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Abstract

Turbulence is ubiquitous within geophysical and astrophysical fluid flows. Its interaction with physical
ingredients such as rotation and stratification gives rise to spectacular dynamics, including the layering of
material properties, which in turn influence the transport and distribution of heat, momentum and tracers.
We consider the effects of rotation and stratification individually in the study of two different problems of
scientific interest, using idealised models which retain only the essential ingredients.

Our first problem investigates the role of rotation in geophysical flows. We consider a barotropic,
stochastically-forced turbulent flow on a beta-plane, which is well known to exhibit the spontaneous
formation and equilibration of persistent zonal jets. The equilibrated jets are not steady and the focus here
is on their time variability, which is of interest both because of its relevance to the behaviour of naturally
occurring jet streams and for the insights it provides into the dynamical mechanisms operating in these
systems. We compare the behaviour of a nonlinear (NL) system to a quasilinear (QL) model in which
eddy-eddy interactions are neglected. Both systems reveal a rich zoology of dynamics, nevertheless, key
differences exist. The NL model admits the formation of systematically migrating jets, a phenomenon that
has not been previously identified. Jets migrate north or south with a speed of translation that is a function
of the Rhines scale and the frictional damping rate, occasionally changing their direction of migration.
The QL model does not exhibit jet migration, but a generalised quasilinear (GQL) model, in which certain
eddy-eddy interactions are systematically restored, does, demonstrating that long waves, generated by such
interactions, play a key dynamical role. The importance of these waves, in addition to the role of random
fluctuations, is affirmed using a statistical formulation in which the flow statistics are solved for directly.

Our second problem considers the interaction of a stable density stratification with a background velocity
distribution, which can develop into stratified turbulence. Geophysical flows, in which the diffusivities
of momentum and heat are commensurate, are often very strongly stratified, nevertheless, turbulence
still occurs. Density layering is key to understanding the properties of this ‘layered anisotropic stratified
turbulence’ (LAST) regime. On the other hand, astrophysical flows are typically characterised by strong
thermal diffusion, inhibiting the formation of density layers. This suggests that LAST dynamics cannot
occur, raising the interesting question of whether analogous or fundamentally different regimes exist in the
limit of strong thermal diffusion. This thesis addresses this question for the case of a vertically stratified,
horizontally-forced Kolmogorov flow. Using linear stability theory, we show that three-dimensional
perturbations of the horizontal shear are always unstable in the limit of strong stratification and strong
thermal diffusion, causing the flow to develop vertical layers, and hence vertical shear, in the velocity field,
thereby allowing vertical shear instabilities to develop. The subsequent nonlinear evolution and transition
to turbulence is studied numerically using direct numerical simulations, where four distinct dynamical
regimes emerge, depending upon the strength of the background stratification. By considering dominant

balances in the governing equations, we derive scaling laws which explain the empirical observations.
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Chapter 1

General introduction

Geophysical and astrophysical fluid dynamics is the study of naturally occurring fluid flows. Examples
include planetary atmospheres, oceans and stellar interiors in which physical ingredients such as rotation,
stratification and magnetism permit a variety of wave motions. Turbulence, which is often described as
being unsteady, irregular and chaotic, is ubiquitous within these flows, occurring across a wide range of
spatial and temporal scales and exists alongside the waves. In some flows, the turbulence excites waves
which, in turn, reshape the structure of the turbulence by dispersing its energy into particular patterns; in
others, the waves excite new turbulence through instabilities. Such interactions lie at the heart of fields
such as meteorology, oceanography and astrophysics, giving rise to the complex and spectacular dynamics
that are often observed.

A hierarchy of mathematical models spanning a wide spectrum of complexity are used to study geo-
physical and astrophysical flows, incorporating varying degrees of realism depending on the approximations
made. At one end of the spectrum, state-of-the-art general circulation models (GCMs), run on the world’s
largest supercomputers, are used for forecasting and the prediction of future states. Their complexity,
however, impedes the study of phenomena in isolation, and thus a series of simpler models serve this
purpose. At the other end of the spectrum lie those models which retain only the essential ingredients
necessary to study a particular phenomenon of interest. Such foy models, whilst having no forecasting
capabilities, require substantially less computational power in addition to offering the viability for analytical
exploration, thereby enabling the fundamental physics to be probed in detail.

In this thesis, we consider the effects of rotation and stratification individually through the study of
two different problems, both of which share the theme of layering of material properties in turbulence.
We adopt a mathematical approach in each case, choosing to study idealised models that retain only the
essential ingredients. In addition, we probe the complex nature of the resulting nonlinear dynamics using
further model reductions that permit additional insights to be made. Each of these problems, which we now

proceed to describe, have important consequences for the associated turbulent transport properties.

1.1 Jet stream variability in beta-plane turbulence

In our first problem, which forms the basis of Chapters 2 — 6, we focus on the role of rotation within
geophysical fluids. Viewed from a distance, planetary atmospheres and oceans are shallow turbulent fluid
layers on a rotating sphere, a consequence of their large horizontal extent compared with their depth. The

quasi-two-dimensional nature of their planetary scale motions gives rise to fascinating dynamics, including
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the formation of jet streams and cyclones, with particularly spectacular images of each captured by the
recent Juno mission to Jupiter showing jets dominating at lower latitudes and vortices close to the poles
(Bolton et al., 2017). These features, which are maintained by smaller scale fluctuations, or eddies, due to
the tendency of energy in two-dimensional space to continuously transfer into larger scales, are remarkably

robust and they dramatically reshape the structure of the flows.

Focussing our attention on these former structures, jet streams are strong and persistent, longitudinally-
aligned, alternating currents that arise spontaneously in planetary atmospheres and oceans. They are
observed in a wide range of geophysical flows, including those of the terrestrial atmosphere and oceans
and, perhaps most strikingly, the atmospheres of the gas giant planets. Acting like fast-moving rivers,
jet streams play a key role in the transport of heat, momentum and tracers, including chemically and
thermodynamically important quantities such as ozone and water vapour. Following the celebrated paper of
Rhines (1975), lively argument has focussed on the mechanisms by which they form and are maintained,
with the underlying theme in each case being linked to the natural tendency of potential vorticity, a quantity
comprising in the simplest case the relative vorticity plus a component due to the planetary rotation, to be
mixed into layers or staircases (see Dritschel and McIntyre, 2008; Srinivasan and Young, 2012; Vallis and
Maltrud, 1993, and many others).

Nevertheless, equilibrated jet streams are inherently unsteady, and a current leading order question
concerns their time variability. Observations have revealed that the gas giant planets are enveloped in a series
of remarkably steady jet streams (Asay-Davis et al., 2011; Tollefson et al., 2017), while their terrestrial
counterparts exhibit a multitude of types of variability, including latitudinal shifts, strength changes and jet
mergers (Sokolov and Rintoul, 2007; Woollings et al., 2010). The reasons for these differences between the
planetary systems are not fully understood, and a complete categorisation of jet variability regimes has yet
to be accomplished. In addition, understanding how the atmospheric jet streams change as concentrations
of greenhouse gases increase is an important aspect of understanding the implications of climate change for
regional weather patterns, going beyond the zeroth-order effect of increased global temperature. In order
to address these questions, GCMs are often employed, however, computational constraints prevent the
simulation of all scales of motion. Instead, smaller spatial scale interactions and fast time scale dynamics
are parameterised, raising the question of which physical mechanisms should be retained in order to

maintain the fidelity of these models.

Seeking to understand the fundamental aspects of the underlying dynamics, in this study we examine
jet stream variability using a framework of idealised models. We follow the inspiration of many before
us (see Danilov and Gurarie, 2004; Galperin et al., 2006; Vallis and Maltrud, 1993; Williams, 1978, and
many others) by neglecting stratification in a single layer model and we incorporate the effects of planetary
rotation by adopting a beta-plane approximation, which is a simple device used to represent the latitudinal
variation in the vertical component of the planetary rotation. The jets are not directly driven; instead, they
arise spontaneously from a forcing comprising a parameterisation of small-scale eddies or fluctuations.
Within this simple framework, we seek to explore jet stream dynamics and, in particular, variability, using a

series of model reductions in which the fundamental ingredients are isolated.

We begin in Chapter 2, where we introduce the concept of these idealised models and conduct a literature
review of the present understanding of the formation mechanisms of jet streams and their equilibrated
dynamical regimes. This is followed in Chapter 3 with the mathematical formulation of two models that

will lie at the heart of our studies. Comprising a fully nonlinear model and a quasilinear version in which
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eddy-eddy interactions are neglected, these models are then contrasted and compared in Chapter 4 in order
to illuminate the differences between the fundamental physics that is captured in each. Further exploration
of these differences is investigated in Chapter 5, where we seek to elucidate the physical processes that are
relevant for a newly identified type of variability by the systematic restoration of eddy-eddy interactions to
the quasilinear model. Finally, in Chapter 6 we adopt a statistical approach in order to assess the role of

random fluctuations and gain a deeper understanding of our earlier findings.

