-year low-pass filtered, and is normalised

so that it has a standard deviation of unity.

AMYV and the PDO are in their positive (negative) phase when their index value
is greater than one (less than minus one). When the respective index value has
magnitude less than one, AMV and the PDO are said to be in their neutral phase
(denoted AMVn and PDOn, respectively).

250-hPa streamfunction (4250 hereafter) anomalies are calculated for UKESM
piControl simulation data by subtracting the mean, linear trend and first three

harmonics from 250-hPa wind data.

We will consider boreal winter (November—April) seasons throughout, since this
is when both the MJO and its teleconnections are most active (Jenney et al.,

2019; Stan et al., 2017). Only full winter seasons are considered.

Lagged composites of 1250 are calculated for each MJO phase by averaging over
all days in which the MJO is in the given phase and is active (lagged by a given
number of days). For different SST states, composites are then calculated by
further subsetting on winter seasons which have an average index magnitude
greater than one. Since the mean 1250 field will be different for the particular
subset than the whole domain, we subtract this mean from all composites. For
example, the lagged composite of 1250 anomaly for MJO phase 6 with AMV+
and PDOn is the lagged composite of 250 anomaly over all days in which,

simultaneously, the MJO is in phase 6, AMV is in its positive phase, and the PDO
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is neutral, minus the composite of 1250 anomaly over all days in which AMV is in
its positive phase, and the PDO is neutral (regardless of MJO phase). Hence the
composites show the anomalous atmospheric response to the MJO, conditional
on the given SST state, rather than the combined response to the MJO and
the decadal background state changes. For each MJO phase and ‘active’ SST
state (AMV+ and PDO4), there are approximately 2000-3000 days out of the
1100 year simulation (November-April only) in which the two are simultaneously

active. A full count can be found in Table C.1.

Due to the fact that the model struggles to fully capture the co-variability of
AMYV and the PDO, we seek to separate the two modes. To achieve this, when
compositing over one mode, the other is fixed as neutral. For example, rather
than compositing over all AMV+ seasons, we only consider those seasons which
are both AMV+ and PDOn. Henceforth, references to, for example, AMV+
will assume PDOn implicitly. SST composites for these regimes, now with the
other mode neutral, are displayed in Figure 4.3. Constraining the second mode
to neutral decreases the number of days included in each composite by
approximately 40% (see Table C.2), however this still leaves well over 1000 days

included in each composite.

The strength of the SPV is calculated at both 100 hPa and 50 hPa, in line with
Barnes et al. (2019). In each case, boreal winter geopotential height anomalies
(Z100 and Z50, respectively) from 60-90°N are zonally averaged to assess
changes in both the strength and meridional extent of the vortex. These
anomalies are then composited by the aforementioned SST regimes and MJO
phases to assess the different 10-day lagged responses of the vortex to the MJO,
conditioned on SST variability, as a function of latitude. Also calculated are the
polar cap (60-90°N) mean Z50 and Z100 anomalies as a function of lag, again

composited by MJO phase and SST regime.

Statistical significance is assessed throughout through the use of two-tailed t-tests.

Unless otherwise stated, significance is tested at the 95% confidence level.
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Figure 4.3: November—April composites of SST anomalies for (a) AMV+,
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in the UKESM pre-industrial control simulation. Composites are taken
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Figure 4.4: As in Figure 4.3, but for 1250 anomalies.
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4.4 Results

MJO phases 3 and 6 produce canonical teleconnections from the MJO to both the
NP and NA (e.g. Cassou, 2008). Hence, for the sake of clarity, and for consistency

with Chapters 2 and 3, we have focus on these two phases.

4.4.1 Response to MJO phase 6

When the MJO is in phase 6 — that is when enhanced MJO convection is centred
over the eastern MC and western Pacific (Figure 4.2f) — a Rossby wavetrain is
initiated, deepening the AL and causing a shift to NAO— and PNA+. This
is the canonical response to the MJO that has been discussed previously (e.g.

Section 1.2).

This canonical response is well represented in the UKESM piControl simulation,
with the expected cyclonic and anticyclonic anomalies present? in a 10-day
lagged composite of winter 1250 anomaly over the full 1,100 year time domain
(Figure 4.5a). Furthermore, the vast majority of the response is statistically
significant at the 95% confidence level, suggesting that this is a robust

teleconnection pattern from the MJO.

During AMV+ (with PDOn fixed), the response to MJO phase 6 is generally
less significant than average (Figure 4.5b). Whilst the AL is still deepened, this
response is much smaller in magnitude. Correspondingly, the PNA+ response is

almost completely disrupted.

This change in the extratropical response is seen even more clearly when
analysing the difference between the AMV+ composite and the overall
composite (Figure 4.6b). Note that by subtracting the overall composite from
the AMV+ composite, we see the effect that AMV+ has had on the response to
the MJO. If MJO teleconnections were independent of AMV modulation, we

would expect these differences to be zero (since the lagged 1250 response to
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Figure 4.5: (a) 10-day lagged MJO phase 6 composite of 1250 anomalies.
(b—e) 10-day lagged MJO phase 6 composite of ¥250 anomalies when
conditioned on the given SST regime. Stippling denotes regions in 250
anomalies are not significantly different from zero at the 95% confidence
level. In all panels, only November—April seasons are considered.