1.2 Turbulent mixing in stratified, thermally diffusive shear flows

Our second problem shifts gear in Chapters 7 and 8 with a study of stratification in astrophysical fluids.
Stratified flows, in which buoyant fluid overlays dense fluid, are ubiquitous; examples in geophysics include
atmospheres and oceans, while they also occur on astrophysical scales in planetary and stellar interiors.
The interaction of a stable stratification with a background velocity distribution can develop into so-called
stratified turbulence, key to transport processes in geophysical flows and also thought to play a crucial
role in stellar interiors. Atmospheric and oceanic flows, in which the diffusivities of momentum and heat
are commensurate, are often strongly stratified, nevertheless, turbulence still occurs. Density layering
is key to understanding the properties of this ‘layered anisotropic stratified turbulence’ (LAST) regime
(Falder et al., 2016) that is characterised by anisotropic length scales and also anisotropy in the velocity
field, and hence the associated turbulence (Lindborg, 2006). On the other hand, astrophysical flows are
typically characterised by strong thermal diffusion, achieved physically through radiative transfer, inhibiting
the formation of density layers. This suggests that LAST dynamics cannot occur, raising the interesting
question of whether analogous or fundamentally different regimes exist in the limit of strong thermal

diffusion.

Whilst turbulent mixing in geophysical (atmospheric and oceanic) GCMs has received much attention,
it is usually either neglected or poorly parameterised in stellar evolution models. However, there is growing
theoretical and observational evidence that such mixing is present and can affect the life cycle of a star,
participating in the transport of both angular momentum and chemical elements. Inspired by the work
of Jean-Paul Zahn (Zahn, 1974, 1992), shear instabilities are conjectured to provide one such source of
turbulent mixing in stars, with the origin of the shear attributed to the star’s differential rotation. Indeed, the
advent of helio- and astero-seismology have enabled the internal structure of the sun and Red Giant Branch
(RGB) stars to be probed, including the direct measurement of shear (see Beck et al., 2012; Benomar et al.,
2018; Christensen-Dalsgaard and Schou, 1988; Thompson et al., 1996, and many others).

The unexpected discovery of the solar tachocline (see Hughes et al., 2007; Spiegel and Zahn, 1992),
which constitutes an abrupt transition (4% of the solar radius) between the differentially rotating outer
convection zone and the uniformly rotating radiative inner zone, is clear evidence that shear in stellar
interiors does not have a fixed orientation. Observations highlight components in both the vertical direction
(radial shear) and horizontal direction (latitudinal shear), however, the majority of theoretical studies of
shear-induced mixing to date have focussed purely on the effect of vertical shear. The fact that vertical
shear instabilities directly generate vertical fluid motion makes them natural choices as a source of vertical
mixing, nevertheless, they do have a tendency to be suppressed by stratification (Garaud et al., 2015a). This
study aims to address these questions for the case of stratified horizontal shear instabilities. Neglecting
the effects of rotation and magnetism and focussing on the thermally-diffusive limit, we seek to identify
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mechanisms for the transition to turbulence, with a view towards determining the resulting contributions
from horizontal shear instabilities to vertical turbulent mixing.

We begin in Chapter 7 with a literature review of stratified turbulence and horizontal shear instabilities,
focussing initially on geophysically-motivated studies before taking a look at the current state of affairs
in the astrophysical literature. In Chapter 8 we present the results of our research. After describing the
mathematical model, we discuss the results from a linear stability analysis of the problem. Shifting to focus
on the subsequent nonlinear evolution, we then describe some characteristic numerical simulations and
identify four separate dynamical regimes. By studying the dominant balances in the governing equations,
we derive scaling laws that are compared with the numerical data, enabling a quantitative description of
each of the regimes. Finally, our results are compared with theoretical predictions from Zahn (1992), where
we highlight the potential importance of horizontally-oriented shears compared with their vertically-aligned

counterparts for the turbulent mixing and transport properties in stellar interiors.



Chapter 2

Introduction to beta-plane turbulence

2.1 Motivation

Planetary atmospheres and oceans are shallow fluid layers on a rotating sphere, a consequence of their large
horizontal extent compared with their depth. They are in constant motion and their circulations, which are
primarily driven by heat radiation due to the relative excess of heating in equatorial regions compared to
higher latitudes, are complex. The fundamental dynamics of these flows are dominated by the effects of
stable stratification and planetary rotation which, at the largest scales, give rise to quasi-two-dimensional
dynamics. Turbulence, which is often described as being unsteady, irregular and chaotic, is ubiquitous.
Owing to the tendency of energy in two dimensions to transfer to larger spatial scales, these turbulent flows
are shaped by the spontaneous emergence of long-lived, coherent structures.

Jet streams are one of the primary constituents of planetary flows. They characteristically manifest
themselves as a banded structure of fluctuating, alternating jets with a mild asymmetry in form between
sharper eastward jets and broader westward flows (Vallis, 2017). Predominantly flowing in the east-west
or zonal direction, they are frequently referred to as zonal jets or zonal flows, terms that will be used
interchangeably throughout this thesis. Zonal jets influence the transport properties of planetary systems;
thus, their unsteadiness and the nature of their time variability is of great interest.

Terrestrial examples have been well studied since their discovery in the early twentieth century. In
the Earth’s atmosphere, the alternating pattern of easterlies and westerlies is a permanent feature, visible
in the annual mean tropospheric winds (see Figure 2.1(a)). Close to the tropopause, each hemisphere
contains an eddy-driven, or polar, jet located at 50 — 60° latitude and 9 — 12 km above sea level, and a
subtropical jet at about 30° latitude and 10 — 16 km altitude. Multiple modes of variability have been
observed, with timescales ranging from intraseasonal to interdecadal. Despite having a preferred location,
these jets naturally fluctuate about their average position on a synoptic time scale, as can be seen in Figure
2.2(a). They are also known, for example, to exhibit bistability between a double-jet regime, in which two
distinct jets are well-separated, and a single-jet regime, in which the jets are merged. Eichelberger and
Hartmann (2007) suggested that the single-jet regime is more related to pulsing, i.e. the acceleration and
deceleration of the zonal wind, while the double-jet regime is more related to latitudinal shifting of the
eddy-driven jet. Another prominent form of variability is the poleward propagation of zonal mean flow
anomalies, which has been observed in both hemispheres (Feldstein, 1998; Riehl et al., 1950).

The jets in the Earth’s oceans are somewhat narrower, a consequence of a smaller Rossby radius of
deformation (a measure of the length scale at which rotational effects become important - see Section 2.2).
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Figure 2.1 Geophysical observations of jet streams. (a) Earth’s atmosphere: latitude-pressure projection showing the
annual mean values of the mean zonal winds from the ECMWF ERA-40 Atlas. (b) Earth’s oceans: vertical cross
section at 20°W showing vertically-coherent patterns of alternating positive and negative velocity from Argo data
from 2004-2006 (adapted from van Sebille et al., 2011). (c) Jupiter: image of Jupiter’s zonal jets and the zonally
averaged zonal winds, both from the NASA Cassini mission. (d) Jupiter model: the zonal winds (left) and the zonally
averaged zonal winds (right) from a numerical model of Jupiter’s atmosphere (adapted from Heimpel et al., 2005).

Their existence is often difficult to establish, partly due to the fact that they are weak relative to the eddies
(defined as departures from the mean) and tend to be observable only after time-averaging, a property
referred to as latency by Berloff et al. (2011). Nevertheless, observations record multiple zonal jets in
the equatorial regions, in the subtropics, and in the Antarctic Circumpolar Current (ACC) (see Cravatte
et al., 2017; Maximenko et al., 2005, 2008, and many others). Oceanic zonal jets can be deep-reaching, as
shown in Figure 2.1(b) in which strong barotropic (depth-independent) structures are detectable down to
depths on the orders of kilometres. Despite their positions often being tied to topographical features, the
Southern Ocean jets display considerable spatial and temporal variability (Sokolov and Rintoul, 2007) with
jets observed to merge, nucleate (generate) and reorganise along the path of the ACC (see Figure 2.2(b)).

The most striking examples of zonal jets are those that are clearly visible in the atmospheres of the gas
giant planets (see Figure 2.1(c)). These jets are profoundly strong and their influence on the distribution
of clouds is visible even through amateur telescopes. Despite being observed for hundreds of years,
with the first zonal wind measurements recorded in the twentieth century, the wind systems of these
planets remained poorly known until Voyagers 1 and 2 flew past Jupiter in 1979 and Saturn in 1980-81.
Jupiter’s zonally averaged zonal wind profile, as observed by Cassini (plotted in Figure 2.1(c)), is not
hemispherically symmetrical; it contains between seven and eight jets per hemisphere and is dominated
by a strong equatorial jet with maximum velocities of 140 ms~!. A hierarchy of complexity of models
have attempted to replicate the structure, including the relatively complex numerical model of Heimpel
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Figure 2.2 Geophysical observations of jet stream variability. (a) Earth’s atmosphere: Hovmoller diagram of the
zonal wind averaged over 925-700 hPa and 0—-60°W for the winter of 2001-2002. The black line shows the latitude
of the jet core. Contours are drawn every Sms~! with negative contours dashed and the zero contour omitted (adapted
from Woollings et al., 2010). (b) Earth’s oceans (ACC): meridional gradient of sea surface height [m (100km)~'] at
130°E between 1994 and 1997 (adapted from Sokolov and Rintoul, 2007). (c) Jupiter: mean zonal velocities from
(red) Hubble Space Telescope images taken on May 10, 2008, and (black) Voyager 2 measurements from Limaye
(1986) in March 1979 (adapted from Asay-Davis et al., 2011).

et al. (2005) shown in Figure 2.1(d). In contrast to their terrestrial equivalents, Jupiter’s jets are remarkably
stable over long time intervals (see Garcia-Melendo et al., 2011; Tollefson et al., 2017, and others). This is
evident by comparing data from space missions spanning nearly 40 years alongside observations from the
Hubble Space Telescope (HST), which show remarkably good agreement, as highlighted in Figure 2.2(c).