MJO phase 6 during AMV+ would simply be the linear superposition of the
individual responses of 1250 to the MJO phase 6 and AMV+). Changes in the
NP response are of the opposite sign to the overall response, leading to

destructive interference.

A considerable change in the response to MJO phase 6 is observed in the NA
during AMV+. The canonical NAO— response is strengthened during AMV+,
which suggests a nonlinear interaction between the responses to the MJO and

AMYV (which naturally favours NAO— during AMV+).

The stratospheric MJO-NAO teleconnection pathway may also be responsible
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Figure 4.6: (a) 10-day lagged MJO phase 6 composite of 1250 anomalies,
as in panel Figure 4.5a. (b—e) Change in 10-day lagged MJO phase 6
composite of 1250 anomalies as a result of conditioning on the given
SST regime (that is, the response conditioned on the SST regime minus
the overall responsel®!). Black contours show the overall composite from
panel (a), plotted at £0.5 x 105m?s™! and 41.5 x 10 m?s~!. Dashed
contours represent negative values. Stippling denotes regions in which the
SST conditioned response is not significantly different from the overall
response at the 95% confidence level. In all panels, only November—April
seasons are considered.

for some of change in the response. During AMV+, the SPV is much weaker
than usual (Figure 4.7). A weakened SPV would be expected after MJO phase
6, but this response is amplified considerably during AMV+. This result is
surprising since the stratospheric MJO-NAO pathway would usually see a
weakened SPV associated with a deepened, not weakened, AL. The weakened
SPV is, though, consistent with the strengthened NAO— response, suggesting

that the stratospheric pathway is indeed important here, however the
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Figure 4.7: 10-day lagged MJO phase 6 composites of zonal mean (a)
Z50 and (b) Z100 anomalies, as a function of latitude, for given SST
states. Only November—April seasons are considered.

mechanism by which the MJO is forcing the SPV is not clear.

The weakening of the SPV, appears to happen much earlier during AMV+
(Figure 4.8), which could point to a modified response to an earlier MJO phase.
In fact, the tropospheric response to MJO phase 4, which usually features an
anticyclonic anomaly across the NP, instead displays a slight deepening of the
AL (shown by the cyclonic negative shift in 1250 anomaly over the NP in
Figure C.4a). This shift would not usually occur until MJO phase 6, which may
explain the early weakening of the SPV. This modification in the SPV response
to the MJO may explain the inconsistency between the expected and observed

relationship between the AL and SPV.

Interestingly, the change in the response to MJO phase 6 during AMV-—
(Figure 4.6d) is not simply a mirror of that seen during AMV+. In this case,
the response of the NP remains significant to a greater degree, however the NA

response is much weaker.

The change in the response during AMV— resembles a Rossby wave which is

slightly out of phase with, and following a lower latitude to, the overall response.

(4]

In a linear Rossby wave theory!™, this could be interpreted as a shift in the

favoured Rossby wave mode (in this case to a higher wavenumber).
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Figure 4.8: Lagged MJO phase 6 composites of mean polar cap (60—
90°N) (a) Z50 and (b) Z100 anomalies, for given SST states. Only
November—April seasons are considered.

The NP response to MJO phase 6 is strengthened during PDO+ (Figure 4.6¢),
where we observe a considerably deeper AL. PDO+ tends to favour a deeper AL
(Figure 4.4b) and corresponding PNA+ (Taguchi et al., 2012), so we again appear
to see a nonlinear superposition of the expected responses. Also, the cyclonic
anomaly in the AL region is coupled with a strengthened anticyclonic anomaly
(RWS) around 20°N. This is consistent with the strengthening and eastward

shift in the MJO convective centre observed during PDO+ (Figure 4.9¢c).

A wave-like change in the response during PDO+ is visible, extending across
Mexico and into the NA (see the alternating positive-negative pattern in 250
anomaly change in Figure 4.6¢), similar to that observed during AMV—, again
pointing to an explaination from linear Rossby wave theory, in which the change
in the response is the result of a change in the particular Rossby wave modes
being excited by the MJO convection. It is not surprising to see similarities
between the AMV— and PDO+ modulation of the MJO teleconnection, since
these two SST regimes are correlated with each other. Although the restriction
of the second mode to neutral prevents the majority of this aliasing in the signal,

we still expect to see some crossover.

The response of the SPV to MJO phase 6 is altered significantly by PDO+

(Figure 4.7). The SPV appears to tighten around the pole, with a weakening
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Figure 4.9: (a) MJO phase 6 composite of OLR anomaly, as in panel
Figure 4.2f. (b—e) Change in MJO phase 6 composite of OLR as a result
of conditioning on the given SST regime. Black contours show the overall
composite from panel (a), plotted at 6 Wm~2 and +12 Wm~2. Dashed
contours represent negative values. In all panels, only November—April
seasons are considered.

of the vortex at lower latitudes and a slight strengthening of the vortex in the
high latitudes. The SPV also displays suppressed variability as a function of lag
relative to MJO phase 6 during PDO+ (Figure 4.8). The mechanisms behind this
change, and the effects it has on the NAQO, are not yet clear. This does, however,

warrant further investigation in a future work.

The effect of PDO— on the extratropical response to MJO phase 6 (Figure 4.6e)
is the least clear of the four regimes. Due to a considerable amount of destructive
interference, the response is less significant across the NH. The changes in the
response are, however, widely significant. Those anomalies that remain significant
are shifted in both the NA and NP. One general trend seems to be a positive shift
in the NAMP!. This is consistent with the strengthening (or, more accurately, the

reduced weakening) of the SPV during PDO— (Figure 4.7).

Across all SST regimes discussed, changes in the SH response to MJO phase 6 can
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be seen, however they are generally less significant, and less spatially coherent,
than those changes observed in the NH. One could argue for a Rossby wave-like
change in the response across South America during PDO+, however this doesn’t

have much qualitative impact on the response itself (Figure 4.5¢).

4.4.2 Response to MJO phase 3

The other key extratropical response to the MJO is that following MJO phase 3
(e.g. Cassou, 2008). In this case, we expect a teleconnection resembling PNA—
(with a weakened AL) and NAO+. Whilst there is a well-defined physical
mechanism for the stratospheric teleconnection pathway between MJO phase 6
and the NA, this is not the case for MJO phase 3. Hence the focus of these

results will be on the tropospheric circulation response.

The UKESM piControl simulation does a good job of capturing the expected
NAO+ response, even if it is weaker than we might expect. That being said,
the response is still significant at the 95% confidence level. (Figure 4.10a). The
PNA— response is shifted westward. A relatively strong anticyclonic anomaly
is visible over the Aleutian Islands, consistent with a weakening of the AL. The

eastern nodes of the PNA quadrupole are not clear, though.

AMYV provides little modulation to the extratropical response to MJO phase 3
(Figures 4.11b and 4.11d). A statistically significant change is observed during
AMV—, with a Rossby wave-like change in the response as previously described.
This wave train initiates to the North East of the MC and extends across the
mid-latitudes to the NA, however it has a higher frequency than, and is out of
phase with, the average response. This change in the Rossby wave mode excited
could be due to changes in the MJO convection (Figure 4.12), where the area
of suppressed convection appears to shift southward. The precise mechanisms
behing this change are not clear, though. Once the wavetrain reaches the NA, it
appears to strengthen the NAO+ response, however this change is not statistically

significant. AMV— tends to favour NAO+ (Figure 4.4c), so it is slightly surprising
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Figure 4.10: Lag 10-day 1250 anomalies. As in Figure 4.5, but for MJO
phase 3.

that a more substantial modification of the teleconnection is not observed given

the nonlinear interaction between the responses to AMV and MJO phase 6.

The PDO has a greater impact on the response to MJO phase 3 (compare
magnitudes of the change in response between Figure 4.11 panels b—c and d—e).
Interestingly, both PDO+ and PDO— appear to amplify the weakening of the
AL (albeit with a slight northward shift in the centre of action during PDO+).
During PDO— we might expect a strengthening of this response, since a weak
AL is already favoured. On the other hand, during PDO+ (when we in fact see
the larger modification to the response), a stronger AL would generally be
favoured. The exact mechanisms behind this alteration to the NP response are

not yet clear, however we hypothesise that an eastward shift in the MJO
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for MJO phase 3.

convective centre (Figure 4.12¢) may be a factor.

In the NA, both PDO+ and PDO— disrupt the NAO+ response to MJO phase
3. In both cases, the Rossby wavetrain to the NA is modified, however this acts

to reduce the significance of the NH response.

In general, the modulation of the extratropical response to MJO phase 3 by AMV
and the PDO is, whilst statistically significant in some regions, not well explained
by the physical mechanisms studied here. It is also of smaller magnitude than the
modulation of the extratropical response to MJO phase 6. Further investigation
is required to make more robust conclusions about the effect of decadal SST

variability on MJO phase 3 teleconnections.
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Figure 4.12: Change in OLR anomalies. As in Figure 4.9, but for MJO
phase 3.

4.4.3 Response to the remaining MJO phases

The modification of the extratropical response to the remaining phases of the
MJO by AMV and the PDO are presented in Figures C.2—-C.7. Statistically
significant modifications to the MJO teleconnection are observed throughout,
providing further confidence in the modulation of the extratropical response to

the MJO by decadal SST variability.

As is the case for MJO phase 3, the effects of AMV on the responses to MJO
phases 2 and 4 are not clear, since the changes we see, whilst statistically
significant in some regions, do not project well onto the teleconnection itself.
They also don’t appear to project onto common weather regimes, making it
difficult to decipher the mechanisms behind the changes. The same is true for
MJO phase 5, although there is an argument for a weakening of the Atlantic
Ridge pattern during AMV—.