Zonal jets play a fundamental role in the climate system, transporting geophysically-important quantities,
such as momentum and heat, that determine patterns of weather and climate. Regions of strong alternating
currents suppress eddy diffusivities and act as effective barriers to north-south, or meridional, transport
(Berloff et al., 2009; Dritschel and Mclntyre, 2008; Haynes et al., 2007; Naveira Garabato et al., 2011). On
Earth, modifications in the structure or the position of the tropospheric jet streams, which account for about
half of the total kinetic energy, may induce dramatic changes in regional weather patterns. This was the
cause of the 2003 and 2010 European heat waves which occurred when a slow-moving high-pressure system
caused an atmospheric blocking of the eastward winds, preventing the normal transport of mid-latitude
weather systems. It is no coincidence, therefore, that systematic changes in the positions and strengths of
the jet streams are a central theme in climate change research. Recent climate change projections from
Phase 5 of the Coupled Model Intercomparison Project (CMIPS5) generally show a poleward shift of the
eddy-driven jets and storm tracks in both hemispheres (Barnes and Polvani, 2013; Chang et al., 2012).
Other studies (based on ERA-Interim reanalysis data or individual CMIP5 model projections) predict a
future weakening of the tropospheric jet streams due to a reduction in the pole-to-equator temperature
gradient (see e.g. Coumou et al., 2015), which is hypothesised to invoke a higher degree of variability.

As we have seen, zonal jets exhibit a rich assortment of behaviours which differ substantially between
different planetary systems. However, the reasons for these differences are not fully understood. Thus, the
topic of zonal jet variability is of considerable interest and forms the focus of the first part of this thesis.
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2.2 A framework of idealised models of zonal jets

From a theoretical viewpoint, the advantages of using idealised, simplified models of geophysical phe-
nomena are the facility to retain and study only the essential physics inherent within a system. We begin
with a formulation of a generic mathematical model lying at the heart of much of the literature that will be
reviewed in this chapter and which will subsequently form the basis of the models used within this study. It
is a convenient framework that has been widely adopted due to the facility with which it can shed light on

important properties such as the formation and dynamics of zonal jets.

Large scale geophysical flows are strongly influenced by two effects: rotation and stratification. These
lead respectively to dominant balances between the pressure gradient and the Coriolis force (geostrophic
balance) in the horizontal direction, and the pressure gradient and gravity (hydrostatic balance) in the
vertical direction. The underlying equations can be simplified by exploiting these balances, filtering out
modes such as gravity waves and sound waves which are unimportant in the study of certain phenomena.
Atmospheric and oceanic flows are often modelled using the shallow water equations in which, in the

simplest barotropic formulation, a single-fluid layer of constant density is considered:

(Z—l;+(u-V)u+f><u=—th, %+V'(hll)=0- 2.1)

Within this unstratified model, coordinates x and y correspond to the zonal and latitudinal directions
respectively, u(x,y,t) = (u,v) is the horizontal velocity field, 4(x,y,t) denotes the total fluid depth, f = fZ
is the local vertical component of the planetary rotation vector and V = (d,,d,) is the two-dimensional
gradient operator. The Coriolis parameter is given by f = 2Qsin6 at latitude 6 for a planet with radius a
rotating with angular velocity Q. For simplicity, this is often approximated using a truncated Taylor series,
f = fo+ By, with a constant latitudinal gradient 8 = (2Q/a)cos 8y close to latitude dy. This known as the
beta-plane approximation, first introduced by Rossby (1939).

The ratio of the magnitude of the advective term, (u- V)u, to the Coriolis term, f X u, is a key parameter
called the Rossby number. For a characteristic horizontal velocity, U, a characteristic horizontal length

scale, L., and a characteristic Coriolis frequency, f, this is given by

Ue

Ro=——,
JeLe

(2.2)
where Ro <« 1 implies the importance of rotation. Typical values for large-scale mid-latitude flows in the

Earth’s atmosphere and ocean are 0.1 and 0.01 respectively, implying that rotational effects are significant.

The smallness of this parameter can be exploited to simplify the shallow water equations in the limit
in which there is an approximate balance between the pressure gradient and the Coriolis force. Known
as quasi-geostrophic (QG) motion, this was first formulated by Charney (1948). The procedure, outlined
in Appendix A, can be found in many standard text books, including Vallis (2017), and involves scaling
equations (2.1) before performing an asymptotic analysis. Remarkably, this leads to dynamics that are
completely determined by a single dynamical variable, namely the streamfunction, ¥/(x,y,t) = (g/ fo)h, or
the vorticity, ¢ = V2. The resulting shallow water quasi-geostrophic potential vorticity equation is

0 1 1
5 (VZlﬁ +By - L—ﬁlﬁ] + (“g : V) [Vzlﬂ +By — L—?llﬂ] =0, (2.3)
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which is sometimes known as the Charney—Hasegawa—Mima (CHM) equation (Galperin and Read, 2019).
Here, u, denotes the geostrophic velocity field and Ly = vgH/ f is the Rossby radius of deformation, i.e.
the length scale at which the geostrophic balance becomes important. The quantity inside the parentheses,

q=V%+@—%¢ 24)
L

is known as the shallow water quasi-geostrophic potential vorticity (PV). We note that the vortex stretching
term that is present in three-dimensional flows, acting as a mechanism for transferring turbulent energy
to smaller scales by enhancing vorticity through stretching processes, is identically zero in equation
(2.3), leading to qualitatively different flow evolution. Consequently, the potential vorticity is materially
conserved, Dq/Dt = 0 (provided external forcing and dissipation are neglected), a property that is widely
used in theoretical studies of the atmosphere and ocean. In the limit in which the characteristic scales of
motion are much smaller than Ly, the potential vorticity reduces to ¢ = V2 + By = ¢ + f and the dynamics
become two-dimensional. This is one of the simplest fully nonlinear models with which to study the effects

of rotation on turbulence, including the formation of zonal jets.

In three-dimensional, stratified configurations, turbulence naturally arises as a result of dynamical
instabilities such as baroclinic instability, however, there is no such underlying instability in the two-
dimensional case. Consequently, it is common to artificially force two-dimensional turbulence through an
exogenous, statistically homogeneous, forcing function, ¥, and associated forcing scale, k¢. In doing so,
it is assumed that the barotropic and baroclinic interactions are decoupled and that the baroclinic eddies
can be represented by an external force added to the barotropic model. A state of equilibration can then be
achieved by the inclusion of dissipation terms, D, representing physical processes such as radiative cooling
(Scott and Polvani, 2008) or Ohmic dissipation (Liu et al., 2008). Incorporating these approximations, the
resulting two-dimensional beta-plane potential vorticity equation for this forced-dissipative system is

4

o
E+J((//,{)+,Ba =F+D, (2.5)

where we note that J is the Jacobian determinant, defined by J(A, B) = A;B, — A, B,. This single equation
encapsulates the entire dynamics governing the evolution of the flow. Numerous versions of equation (2.5)
have been used to study the spontaneous formation of zonal jets, including a recent study by Constantinou
et al. (2014) in which a stochastic forcing function was used to parameterise small scale turbulence. An
example numerical solution from this study can be seen in Figure 2.10(a), illustrating a configuration in

which three sharp eastward jets undergo small latitudinal fluctuations.

Motivated by the study of zonally-orientated flows, it is instructive to seek an equation governing the
evolution of the zonally averaged zonal velocity field. To do this, we begin by applying an eddy-zonal

mean decomposition (denoted by a prime and an overbar respectively) to the streamfunction:

Yy, D) =Yy 0+ ¢ (x,y,10), (2.6)

with corresponding decompositions of the other variables. For convenience with notation, we represent
the zonal mean zonal velocity (which we call the jet velocity profile) as U(y,t) = u(y,t). Applying this
decomposition to the variables in the vorticity equation and taking a zonal average (noting that when
is prescribed to be statistically homogeneous in space then F =0), we derive an equation governing the
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evolution of the zonal mean zonal flow (related to the zonal mean vorticity by Z(y, 1) =-0,U(y,1)):

%—It] + % (wv)=2, 2.7)
with corresponding dissipation terms on the right-hand side denoted by & = — f Ddy. For heterogeneous
flow solutions in which U(y, t) # 0, this equation is non-trivial and describes the evolution of jet velocity
profiles which, in a statistically steady state with linear damping D oc —¢, are given by U(y) « -0, (W) It
can be seen that eddy-driven zonal jets are forced and maintained by the eddy momentum flux convergence
(sometimes called the Reynolds stress divergence), —d, (u’_v'), which is a key quantity in the study of the
large scales of turbulent flows. This implies that eastward (westward) jets form where eddy momentum

fluxes converge (diverge). A remarkable fact, given by the Taylor identity (see Biihler, 2014),

- ;—y(u'u') =, (2.8)
is that the eddy momentum flux convergence equals the meridional flux of eddy potential vorticity, allowing
jet formation to be described in terms of the latitudinal transfer of potential vorticity (see Section 2.3.3.2).
The exact form of the eddy momentum flux is integral to understanding the formation and variability of
zonal jets and will be discussed in detail throughout this thesis.