The NAO-— response to MJO phase 6 generally persists through phases 7 and

8, however AMV seems to generally disrupt this pattern. In AMV-— slighlty
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weakens the NOA — response to phase 7, whilst the change as a result of AMV+
doesn’t appear to map onto the NAO at all. AMV+, which natually favours
NAO-—, seems to shift the response to phase 8 closer to a Scandinavian Block

regime.

4.5 Conclusions

Both AMV and the PDO cause a statistically significant change in the
extratropical response to the MJO, for all MJO phases (Figures 4.6, 4.11, and
C.2-C.7).

AMV+ and PDO+ amplify the canonical NAO— and deep AL (PNA+)
responses to MJO phase 6, respectively, representing a nonlinear superposition
of the responses to the MJO and the decadal mode. The SPV plays a role in
the modulation of the teleconnections, however the mechanisms by which the

SPV response itself is modulated are not clear.

The amplification of the NAO— response to MJO phase 6 during AMV+ is
consistent with results found in Chapter 3 (Skinner et al., 2023), providing
further confidence in the result. It is difficult to compare with Chapter 3 too
closely, due to the covariance of AMV and the PDO, and the short time domain
of the observational analysis. Seeing some agreement is, therefore, a very

exciting result.

The response to MJO phase 3 is modulated by both AMV and the PDO, though to
a lesser extent than the response to MJO phase 6. There appears to be significant
alteration of the Rossby wave response, however some of the changes observed
are of the opposite sign to those expected (e.g. Weaker AL during PDO+, which

favours a deepening of the AL).

For both MJO phases studied, a linear superposition of Rossby wave responses

seems to occur. It is worth reiterating that the differences plotted in panels b—d
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of Figures 4.6 and 4.11 are the modification of the MJO teleconnection by the
given SST state, not just a superposition of the responses to the MJO and SST
variability. Hence, this linear Rossby wave-like change in the teleconnections
must occur as a result of different Rossby wave modes being excited by the MJO,
depending on the SST state. This could be due to changes in the tropical forcing
(Figures 4.9 and 4.12), or changes in the basic state through which these waves

propagate.

It is clear that both AMV and the PDO modulate the extratropical response
to the MJO on decadal time scales, and some of the mechanisms behind this
modulation have been identified. Further study is required to consolidate these
results and investigate those mechanisms which are not yet clear. It must also be
noted that biases in the model used will also affect the results obtained. Without
longer observational datasets, models remain the most effective way to study
variability on decadal time scales. Similar studies with other climate models, or
the use of idealised modelling experiments, would help to make these results more

robust, though.

Since the MJO is used as a source of predictability in the extratropics, these
results will have impacts on forecasting over the coming decades. As AMV and
the PDO modulate the response to the MJO, so the predictability obtained
through these responses will also be modified. Similarly, studies of MJO
teleconnections in future climates can now use the context provided by these
results to more accurately pick apart the changes in the response as a result of

internal an anthropogenically forced variability.

Returning to the research questions posed in Chapter 1, we asked ‘What
modulates decadal variability of the extratropical response to the MJO?'. We
analysed the effect of two key modes of low-frequency SST variability — AMV
and the PDO — on the extratropical response to the MJO in the UKESM
climate model. Using the pre-industrial control simulation from the CMIP6

project, we have access to a much longer dataset than would be possible using
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observations or reanalysis products. This allowed us to properly assess decadal
variability with a robust sample size. Both AMV and the PDO are shown to
modulate the extratropical response to all MJO phases, particularly phases 3
and 6. Tropospheric and stratospheric teleconnection pathways, acting through
changes in Rossby wave activity and the stratospheric polar vortex respectively,
are modified by the decadal SST forcing. Physical mechanisms for a number of
these changes are identified, however further investigation is required to fully

explain other changes.
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Notes for Chapter 4

[1] 250-hPa zonal wind data are used in place of 200-hPa zonal wind for RMM
index calculation due to data availability constraints. This has negligible effect

on the outcomes.

[2] That is, cyclonic anomalies, corresponding to anomalous pressure lows, over
the Aleutian Islands and Florida (PNA+), and the Azores (NAO—). The
corresponding anticyclonic (or high pressure) anomalies are observed over

Hawaii and Northwest Canada, and (just south of) Iceland.

[3] This is also equivalent to the corresponding panel in Figure 4.5 minus

Figure 4.5a.

[4] Whilst Rossby waves in the atmosphere are, of course, not fully linear, it is
not unreasonable to make a linearity assumption for conceptual purposes (Deb

et al., 2020; Li et al., 2015a).

[5] The shift to NAM+ is visible through the large cyclonic anomaly over the

pole, with predominantly anticyclonic anomalies present across the mid-latitudes.
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5.1 Review of research questions

We now return to the research questions posed in Section 1.5. Throughout
Chapters 2—4, we have attempted to provide some insight into these questions.
Whilst each of the three questions has now been answered, they have also raised

new questions, promoting further investigation.