It is also useful to consider the evolution of a couple of quadratic quantities, notably the kinetic energy
of the fluid per unit mass, E = % <|V1//|2>, and the enstrophy of the fluid per unit mass, Z = % <(V2¢/)2>, where
the angular brackets (o) represent a volume average over the domain. An evolution equation for the former

can be derived by multiplying the vorticity equation (2.5) by the streamfunction, ¢, and integrating:

dE

— = - W) -WD), (2.9)

where the energy input rate by the forcing, ¥, is given by € = — (/5 ). This expression is independent of the
value of 5 and we observe that, in the absence of forcing and dissipation, energy is conserved, dE/dt = 0.
Enstrophy, unlike in three-dimensional flows where vortex stretching is present, is another conserved
quantity in the unforced, undissipated case, where dZ/dt = 0 can be shown by multiplying the vorticity
equation (2.5) by the vorticity, ¢ = V2, and integrating. The relevance of these quadratic invariants is
demonstrated by their profound impacts on the nature of the flows, as we shall discuss in Section 2.3.
Within this idealised model there are at least three external parameters, in addition to those associated
with the forcing, that control the dynamics: the strength of the background gradient of potential vorticity, 5,
the rate of energy injection by the forcing, &, and a rate of damping associated with . As will be seen,

these parameters play a fundamental role in the ensuing dynamics.

2.2.1 On the validity of idealised models

Variations of this two-dimensional model encapsulated by equation (2.5) have been used in a wide range
of studies investigating large-scale planetary flows (Nozawa and Yoden, 1997; Scott and Dritschel, 2012;
Williams, 1978, to name a few). With the choice of such an idealised representation, however, it is natural
to enquire about the validity of the modelling assumptions. The shallowness of planetary atmospheres and
oceans could be argued as a legitimate reason to consider only the horizontal components of the large-scale
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velocity field, but to what extend do naturally-occurring jet streams have a barotropic (depth-independent)

structure, and to what extent are they driven by turbulence?

Hadley (1735) first recognised that the Earth’s rotation is responsible for the alternating patterns of
tropospheric winds. Driven by differential equator-to-pole heating, he envisaged an atmospheric overturning
circulation, symmetric about the Equator, in which air parcels are upwelled in the tropics, transported
poleward in the upper troposphere and finally downwelled in the subtropics as they lose heat. Due to the

conservation of absolute angular momentum of air parcels, which is given by
M = Qa? cos® 0+ uacos®, (2.10)

for a planet with radius a, such poleward transportation induces eastward momentum, driving zonal flows

(Hide, 1969). Bounded by the equatorial angular momentum, M, = Qa?, the corresponding wind profile is
-2
sin“ 6
Umax(0) = s (2.11)
cosf

which is an increasing function of the latitude, 6. This poleward transport of angular momentum by the
Hadley circulation drives the terrestrial subtropical jet streams which, correspondingly, have a baroclinic

(stratified) structure with vertical shear and are therefore not well modelled using equation (2.5).

In contrast to the thermodynamically-driven tropical circulations, the polar jet streams are predominantly
maintained by the convergence of eddy momentum fluxes due to turbulent motions. This idea was
first suggested by Jeffreys (1926), who realised that the large-scale eddies in the mid-latitudes are not
perturbations of an idealised axisymmetric circulation but instead are often of similar amplitude to the mean
flow and thus play an essential role in the transport of heat and angular momentum. Broadly speaking, the
meridional overturning circulation in the mid-latitudes, termed the Ferrel Cells, is significantly weaker than
its tropical equivalent, and flows in the reverse direction. In contrast to the Hadley Cells, the Ferrel Cells
are dominated by wave-like flows and are driven by eddies in order to balance a convergence of horizontal

eddy momentum fluxes. The net effect of these eddies reduces the pole-to-equator temperature gradient and,
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Figure 2.3 Observational evidence of eddy-driven jet streams: (a) Zonal mean cross sections in Earth’s atmosphere
of (top) the northward flux of momentum by eddies, u’v’ (m? s72), and (bottom) the northward flux of momentum by
mean meridional circulations, #v (m?* s~2), for annual mean conditions (adapted from Peixéto and Oort, 1984); (b)
Jovian observations from Cassini showing u’v” and du/dy plotted together as a function of latitude. #’v’, corresponding
to the right of the two axes, is plotted as dots with error bars corresponding to 2 standard deviations from the mean.
du/dy is shown as a solid line and corresponds to the left of the two axes. There is a distinct positive correlation
between the two curves, and their correlation coeflicient is 0.86 (adapted from Salyk et al., 2006).
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correspondingly, the baroclinic shear of the mean flow. Thus, the Polar jets are more barotropic, evidence

for which can be seen in Figure 2.1(a), and have a better chance of being relevant to equation (2.5).
Atmospheric observations giving weight to these ideas are shown in Figure 2.3(a). Peix6to and Oort

(1984) decomposed the zonally-averaged momentum flux, uv, into the components due to the axisymmetric

motions in the meridional circulations, uv, and the components due to the eddies, u’v’:

uw=uv+u'v. (2.12)

Within each hemisphere, the eddy momentum fluxes, #’v’, in the top of Figure 2.3(a) have larger magnitudes
than those from the meridional circulations, #v, and can be seen to converge at latitudes of 50-60° where
the Polar jet is located, highlighting the role of turbulence. In contrast, momentum convergence due to
the overturning circulation at the location of the subtropical jet (30°) confirms the thermodynamic forcing
mechanism in this case. The turbulent motions responsible for the maintenance of the Polar jet, sometimes
referred to as macroturbulence (Held, 1999; Schneider and Walker, 2006), consist of large-scale eddies
with typical length scales of 1000km. Baroclinic instability is the typical generation mechanism of these
eddies which transport angular momentum into the latitudes in which they form (Held and Hoskins, 1985;
Simmons and Hoskins, 1978).

What is missing in the Earth’s atmosphere is the multiplicity of zonal jets that emerge in the Earth’s
oceans and the atmospheres of the gas giant planets. The zonal jets in the ACC are deep-reaching with
bottom velocities typically having an eastward component (Heywood et al., 1999), implying that the
orientation of the jets is relatively uniform throughout the water column. On Jupiter, it was not possible
until recently to determine whether the observed cloud level winds penetrate deep into the planet or are
relatively shallow. This conundrum has apparently been resolved by Kaspi et al. (2018) using measurements
from the Juno spacecraft, in which the jet depth is inferred to be 2000-3000 km, although the uniqueness
of this interpretation has been challenged (Kong et al., 2018). Nevertheless, it is agreed that their structure
it is likely to include both deep and shallow processes (see Vasavada and Showman, 2005, and others).

In terms of dynamical mechanisms, observations have confirmed that the Jovian jets are predominantly
eddy-driven (Beebe et al., 1980; Galperin et al., 2014; Ingersoll et al., 1981), where the small-scale forcing
is generated by baroclinic instability or convection (Ingersoll et al., 2000; Read et al., 2020). Salyk et al.
(2006) plotted the eddy momentum flux, W', alongside the latitudinal shear of the zonal mean flow, du/dy,
noting a strong correlation between the two (see Figure 2.3(b)). From equation (2.7), this implies that

oU 9 o*U
Ez—g(uv)x—a—yz, (213)

illustrating the anti-diffusive effect of the eddies due to the negative prefactor in the diffusion term. The
phenomenon of energy being transferred upgradient into larger scale mean flows has been observed in a

wide range of settings and is sometimes referred to as negative viscosity (Starr, 1953, 1968).

2.3 Towards an understanding of the dynamics of zonal jets

It is well known that rotating systems with a meridional gradient of the Coriolis parameter, such as that
arising from differential rotation or varying topography, have a natural tendency to develop zonal flows, a
phenomenon that is sometimes called zonation. Lively debate over the last few decades has produced a
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multitude of theories in order to explain the spontaneous emergence and persistence of these zonal jets
using a hierarchy of models of varying complexity. Whilst this is still an ongoing area of research, it is
understood that jets form via the interaction of two-dimensional turbulence and Rossby-wave dynamics. In
this section we will review several of these theories, with consideration primarily given to zonal jets using a

beta-plane formulation and an infinite Rossby radius of deformation.

We begin with a brief review of the fundamental theory of Rossby waves, which are perhaps the most
important large-scale waves in the atmosphere and the ocean. This is followed by establishing a conceptual
basis for expecting the formation of large-scale structures in beta-plane turbulence and a discussion of a
selection of popular zonation mechanisms. Thinking beyond jet formation, we present a classification of
different zonostrophic regimes on a beta-plane using a diagnostic known as the zonostrophy parameter,
which is a measure of the strength, or the variability, of jets once they have saturated. Finally, we depart
from barotropic models and discuss some dynamical insights that have been inferred from two-layer, or

baroclinic, systems, restricting attention to horizontally-periodic domains and no imposed topography.

2.3.1 A brief review of Rossby waves

Rossby waves owe their existence to a background gradient of potential vorticity, a natural source of which

is the latitudinal gradient of the Coriolis parameter. As discussed in Section 2.2, potential vorticity is a

materially conserved quantity, which, on a barotropic beta-plane, is given by g = { +By. The equation of

motion, written in terms of the streamfunction, and in the absence of forcing and dissipation, is given by
W

2 2 2 o
el y+J(y.V 1//)+ﬂax =0. (2.14)

By considering small perturbations, ¥’ (x,y, ), away from a basic state comprising a generic background
zonal flow, i.e. ¥(x,y,1) = Y(y) + ' (x,y,1), where U(y) = —0y/dy, the linearised perturbation equation is

p PU\ dy
o ¥ +(U " )ax :

0_y2 — =0 (2.15)

where the operator inside the parentheses is called the Rayleigh-Kuo operator. In the special case when the
background flow, U, is constant, this equation admits plane wave solutions of the form

'7[’/ = Re &ei(kxx+kyy—wt), (2.16)
with wavenumber k = (ky, k), frequency w and amplitude i, where substitution of (2.16) into (2.15) yields
|- (Uky - w)(# + 1) + Bk | = 0. (2.17)

For non-trivial solutions, we obtain the dispersion relation for this family of barotropic Rossby waves,

Bkx

w=Uk,- ,
R

(2.18)

where the constant mean flow, U, Doppler shifts the frequency by amount Uk,. These waves are inherently
anisotropic, as illustrated by the lack of symmetry between the zonal and latitudinal wavenumbers in this
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dispersion relation. For example, purely zonal (k, = 0) propagation is permitted, whilst purely latitudinal
propagation is not (w = 0 when k, = 0).

The corresponding phase velocity, ¢, and group velocity, c,, are found to be, respectively,

w k ﬂ ﬂkx ]
_e0X My - , , 2.19
= KK ( O e e 19
dw BUG—ky)  2Bkk,
= — = U —+ . . 220
= oK [ W ae @err (220

It is evident from the phase velocity that Rossby waves propagate westward relative to the mean flow, and
that waves with longer wavelengths travel faster. In addition, their zonal group velocity is eastward relative

to the mean flow if |k,| > |k,| and westward if |k,| < |k,|.

2.3.2 Zonostrophic turbulence and general scaling arguments

Following the seminal contributions by Kolmogorov (1941, 1962) to the development of a mathematical
theory of three-dimensional turbulence, in which energy and enstrophy both cascade from large scales
down to small scales (see Chapter 7), Fjgrtoft (1953) recognised that two-dimensional flows on the surface
of a sphere behave in a profoundly different way, with energy culminating instead at the largest scales. The
pioneering works of Kraichnan (1967), Leith (1968) and Batchelor (1969) later established a theory of
two-dimensional turbulence, in which eddies interact and evolve towards larger scales.

On the grounds of dimensional arguments, and by invoking the locality hypothesis, which says that
the fluxes of energy or enstrophy at a particular scale depend only on the processes occurring at or near
that scale, two inertial ranges were predicted. The energy inertial range, in which energy preferentially
transfers to larger scales (familiarly known as the inverse energy cascade) and the enstrophy inertial range,
in which enstrophy transfers to smaller scales, were hypothesised to depend only on the local isotropic
wavenumber, k = (k2 + k;)l/ 2, and the respective rates of production of energy, £, and enstrophy, 7, by the
forcing. Consequently, the associated energy spectrum, &(k), for wavenumbers smaller than the scale of the
forcing, k¢, was predicted to be

Ek) = Cpe*?kP, (2.:21)

while for wavenumbers larger than the scale of the forcing, it was predicted to be
Ek) = Cp*3k3, (2.22)

where C, and C), are constants. Experimental and numerical evidence for the existence of these inertial
ranges is vast, with further discussion on this topic provided by Boffetta and Ecke (2012).

In non-rotating two-dimensional turbulence, energy is isotropically transferred to the largest scales,
resulting in the formation of isotropically-distributed coherent vortices (see Mcwilliams, 1984; Oetzel
and Vallis, 1997, and many others), provided that the aspect ratio of the two-dimensional domain is unity
(Frishman et al., 2017; Guervilly and Hughes, 2017; Tobias and Marston, 2017). However, the effect of
rotation, i.e. the beta-effect, induces anisotropy into the system, resulting in zonally-orientated flows with
significantly different dynamics. A comparison between these two regimes showing the dichotomy between
jets and vortices is presented in Figure 2.4. To understand why these differences emerge, let us consider
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Figure 2.4 Numerical simulations using the nonlinear model described in Chapter 3 highlighting the bifurcation
between (a-b) the formation of coherent vortices in the absence of rotation (parameters: 8 = 0, u = 0.0005, £ = 1073,
kf =16, N = 256), and (c-d) zonal jets in the presence of rotation (parameters: § = 8.5, u = 0.0005, & = 1073, kg =16,
N =256, Rz = 3.29). Figures (a) and (c) plot the relative vorticity, £, while (b) and (d) plot the streamfunction, .

a beta-plane in which Rossby waves and two-dimensional turbulence may interact. By considering the
magnitudes of the advective term (u-VZ ~ U?/L?) and the beta-term (8o ~ BU,) in the beta-plane vorticity
equation (2.5), we observe that for large scales, the beta-term will dominate, while for smaller scales, the

advective term will dominate. The cross-over scale, Lgy,, given by
1/2
2U
Lgp = (—) , (2.23)

with corresponding wavenumber kg, = LI_wlz’ is popularly known as the Rhines scale (Hide, 1966; Rhines,
1975). Here, U can be interpreted as the root-mean-square (r.m.s) velocity and the factor of V2 is often
included by convention. The Rhines scale is believed to be linked to the latitudinal scale of the emerging
zonal jets (Chemke and Kaspi, 2015a; Sukoriansky et al., 2007), however, the precise nature of the
relationship is still an active area of research.

Another important length scale emerges by examining the wave-turbulence cross-over using the
phenomenology of two-dimensional turbulence. If the characteristic time scale of turbulence, i.e. the
eddy-turnover time, is given by 7, = £7'/3k%/3, and the time scale of linear Rossby waves is given by
T, = k/f, then turbulent processes dominate on small scales where 7; < 7, and conversely, waves dominate
on large scales. By equating these time scales, Maltrud and Vallis (1991) deduced that the transitional scale
at which the turbulence first begins to feel the beta-term in the vorticity equation, synonymous with the
Ozmidov scale in stably stratified fluids (see Chapter 7), is given by

e \\/5
Le= 2(@) ) (2.24)
with corresponding wavenumber k. = L_!. Here, we note that the prefactor of 2 has been widely adopted
following an analysis of numerical simulations (Galperin et al., 2008), however, estimates from an analysis
of observational data from Jupiter do give slightly different values (Galperin et al., 2014). The length scale
L. marks the threshold of the beta-effect induced anisotropisation of the inverse energy cascade.

Provided that the scales Lgy, and L, are sufficiently well separated, then it is predicted that a zonostrophic
inertial range will develop in the interval (Galperin et al., 2008), extending the classical theories of
two-dimensional turbulence to flows with a beta-effect. In this range, we might hypothesise, following
the arguments used in the theory of isotropic two-dimensional turbulence, that the energy spectrum is
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Figure 2.5 The kinetic energy spectra, E(k), in beta-plane turbulence. Energy that is injected at wavenumber k¢
isotropically cascades to larger scales, forming a k=3 spectrum, until it reaches the transitional wavenumber k. The
energy in the zonal modes then forms a zonostrophic k= spectrum which extends as far as the Rhines wavenumber,
krn, believed to be related to the latitudinal scale of the jets. These spectra are shown using (a) an idealised illustration
(adapted from Vallis, 2017) and (b) a numerical simulation using the nonlinear model described in Chapter 3, where
we plot only the total kinetic energy spectra for greater visual clarity (parameters: 8 = 20, u = 0.0005, £ = 107,
kr =128, N = 1024, Rg = 3.59).

determined only by 8 and k. This results in a predicted spectrum given by:
Ek) = CoBk™, (2.25)

where C is a constant. Turbulence in this range is known as zonostrophic (Galperin et al., 2006), with
most of the energy accumulated in the largest zonal scales, as we will argue in the next section, due
to the steepness of the slope. Multiple theoretical (Chekhlov et al., 1996; Galperin et al., 2008; Huang
et al., 2001) and observational (Barrado-Izagirre et al., 2009; Galperin et al., 2001, 2014; Sukoriansky
et al., 2002) studies have sought to demonstrate the validity of this scaling with some success, giving
weight to these theoretical arguments. A schematic illustrating the spectra from zonostrophic and two-
dimensional turbulence is shown in Figure 2.5(a), whilst Figure 2.5(b) shows evidence of their existence

from a numerical simulation using the nonlinear model described in Chapter 3.

2.3.3 Zonal jet formation mechanisms

It is important to point out that the scaling arguments just discussed do not take into account the anisotropic
nature of Rossby waves that is evident from their dispersion relation (2.18), and thus by themselves do
not predict the formation of zonally orientated flows. We now proceed to describe three different jet
formation mechanisms, all of which are likely to be important, and where it is understood that the dominant

mechanism in a particular situation will depend on the underlying parameters.

2.3.3.1 Turbulent energy cascades

Continuing for the moment our discussion in spectral space, we begin by focussing on the idealised
scenario in which the forcing is spatially homogeneous. Vallis and Maltrud (1993) postulated that the
wave-turbulence boundary, given by k., should incorporate the anisotropy of the Rossby wave dispersion
relation into its definition. By assuming that the turbulent part of the flow remains isotropic, they equated
the characteristic frequency of turbulence, w, = £!/3k*/3, with the Rossby wave frequency in the absence of
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Figure 2.6 (a) The theoretical wave-turbulence boundary, k., in spectral space; (b-d) The time evolution, in spectral
space, of the kinetic energy spectrum in forced-dissipative beta-plane turbulence using the nonlinear model described
in Chapter 3, plotted on a logarithmic scale at times (b) ut = 0, (c) ut = 0.5 and (d) ut = 4 (parameters: 8 = 60,
p=0.02,&=107, ks =64, N =512, Rg = 1.59).

a mean flow, wg = —Bk,/k?, to give the expression
k
PR = ﬁk—; (2.26)

The solution, k., which is plotted in Figure 2.6(a), defines the anisotropic cross-over wavenumber which

can be written in terms of its zonal, K, ., and latitudinal, k. ,, components as

3\1/5 3\1/5
kex = (—) cos®% 6, key = (—) sin 6 cos® 6, (2.27)
8 (9

where the polar coordinate is parameterised by 6 = tan~! (k,/ ky).