1. How well do climate models simulate the extratropical response to the MJO?

In general, climate models under-predict the extratropical response to the
MJO. The findings of Chapter 2 are consistent with previous studies and are
part of a common theme of under-prediction across many different tropical—
extratropical interactions. Whilst some of the broad features of the NAO
response to the MJO can be simulated, this response is universally too weak
and is, in some cases, of the wrong sign. Of the CMIP6 models examined,
the HadGEM3 model performs relatively well, but still struggles to fully
capture the teleconnection when compared to ERA-interim reanalysis. We
hypothesise that biases in MJO propagation speed may contribute to this

under-prediction.

The predictability provided by MJO teleconnections is key weather
forecasting, and so affects everything from the economy, to transport, to
energy production. This predictability, though, relies on the ability of
models to properly realise the extratropical response to the MJO. Having
addressed some shortfalls in the representation of MJO teleconnections in

climate models, work can now be undertaken to fill these gaps.

2. Does the extratropical response to the MJO vary on decadal time scales?

By comparing lagged MJO composites of 1200, T'850, precipitation, and
MSLP across two 21-winter-season time segments, we show, in Chapter 3,
that the extratropical response to the MJO has changed on decadal time
scales in ERA5 data. These changes are significant and are not a result of

aliasing of the ENSO signal.
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The two segments chosen coincide with opposite phases of AMV and the
PDO, leading to the hypothesis that these modes of SST variability may
modulate the MJO teleconnection pattern. Meteorological impacts of these
changes in the teleconnection pattern are significant and widespread across

the NH.

Further evidence for decadal variability was provided in Chapter 4. Both
AMYV and the PDO were shown to alter MJO teleconnections on decadal
time scales, with the amplification of the NAO— response to MJO phase
6 by AMV+ consistent across both studies. It is difficult to compare the
results directly due to the different data, methods and time scales used,

however there seems to be some qualitative agreement.

With a fuller understanding of these meteorological impacts, future
predictions can account for decadal variability in MJO teleconnections.
This result adds to a number our understanding of how the extratropical
response to the MJO varies across a range of time scales, taking a step

towards greater predictability in the extratropics.

3. What modulates decadal variability of the extratropical response to the

MJO?

Our hypothesis that the extratropical response to the MJO is modified by
both AMV and the PDO is strengthened by Chapter 3 and confirmed in
Chapter 4. Changes in the teleconnections observed in Chapter 3 coincide
with changes in AMV and the PDO, whilst statistically significant changes
are observed in the response to all MJO phases for both AMV and the PDO

in Chapter 4.

In Chapter 4 we find that both the tropospheric and stratospheric
teleconnection pathways from the MJO are altered by decadal SST
variability. Nonlinear interactions and alterations in the SPV response to
the MJO are key to the modulation of the MJO phase 6 teleconnection.
Modification of the Rossby wave response is also central to this

modulation, however some of the mechanisms behind the observed
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changes in the teleconnection patterns are still to be uncovered.

There are some limitations on the robustness of these results due to known
biases in the model used (see Chapter 2), however they still provide exciting
insight and an essential first step towards a fuller understanding of the
modulation of MJO teleconnections on decadal time scales. In turn, this
greater understanding of MJO teleconnections will improve predictions of

the extratropical weather and climate.

5.2 Evaluation of data, methodology, and limitations

Whilst care has been taken throughout the work presented to ensure that the
data and methods used are up to date, appropriate for the task, and free from

unnecessary bias, there are always limitations in science.

In Chapter 2, the limitations in climate models’ ability to similulate MJO
teleconnections are assessed. Climate models are found to underestimate MJO
teleconnections. Taking this result in mind, care should be taken when using
climate models to examine the extratropical response to the MJO further.
There is certainly an opportunity to use these models to gain insight, but this
should be validated using observational /reanalysis-based results where possible.
For example, the pairing of a study using renalysis data (Chapter 3) with a
model study (Chapter 4) provides additional strength to both pieces of work,

especially since they can be put into context using Chapter 2.

On the other hand, the reanalysis data used in Chapter 3 has two key
limitations. Since robust OLR observations are necessary to accurately describe
the MJO using the RMM index, we have a relatively short observational record
to work with. When considering decadal scale variability, this means we are left
with a very small sample size and stuggle to make robust conclusions about the
mechanisms behind changes in MJO teleconnections. Another limitation of

using reanalysis data to study decadal scale variability is the potential presence
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of a climate change signal. Whilst the data used has been detrended to remove
most of the impacts of climate change, there will also be potential indirect
effects on the various modes of variability. Hence, coupling these results with
Chapter 4, which uses a pre-industrial control simulation to provide a much

larger dataset free from climate change effects, helps to ease these limitations.