Physically, if we assume that the forcing wavenumber is larger than k., then the injected energy will
cascade via localised interactions to larger scales lying on the outside of this dumbbell shape, unaffected
by rotation. Since the region inside the dumbbell is dominated by Rossby waves, which have a higher
frequency, then the turbulent cascade preferentially excites modes which lie on the outside. The tendency
of energy to seek the largest scales results in a build-up of energy close to the k, = 0 axis, reorganising the

flow into the zonally-orientated flow structures (including jets) that are frequently observed.

The anisotropic dumbbell shape predicted by these analytic scaling arguments has been observed in a
number of studies (Bakas and Ioannou, 2013; Vallis and Maltrud, 1993), including the models used within
this thesis. Figures 2.6(b-d) demonstrate the time evolution, in Fourier space, of the kinetic energy spectrum
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Figure 2.7 The temporal evolution of a pair of zonal jets within a numerical simulation using the nonlinear model
described in Chapter 3 showing the zonal velocity field, u, at time (a) ut = 0, (b) ur = 0.1 and (c) ur = 16. We also
plot (d) the equilibrated zonal mean zonal velocity, U(y), and (e) the corresponding meridional potential vorticity
gradient, 8- Uy, (parameters: § =35, u = 0.0002, & = 1073, kp =16, N =256, Rg = 3.93).
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for a numerical simulation using the nonlinear model described in Chapter 3, where we observe that an
initial narrow-band forcing spectrum implodes, creating the classic dumbbell shape with a concentration
of energy in the vicinity of the k, = 0 axis. These ideas are also visible in physical space, as depicted in
Figures 2.7(a-c), in which small-scale forcing drives the formation of larger scale structures which become

zonally elongated prior to the formation of strong jets.

2.3.3.2 Potential vorticity staircases

Having a conceptual basis for expecting the emergence of zonal structures does not necessarily explain
the underlying physical mechanisms involved, nor the expected equilibrated structures. A complementary
approach, providing an intuitive understanding of the mechanisms of jet formation, considers a physical
argument involving ideas of potential vorticity mixing. This theory was first introduced by Kuo (1951) and
is clearly reviewed by Dritschel and Mclntyre (2008) and Dritschel and Scott (2011).

The local homogenisation of scalar quantities over finite regions due to turbulent mixing, leading
to layering and the formation of staircases, is a generic phenomenon in geophysical and astrophysical
fluids. For example, the spontaneous layering of a stably stratified fluid in which homogeneous stirring
produces an inhomogeneous layering of the background buoyancy distribution, which was first reported by
Phillips (1972) and discussed further by Ruddick et al. (1989), has since become known as the Phillips
effect. It is believed that an analogous effect, in particular the mixing of potential vorticity into a set of
zonally-orientated layers or staircases, for which a positive feedback mechanism is responsible, leads to
the formation and sharpening of zonal jets. Similar ideas are also mirrored in the development of other
coherent structures such as vortices (Turner et al., 2009).

Figure 2.8 illustrates this mechanism for the situation in which a turbulent flow coexists with a
background potential vorticity gradient. Eddies seek to mix potential vorticity, which leads to regions of
higher and lower gradients. Rossby waves are weakened in mixed regions, encouraging further mixing,
and conversely strengthened in regions of higher potential vorticity gradients between mixed regions,
discouraging further mixing due to advection and shearing mechanisms. This leads to the large-scale
potential vorticity gradient becoming weakened in some regions and sharpened in others, as shown in Figure
2.8(b), and in extreme cases the formation of a staircase distribution (Figure 2.8(c)), the condition for
which was determined by Scott and Tissier (2012) to require Lg, /L > 6. The corresponding velocity field
reveals the creation and sharpening of zonal jets, with steep potential vorticity gradients being co-located
with the jet core and mixed regions on the jet flanks (see Figures 2.8(d-f)). In fact, as briefly mentioned,
these ideas are reflected in the Taylor identity, (2.8), in which meridional fluxes of potential vorticity lead

to the formation and maintenance of mean zonal velocities.

Potential vorticity profile evolution Jet velocity profile evolution
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Figure 2.8 Schematic diagrams depicting the idealistic time evolution of the zonally averaged potential vorticity
field into a staircase distribution showing (a) the initial time, (b) an intermediate time, (c) the long-term equilibrium
distribution. The corresponding jet velocity profiles are shown in figures (d), (e) and (f).
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These ideas can be quantified analytically by considering an infinite potential vorticity staircase with
latitudinal layer heights L. In the idealised limit, the distribution is piecewise continuous and is given by
{ + By = qo + nBL within a layer, such that nL <y < (n+ 1)L where n € Z and qq is a constant. If we assume
that the flow is predominantly zonal, i.e. { ~ du/dy, and we require the continuity of u across the layers,

then we obtain parabolic solutions with sharp eastward jets and broad westward flows:

2
1 1
U= Eﬁ(y - (n + E)L) + constant, nL<y<@m+1)L, (2.28)

which bear some resemblance to the zonal jets observed in nature and in numerical simulations (see Figure
2.7(d)). This asymmetry in jet structure is also predicted by the Rayleigh-Kuo stability criterion (see Vallis,
2017) which states that a necessary condition for barotropic instability is that the meridional potential
vorticity gradient, 8 — U,,, does not change sign within the domain, thus limiting the curvature of the
westward jets. Figure 2.7(e) demonstrates these ideas numerically, in which we observe a strictly positive

potential vorticity gradient, close to zero between jets and with sharp spikes aligned with the jet cores.

2.3.3.3 Wave-mean flow interactions

The previous two arguments discussed zonal jet formation using two complementary approaches - one in
spectral space and the other in physical space. However, in both cases we assumed that the forcing was
statistically homogeneous, in which case the emerging jets have no preferred latitude. This is not always
the case in nature; for example, observations of the terrestrial atmosphere show that, despite its variability,
the Polar jet does in fact have a preferred average location. For completeness, we feel that it is useful to
briefly mention a mechanism that takes these factors into consideration.

It is well known that the production and radiation of Rossby waves can cause momentum convergence
and hence the production of zonal jets. Following significant advances in the theory of wave—-mean flow
interactions in the 1960s and 1970s, starting from the work of Eliassen and Palm (1960) and Dickinson
(1969), and later generalised by Andrews and MclIntyre (1976), the transfer of angular momentum by waves
was quantified in terms of a simple diagnostic: the Eliassen-Palm (EP) flux. This mechanism is ubiquitous
in planetary atmospheres, and it is perhaps the most common of all mechanisms of jet production.

Maintaining focus on the simplest case, that of a barotropic flow on a beta plane, we can understand this
mechanism by considering a disturbance that is localised in latitude. The stirring of fluid parcels excites
Rossby waves which propagate away from the disturbance. Let us imagine that the waves do not interact
and that each wave has the form ¢’ = Re fe’®**k¥=1 with dispersion relation given by equation (2.18).

From (2.20), the meridional component of the group velocity is given by

 2Bkik,

o= @R (2.29)

Since the energy flux associated with the waves travels at the group velocity, then the group velocity must
be directed away from the source of the disturbance. Hence, north of the source, where ¢, , > 0, we see
that k,k, > 0, while south of the source, c,, <0 implies that kck, < 0. Since the zonal and latitudinal
components of the velocity associated with the Rossby waves are, respectively,

,_ oy '

W=-2 _Re lzikyei(kxﬁkyy—wt)’ o = —- = Re ik, e ke tky=on) (2.30)
y X
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this gives an eddy momentum flux (associated with the meridional component of the Eliassen-Palm flux) as

Wy = —%l&lzkxky. (2.31)
Consequently, north of the source the momentum flux is southward ('v’ < 0) and south of the source the
momentum flux is northward (u’v’ > 0) due to the relative signs of kyk,. This corresponds to a convergence
of momentum associated with the Rossby waves towards the source of the disturbance, thereby supplying
kinetic energy which produces a net eastward flow (by consideration of (2.7)). As the waves dissipate
elsewhere, they deposit negative angular momentum and decelerate the flow (Andrews and Mclntyre, 1976),
producing weaker westward flow on the jet flanks.

2.3.4 The zonostrophy parameter as a measure of zonation

As we have seen, turbulent motions under the influence of rotation have a tendency to self-organise into
a series of zonally-orientated flows. However, the mechanisms responsible for their formation cannot
explain their long-time dynamics. As mentioned in Section 2.1, observations reveal substantially different
tendencies across different systems, ranging from the latency of the oceanic jets to the robustness and
quasi-steadiness of the Jovian jets. We now proceed to review some ideas which provide useful insights
into expected behaviours once a system has reached a statistically steady state.

In Section 2.3.2, we saw that a forced-dissipative two-dimensional beta-plane system possesses at least
two intrinsic length scales: Lgy,, which depends on the energy per unit mass, E, and L., which depends on

the energy injection rate, £. The ratio of these two scales, termed the zonostrophy parameter,

LRh _ UI/ZBI/IO

L, 212157 (232

Rg =
may be regarded as a measure of the anisotropy of the flow, which in turn is associated with the strength of
the emergent jets (Galperin et al., 2006; Sukoriansky et al., 2007). Acting as a measure of the width of
the zonostrophic inertial range (kgp, k<), it allows the classification of various flow regimes along with the
quantisation of their thresholds. As Rg increases, so does the width of this range, steepening the energy
spectrum as it approaches the &(k) = C ,gﬂzk‘S law. Consequently, for large Rg, the system equilibrates with
strong, or manifest, zonal jets which are associated with well-defined potential vorticity staircases (Scott
and Dritschel, 2012). It turns out to be the case that most of the kinetic energy is contained within the mean
flow in this case, therefore the eddies are typically not strong enough to perturb the dynamics away from

equilibrium, leading to very steady jets. However, when Rg is small, the natural variability of the system is

Environment B m s & [m*s3] U [ms™] Ls [m] Lgn [m] Rg
Earth’s atmosphere I1x10~1 1x1074 15 7x106  1.1x107 1.6
Earth’s oceans Ix 1071 1x107° 0.1 6x10° 8x 10 1.4
Jupiter 3x 10712 5% 107 50 7% 100 4x107 5
Saturn 3x 10712 1x107° 40 6x10%  3.2x10’ 53

Table 2.1 Estimates of key parameters in various planetary environments in which zonal jets are observed, where it is
noted that there will be a certain amount of variability around these values (Galperin et al., 2019).
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Figure 2.9 (a) Regime diagram showing four possible flow regimes in the (kgy, ks )-parameter space (adapted from
Galperin et al., 2010); (b) Hovmoller diagrams of the stream function at three different latitudes in the zonostrophic
regime corresponding to where the zonal jets have their maximum, minimum and zero velocity; the white lines show
the slope of the diagrams used to calculate the velocities of the eddies (adapted from Sukoriansky et al., 2008).

dominated by the forcing and hence weak, or latent, jets form which are found to be highly unsteady. As
Rp decreases between these limits, the time-scale separation between the evolution time of the mean flow
and the eddy turnover time reduces, with the eddies playing a significantly stronger role in the resulting
dynamics. Consequently, the zonostrophy parameter is a useful measure of jet variability.

Various parameter estimates are provided in Table 2.1 for planetary systems in which zonal jets have
been observed. The smaller values of Rg relating to the terrestrial jets compared with those that have
been observed in the atmospheres of the gas giant planets correlate well with observations. Indeed, the
eddy-driven jets in the Earth’s oceans are thought to be relatively weak or latent in the sense that they are
no stronger than the eddies; this is in contrast with the very prominent, striking jets observed, for example,
in Jupiter’s atmosphere.

By analysing a series of idealised numerical simulations which had reached a statistically steady state,
Galperin et al. (2006) and Sukoriansky et al. (2007) constructed a regime diagram, shown in Figure 2.9(a),
identifying four distinct flow regimes delineated by the zonostrophy parameter. In the friction-dominated
regime (Rg < 1.5), the flow is nearly isotropic with the kinetic energy spectra closely following the scalings,
(2.21) and (2.22), predicted for classical two-dimensional turbulence. The lack of anistropy implies that no
jets form within this regime. The transitional regime (1.5 < Rg < 2) allows for the onset of anisotropisation,
however, the zonal jets that emerge are typically only visible after averaging the flow field. The regime
that is most applicable to the gas giant planets is the zonostrophic regime (Rg 2 2), characterised by strong
anisotropy and strong jets. The authors observed that the zonostrophic regime broke down in the limit of
weak friction, in which energy condensated in the largest scales; they termed this the condensation regime
(small kgp).

Another property of the zonostrophic regime is the emergence of a new class of waves, referred to as
satellite modes (Danilov and Gurarie, 2004) or zonons (Galperin et al., 2010; Sukoriansky et al., 2008,
2012). These waves are regarded as being nonlinear because their only source is nonlinear interactions. It
was noted by Sukoriansky et al. (2008) that, specifically within the zonostrophic regime, certain non-zonal
(but small zonal wavenumber) modes may accrue as much energy as the most energetic zonal (k, = 0)
modes. This gave rise to the discovery of these coherent structures which will henceforth be referred to as
zonons. Further analysis deduced that zonons are forced oscillations that are comprised of waves associated

with a set of latitudinal wavenumbers, k,, and a single zonal wavenumber, k,. Only one of these waves,
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with k, = L, was found to satisfy the Rossby wave dispersion relation, wg(ky, L), which they termed the
master Rossby wave. The remaining slave waves with latitudinal wavenumbers k, were found to share this
same frequency, w(ky,k,) = wr(ky, L), as the master waves. Accordingly, zonons are packets of long waves
given by k = (k,,k,) that share the same zonal wavenumbers, k,, and the same zonal phase speeds, ¢, ,.

These properties can be observed in physical space, in which zonons are manifest as westward-
propagating anomalies or long waves. For example, Sukoriansky et al. (2008) plotted longitude-time plots
(see Figure 2.9(b)) of the streamfunction (with the zonal mean removed) at latitudes corresponding to
where the zonal jets have their maximum, minimum and zero velocity. The white lines, which have slopes
given by the phase speeds of the master Rossby waves, matched the propagation speeds of the observed
features, confirming that these anomalies may be associated with the zonons that appeared as spikes in the
corresponding energy spectra.

Further studies have since confirmed the existence of non-zonal coherent structures (Bakas and Ioannou,
2013, 2014; Constantinou et al., 2016) with a view towards understanding their formation. However, the
relevance of zonons on the long-term evolution of the flow and their role in shaping the dynamics of the

zonal jets with which they coexist is still an open question.

2.3.5 Dynamical insights from two-layer models

In addition to the barotropic beta-plane model described in Section 2.2, there have also been a number of
studies that have investigated the formation and long-time behaviours of zonal jets using two-layer models
which incorporate a natural eddy-generating mechanism via baroclinic instability (thereby eliminating
the need for stochastic forcing). For example, Panetta (1993) studied the long-time persistence and low-
frequency variability of zonal flows within a horizontally-periodic domain, noting the importance of internal
dynamics rather than externally-imposed mechanisms due to the long time scales involved. Panetta found
that when the domain size is an integral multiple of the latitudinal jet scale, the jets evolve independently of
each other, meandering on long time scales. In addition, jet interactions were prevalent and found to be
predominantly pairwise when the domain scale was not an integral multiple of the jet scale.

Also opting for a horizontally-periodic domain such that the jets were not influenced by zonal boundary
conditions, Lee (1997) chose to study these pairwise interactions by considering the transition from a
persistent one-jet state to a persistent two-jet state that occurs when the latitudinal width of the baroclinically-
unstable region within the domain is increased. After the transition, the two-jet state was found to be
characterised by a larger fraction of kinetic energy in the zonal mean flow than that for the one jet state,
resulting from a barotropic energy conversion from the eddies to the jets. It should be noted, however, that
these studies have focussed on narrow parameter regimes and a full classification of zonal jet dynamics is

yet to be accomplished.

2.4 Insights from reduced models

We now shift gear in order to spend some time reviewing an alternative type of modelling that has proven
effective in studies of turbulent phenomena and which is a powerful tool in the study of zonal jets. It
is widely recognised that the problem of understanding homogeneous and isotropic turbulence is one
of the most difficult challenges in physics. Fortunately, the fact that many naturally occurring flows are

instead anisotropic and inhomogeneous makes them more tangible in the sense that we have additional
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characteristics with which to study these systems. It was recognised over a century ago by Taylor (1915)
that whilst the motions of individual eddies in turbulent flows may be virtually impossible to predict, their
macroscopic behaviour is relatively steady and is therefore best described using statistical approaches. In
the presence of mean flows such as zonal jets, the turbulence becomes heterogeneous, providing an ideal
starting point from which to develop a systematic treatment of statistical quantities. We begin this section
with a review of some fundamental reduced models which have become popular starting points from which
to study geophysical turbulence. This is followed by a discussion of some insights that have been obtained
from such models regarding the formation, equilibration and finally the dynamics of zonal jets.

2.4.1 Statistical closure models

Geophysical and astrophysical flows evolve over a very wide range of spatial and temporal scales. Despite
advances in computing, the parameter regimes of physical relevance (for example large zonostrophy in the
case of the jets observed in the atmospheres of the gas giant planets) will remain out of reach by direct
numerical simulations (DNS) for the foreseeable future. Consequently, mathematicians have sought to find
new ways of simulating these flows such that the statistics relevant to the largest scales remain accurate
whilst the smallest scales are parameterised. One such approach that has gained popularity over the last
decade is called Direct Statistical Simulation (DSS), in which the low-order statistics of the flow are solved
for directly. In addition to overcoming computational constraints, statistical approaches such as DSS are
also useful for seeking physical understanding of turbulent phenomena due to their analytical capabilities,
in addition to the systematic manner in which certain ingredients can be retained or eliminated.

In Section 2.3.3.1 we considered the mechanism of zonal jet formation using a spectral approach,
discussing energy cascades in which, by construction, there is a local energy transfer from one wavenumber
to another. Whilst in practice it is widely recognised that this does play a part in the formation and
maintenance of jets, it is useful to take a step back and question the necessity of the scale-by-scale transfer
of energy associated with the inverse cascade. Observational evidence suggests that a significant proportion
of the turbulent momentum transfers are in fact non-local (Salyk et al., 2006), being the result of two-way
interactions between eddies and the mean flow. In addition, numerical simulations suggest that zonal jets
are primarily maintained by the shear-straining mechanism involving large-scale jets and small-scale eddies
(Huang and Robinson, 1998; Kaspi and Flierl, 2007). These findings, together with ideas from wave-mean
flow theory (see Section 2.3.3.3), have led to speculation as to whether zonal flows emerge in simplified
models that are constructed such that eddy-eddy interactions are either systematically neglected or else are
parameterised. The fact that they do (see Srinivasan and Young, 2012, and many others) means that the
study of zonal flows lends itself very well to the application of DSS, as we shall now begin to describe.