The statistical framework presented in Chapter 2 provides a simple way to
interpret the differences in the MJO teleconnecton patterns between the
reanalysis and model in the context of existing weather patterns. This
framework, inspired by Cassou (2008), nicely captures changes in the magnitude
of the teleconnections, but (as is shown in Chapters 3 and 4) there is also
considerable spatial variability in the teleconnection patterns. As such, there
may be more subtle differences between the reanalysis and model that are not
picked up. It is for this reason that lagged composites are presented in Chapters

3 and 4, rather than the statistical framework.

Also, the results of Chapters 3 and 4 highlight the dependence of MJO
teleconnections on the mean state and its variability on long time scales. If the
analysis in Chapter 2 were to be repeated, the state of AMV, the PDO (and
ENSO) should be taken into account, as differences in these modes may explain
some of the differences in the teleconnection. It is difficult to directly compare
the changes in the teleconnctions observed in Chapters Chapters 2 and 4, since
they use very different methodologies, however a crude estimate would suggest
that the effects are of the same order of magnitude. In Figure 4.5, we see that
during AMV+, the NA response to MJO phase 6 is strengthended by a
approximately 50-100%. Similarly, in Figure 2.4, we see a difference of around
30% in the likelihood of observing NAO— 10 days after MJO phase 6 between
the model and reanalysis. Whilst these metrics cannot be directly compared,

this suggests that the differences are at least comparable.

A change in the North Pacific Rossby waveguide, diagnosed using the stationary

Rossby wavenumber, plays a key role in altering the MJO teleconnection pattern
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seen in Chapter 3. There is scope to explore this further in the future, either
by using a ray-tracing analysis (e.g. Barrett, 2019; Li et al., 2015b; Zhao et al.,
2015), or by using ‘E-vectors’ (e.g. Hoskins et al., 1983; Matthews and Kiladis,
1999b). The stationary wavenumber provides a qualitative description of the
Rossby wavefuide in the mean sense, whereas a ray-tracing analysis would directly
diagnose the characteristics of individual Rossby waves. This method was avoided
due to the time scales involved. Assessing decadal scale variability using ray-
tracing would be very computationally expensive and would make drawing robust
conclusions very difficult. If used in conjunction with an idealised modelling
experiment with much shorter run times, it may be possible, however. E-vector
analysis is similar to stationary Rossby wavenumber analysis in that it provides
an estimate, based on some assumptions, for the path of Rossby waves. In this
case the local group velocity of the Rossby waves can be inferred. The stationary
wavenumber analysis provided the clear visualisation of the waveguide that was
necessary for Chapter 3, however E-vectors could be used in future analyses as

another option.

Significance testing has been used throughout this thesis to solidify arguments and
justify conclusions. The effects of autocorrelation have, however, not always been
taken into account. In Chapter 2, statistical significance is likely overestimated
since each individual day of the analysis was considered an independent event,
when in reality there exist autocorrelations in both the MJO and NAO. Each
MJO phase is, on average, active for approximately 3-5 days (Figure 2.5), and
the NAO has a decorrelation time scale of 5-6 days (Domeisen et al., 2018), so
the number of independent samples is likely overestimated by a factor of 3-5 (i.e.
the minimum of the two values above). This would mean that the test statistic,
which is proportional to the square-root of the number of samples, is likely around
twice the size it should be. This, in effect, means that statistical significance was
overestimated by a factor of 2 in Chapter 2. Another way to view this, is that
rather than the intended 95% threshold, significance is actually tested at the 84%

threshold.
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5.3 Possible avenues for future work

5.3.1 MJO teleconnections in future climates

Anthropogenic climate change (Mann et al., 1999; Masson-Delmotte et al.,
2021; Portner et al., 2022) is projected to cause various changes in atmospheric
dynamics (e.g. Christensen et al., 2022; Gillett et al., 2003; Gutierrez et al.,
2022; Omrani et al., 2022; Woollings et al., 2018), leading to a range of
potential impacts (e.g. Wright et al., 2023). These changes are predicted to
increase the intensity of MJO-related precipitation anomalies, whilst weakening
MJO-related circulation anomalies (e.g. Adames et al., 2017a,b; Arnold et al.,
2014, 2015, 2013; Bui and Maloney, 2018, 2019a,b; Fu et al., 2020; Jones and
Carvalho, 2006; Liu et al., 2013; Maloney et al., 2019qa; Pritchard and Yang,
2016; Rushley et al., 2019; Takahashi et al., 2011).

MJO teleconnections are generally expected to be amplified in a warming
climate (Samarasinghe et al., 2021; Wang et al., 2022; Zhou et al., 2020), which
is surprising since these teleconnections are generally regarded as being a result
of upper level divergence associate with the MJO (which, as mentioned above,
are expected to weaken). These changes will bring greater MJO-induced
predictability to the NA, but reduce predictability in the NP (Mayer and
Barnes, 2022). There is, though, considerable uncertainty in future model
simulations (Jenney et al., 2021; Wang et al., 2022), so further study is needed

to solidify these results.

In Chapter 4 we show that low-frequency modes of variability can alter the
extratropical response to the MJO, meaning that studies of changes in MJO
teleconnections in future climates should be taken in this context. The state of
these modes!) should be accounted for when analysing different time periods,

including those in the future.
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5.3.2 Causal pathways for MJO teleconnections

As discussed in Section 1.4 and throughout Chapters 3 and 4, there are numerous
modes of variability that are able to modulate MJO teleconnection patterns. This
forms a complex system of causal relationships and influences, which are difficult
to untangle. Through a composite analysis (Chapter 4), we have attempted to
isolate the effect of different modes of variability on MJO teleconnections, however

in doing this it is easy to lose sight of the system as a whole.

Causal network analysis (Ebert-Uphoff and Deng, 2012; Kretschmer et al., 2021;
Nowack et al., 2020; Runge et al., 2019; Su et al., 2023) allows for the many
interconnections of the system to be viewed simultaneously, concisely quantifying
combined the effects of many different forcings. These methods have been used in
various contexts across climate science (e.g. Di Capua et al., 2020; Hannart et al.,
2015; Huang et al., 2021; Yessimbet et al., 2022) and allow for neat quantification
and visualisation of otherwise complex systems. It would not be unreasonable
to apply this type of methodology to MJO teleconnections, however the range of
time scales involved, the non-linear nature of some relationships, and the presence
of autocorrelations in the system all present challenges. Also, whilst it is possible
to infer relationships using causal networks, they are best applied to the analysis
of known relationships and systems. Hence studies such as those presented in

Chapters 3 and 4 are still a necessary precursor to a causal network approach.

Barnes et al. (2019) used causal networks to consider ENSO modulation of
MJO teleconnections, via both the tropospheric and stratospheric
teleconnection pathways. Following on from the results presented here, this

could now be expanded to include AMV and the PDO2.

5.3.3 Modelling the simultaneous effects of SST variability on
the basic state and MJO forcing

Arcodia and Kirtman (2023) present a very interesting analysis, in which
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idealised models are used to pick apart the simultaneous ENSO modulation of
MJO forcing and of the extratropical mean state, both of which combine to
produce the observed ENSO modulation of the MJO teleconnection. In this
way, the mechanisms behind the modulation of the teleconnection can be more
clearly assessed. A similar approach could be taken with AMV and the PDO,

by separately applying their modulation to the MJO and the extratropics.

An idealised modelling study would also provide greater flexibility and allow for
a more indepth analysis of the mechanisms involved in the modulation of the
MJO teleconnections. Whilst modelling could present some challenges due to
the inability of most models to fully simulate the MJO, an intermediate model
might be able to at least provide some insight. In this situation, the SST
anomalies associated with the MJO could be artificially induced (in a similar
way to Matthews and Kiladis (1999a)), whilst the AMV and PDO SST
anomalies are also present. Some careful thought would need to go into the
length of spinup needed to allow the atmosphere to equilibriate around the new

mean SST state, before the MJO anomalies are introduced.

5.4 Summary

The extratropical response to the MJO varies on decadal time scales, and this
variability is modulated by AMV and the PDO. Some of the mechanisms behind

this modulation have been described, however some still pose open questions.

Climate models have considerable room for improvement when it comes to
simulating MJO teleconnections, however they can still provide valuable insight,

as long as results are viewed in context.

MJO teleconnections play a valuable role in the prediction of extratropical
weather and climate, and these results will help to improve this predictability,
especially on longer time scales. With greater knowledge of the decadal

variability of MJO teleconnections, further studies can now be put into context
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and prediction of extratropical weather can continue to improve.
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Notes for Chapter 5

[1] Of course, other known modulators of MJO teleconnections should also be

taken into account.

[2] It would also be interesting to include other modulators such as the QBO and

IOD in this causal network analysis.
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Publicly available indices are used throughout, unless stated otherwise.

The RMM index for the MJO (Bureau of Meteorology, 2021; Wheeler and
Hendon, 2004) is created projecting U200, U850, and OLR anomalies (with the
ENSO signal filtered out) onto principle components (PCs), calculated from an
EOF analysis in the original study (National Center for Atmospheric Research,
2022). This gives two time series — RMM1 and RMM2. The MJO amplitude is

then defined as \/ RMM12 + RMM22, and the eight phases are defined as
octants of the RMM1-RMM2 plane (Figure A.1).

The AMV index (NCAR Climate Analysis Section et al., 2006; Trenberth and
Zhang, 2021; Trenberth and Shea, 2006) is defined by taking the mean of North
Atlantic (0-60°N) SST anomalies, and then subtracting the global mean SST
anomaly to detrend. A 10-year low-pass filter is applied to isolate the

multidecadal variability.

The PDO (Deser and Trenberth, 2016; Mantua, 1999) is defined as the first EOF
of North Pacific (20-70°N) SST anomalies (Figure A.2). The PDO index is

created by projecting SST anomalies onto this EOF pattern.

The Nino 3.4 index (National Oceanic and Atmospheric Administration Earth
System Research Laboratories, 2022; Trenberth, 2020) is calculated by taking
the mean of equatorial mid-Pacific (5°S-5°N, 170-120°W) SST anomalies. A

5-month running mean is applied to smooth the data.
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Figure A.1: Phase space of the RMM index (Wheeler and Hendon,
2004). The 8 MJO phases are marked as octants of the plane, whilst
MJO amplitude corresponds to the radial distance from the origin. The
location of enhanced convection is also marked. Adapted from Figure 1
of Virts and Wallace (2014).
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Figure A.2: SST loading pattern for the PDO. Data provided by the
NOAA PSL at https://psl.noaa.gov/pdo/.
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As stated in Section 2.3, both geopotential height and sea level pressure are
commonly used when defining an index for the NAO. Below we show that within
the statistical framework used in Chapter 2, the two indices are qualitatively

equivalent.

To compare the response of North Atlantic geopotential height and sea level
pressure responses to the MJO, we define two indices to describe the NAO. The
first is the index described in Section 2.3, in which we take the difference in
7500 anomalies between two area averaged boxes over Iceland and the Azores
(50-70°N, 10-50°W and 30-45°N, 5-55°W). The second index is identical to
the first, excpet we take the difference in MSLP anomalies between the same two
boxes. The analysis described in Section 2.3 is then performed using each index

in turn with the results plotted in Figure B.1.

As we can see, there is little to no qualitative difference in the NAO response

between the two regimes, highlighting the barotropic nature of the NAO.
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Figure B.1: The NAO response to the MJO in ERA-interim (Z500,
MSLP, U250, U850) and NOAA OLR-interpolated (OLR) data using two
different NAO indices. The black line represents the response seen when
using anomalous Z500 data in the NAO index, with markers showing
significance at the 95% level. The bars show the response seen when
using the same NAO index but with MSLP used instead. Blue shading
indicates significance at the 95% level. Qualitatively, the two methods
are equivalent.
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Supplementary figures and tables for Chapter 4, which have been included here

to completeness.

Table C.1: The total number of days in which each MJO phase and SST
state are ‘active’ (see Section 4.3) simultaneously. This is also the number
of days included in the creation of relevant composites.

Phase | Overall | AMV+ | AMVn | AMV- | PDO+ | PDOn | PDO-
1 14773 2225 9924 2370 2114 9812 2593
2 15613 2395 10370 | 2556 2169 10411 | 2741
3 16971 2490 11383 | 2808 2206 11414 | 3061
4 16360 2408 11099 | 2518 2346 10908 | 2771
5 14935 2404 9926 2354 2435 9928 | 2321
6 15241 2762 9981 2237 2584 10168 | 2228
7 16391 2935 10845 | 2329 2625 11098 | 2386
8 16692 2694 11075 | 2655 2504 11209 | 2711

Table C.2: As in Table C.1, but with one decadal mode of variability

fixed as neutral.

This represents the number of days included in the

majority of composites presented in Chapter 4. The numbers shown
in brackets are number of days removed by fixing the other mode to
neutral (i.e. the upper-left box shows 1599 days in which MJO phase 1,
AMV+ and PDOn were simultaneously active, however from Table C.1,
we see that there were 2225 days in which MJO phase 1 and AMV+
were simultaneously active, giving 2225—1599=626 days lost as a result
of constraining PDOn.)

Phase | AMV+, PDOn | AMV-, PDOn | PDO+, AMVn | PDO-, AMVn
1 1599 (626) 1356 (1014) 1441 (673) 1626 (967)
2 1735 (660) 1472 (1084) 1480 (689) 1686 (1055)
3 1783 (707) 1645 (1163) 1495 (711) 1902 (1159)
4 1730 (678) 1543 (975) 1663 (683) 1801 (970)
5 1585 (819) 1472 (882) 1590 (845) 1465 (856)
6 1822 (940) 1408 (829) 1607 (977) 1436 (792)
7 2012 (923) 1518 (811) 1693 (932) 1584 (802)
8 1891 (803) 1697 (958) 1685 (819) 1769 (942)
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Figure C.1: November—April composites of SST anomalies for (a) AMV+,
(b) PDO+, (¢) AMV—, and (d) PDO—, in the UKESM pre-industrial
control simulation. Composites are taken over all winter seasons in which
the respective index has value greater than one. The green box in each
panel denotes the region used to calculate the respective index.
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Figure C.2: Change in lag 10-day 1250 anomalies. As in Figure 4.6, but
for MJO phase 1.
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Figure C.3: Change in lag 10-day 1250 anomalies. As in Figure 4.6, but
for MJO phase 2.
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Figure C.4: Change in lag 10-day 1250 anomalies. As in Figure 4.6, but
for MJO phase 4.
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Figure C.5: Change in lag 10-day 1250 anomalies. As in Figure 4.6, but
for MJO phase 5.
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Figure C.6: Change in lag 10-day 250 anomalies. As in Figure 4.6, but
for MJO phase 7.
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