The objective behind this approach is the derivation of a tractable set of equations that successfully
describe the statistical properties of a nonlinear system. Consider such a system described by a state vector

of variables q(x,t) satisfying the equation of motion

0
a—‘j = Llq]+Nlq.ql. (2.33)

where £ is a linear operator and /N includes nonlinear terms of quadratic order. Performing a standard
Reynolds decomposition of the state vector into its mean (for example zonal mean) and fluctuating parts,
we obtain q = q +q’, satisfying the rules q = q, q’ = 0 and qq = qq. Upon averaging equation (2.33), we
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derive the evolution equation for the mean, which we term the first cumulant:

=1 = L@+ Na.ql (2.34)
The second term on the right-hand side of equation (2.34), involving the evaluation of nonlocal correlations
of the form q’(x;)q/(x2), which we shall term second cumulants, is an unknown quantity. Proceeding to
determine equations for these second cumulants in turn introduces nonlocal cubic correlations, which we
shall term third cumulants. If we continue in this fashion, we generate an infinite hierarchy of equations
in which the rate of change of the n-th cumulants requires knowledge of the (n + 1)-th cumulants, which
clearly has no advantage over the original formulation. The challenge, therefore, is to express one of
the cumulants in terms of lower orders so that the hierarchy becomes finite; this is known as the closure
problem (Vallis, 2017).

Several attempts have been made to truncate such sets of equations in order to formulate closed
systems that accurately describe the statistical properties of nonlinear systems and which are amenable to
mathematical analysis. One such approach involves truncating the equations governing the evolution of the
cumulants at second order by parameterising the terms involving the third cumulant, requiring radical ad
hoc simplifying assumptions (DelSole, 2004; DelSole and Farrell, 1996). Alternatively, and particularly
in the context of zonal jet formation, simpler closures are usually preferred which, although physically
incomplete, nevertheless capture the basic nonlinear interactions and which are capable of dealing with
inhomogeneous statistics. The most popular of these involve setting the third cumulants to zero due to their
simplicity and ability to recover many features of planetary circulation (O’Gorman and Schneider, 2007).
Known as the quasilinear approximation, this has been widely used in physics for more than half a century

owing to its use in making systems more accessible analytically.

2.4.1.1 Second order closures and the quasilinear approximation

Marston et al. (2008) and Tobias et al. (2011) developed a system which naturally lends itself to this
problem, providing a systematic way of approximating the system whilst conserving quadratic quantities
such as energy and enstrophy (in the absence of forcing and dissipation). Based upon the assumption that
the mean flow (first cumulant) is dominant and fluctuations about the mean flow are small, the system is
perturbatively expanded in equal-time cumulants. The resulting hierarchy of equations is then truncated
at order n by neglecting the (n+ 1)-th and higher order cumulants in order to close system, which is
subsequently known as CEn. The systematic manner in which the system can be approximated makes it
ideal for identifying the root causes of emerging phenomena. Closure at second order in the cumulant
expansion, termed CE2, is the coarsest truncation, with the phenomenological interpretation being the
removal of the interactions between eddies unless such interactions involve the mean flow. Potential
vorticity is not materially conserved in this closure scheme, which raises questions about the necessity of
potential vorticity mixing as a jet formation mechanism, nevertheless, the fact that this simplest model is
capable of reproducing zonal jet formation confirms the non-necessity of eddy-eddy interactions and makes
it a convenient model for further analysis (Tobias et al., 2011).

The attraction of reduced mathematical models such as CE2 is the way in which they simplify a
complex, fully nonlinear system into a tractable set of equations that retain the essential features of the
original system. A closely related approximation, mathematically equivalent to CE2, which has been coined
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Figure 2.10 Latitude-time plots showing the zonal mean zonal velocity field from numerical integrations of (a) a
nonlinear model, (b) a quasilinear model, (c) a SSST model. Identical parameters were used in all three models in
which we observe the spontaneous formation of 3 eastward jets (adapted from Constantinou et al., 2014).

stochastic structural stability theory (SSST), was developed by Farrell and Ioannou (2003, 2007). SSST is
a statistical theory that succeeds in analytically deriving a closed set of equations, with the exception being
that the equation of motion for the first cumulants retains a term representing the internal nonlinear noise.
Just like CE2, the SSST model forms a dynamical system that captures the mean and covariance properties
and which can be used to test the stability and analyse the structure of flow solutions such as zonal jets.

We note that it is also possible to employ a single-realisation formulation of the quasilinear approxi-
mation whose statistics are described by the CE2 model under certain assumptions, as demonstrated in
a recent study by Srinivasan and Young (2012) who developed a quasilinear model of zonal jets on a
two-dimensional beta-plane. Their model removes interactions between eddies directly from the original
vorticity equation and in doing so, derives a closed system for a single realisation of the coupled evolution
of the zonal mean flow and the eddies. The CE2 and SSST models are mathematically equivalent to this
quasilinear model according to Srinivasan and Young (2012), with the additional assumption of an infinite
ensemble of eddies replacing the single realisation that appears within the quasilinear model. Consequently,
the CE2 and SSST systems provide a predictive theory of the dynamics of the statistical mean state whilst
the quasilinear model allows for a single realisation to be simulated in which some variability is retained
whilst eddy-eddy interactions are removed. Both approaches offer advantages in different situations. Thus,
the quasilinear model can be viewed as an intermediate model lying between fully nonlinear models and
statistical models such as CE2 and SSST. Example simulation results from all three model types (fully
nonlinear, quasilinear and SSST) are shown in Figure 2.10.

2.4.1.2 Higher order closures and the generalised quasilinear approximation

Whilst CE2 and SSST are formally exact in the limit of large zonostrophy, a result that was proven by
Bouchet et al. (2013), second order truncations become less effective as the zonostrophy decreases. This
was demonstrated by Tobias and Marston (2013) in which comparisons were made between the statistics
derived from fully nonlinear DNS and CE2, showing that CE2 fails to reproduce the number and strength
of the jets and the structure of the second cumulant as Rg becomes small. One approach to resolving these
issues is to adopt higher order truncations which include some eddy-eddy interactions. Marston et al. (2019)
investigated the inclusion of higher order corrections by truncating the hierarchy of cumulants at third
(CE3) order and an intermediate (CE2.5) order (in which only some of the terms in the equations for the
third cumulants are retained), noting that both of these systematically improve the qualitative agreement in
the statistics of weaker jets. The downside is that these schemes have a significantly higher computational



26 Introduction to beta-plane turbulence

cost and they cannot be implemented as single realisations, as is the case with second order closures and
the quasilinear approximation.

It has been argued (Marston et al., 2016) that a better approach instead involves generalising the
original quasilinear approximation so that it still supports a single-realisation formulation but also lays
the groundwork for a new statistical approach. In an attempt to construct a new method of improving
the accuracy of predicted jet statistics for weaker jets, Marston et al. (2016) developed the Generalised
Quasilinear (GQL) approximation. Rather than performing a standard Reynolds decomposition on the state
vector of variables q(X,?) into its mean and fluctuations, this decomposition is generalised by separating the
state variables into large and small scales (termed low and high modes) via a spectral filter (see Chapter 5).
The standard quasilinear (or second-order closure) approximation would then be equivalent to retaining just
the zeroth mode in the low modes. Equations of motion for the statistics are then derived as before, with
truncation at second order forming a closed system. This allows fully nonlinear interactions between the
largest scales of motion, but, more importantly, the small-scale eddies can now exchange energy through
their interaction with the large scales, thereby redistributing energy to all scales via a scattering mechanism.
GQL provides a systematic way of improving CE2 by bridging the gap between quasilinear and exact
nonlinear dynamics and has been shown to significantly improve the statistics by the retention of just one
additional wavenumber in the low modes.

The additional advantage of using a generalised quasilinear scheme is that, by allowing the largest
scales to nonlinearly interact, zonons can be captured. This was the motivation which inspired Constantinou
et al. (2016) to extend the SSST framework using an approach similar to one described above. They
developed a statistical theory for the coexistence of jets and large scale waves by separating these largest
scales (which they termed coherent motions) from the smaller-scale motions that constitute the incoherent
component. The inclusion of zonons in their model revealed how these large-scale waves can tap into the
energy of the jets, thereby acting as a destabilising mechanism during jet formation and providing the first
insights into the role that zonons play in planetary turbulence.

2.4.2 Zonostrophic instability

With these models in our toolbox, we now return to thinking about the dynamics of planetary scale zonal
flows. A variety of mechanisms have already been discussed which attempt to explain the spontaneous
emergence of zonal jets (see Section 2.3.3). Here, we describe a different perspective, invoking insights
that have been obtained from reduced models.

It has been shown that the laminar stability of zonally varying meridional flows on a beta-plane are
unstable to random initial perturbations which reorganise the flow into a series of zonally orientated jets
(Connaughton et al., 2010; Manfroi and Young, 1999). This is known as modulational instability, which is
ubiquitous in nature, and offers one route to zonal jet formation. Nevertheless, planetary atmospheres and
oceans are turbulent fluids, comprised of a broad spectrum of waves. Consequently, a number of studies
have sought to demonstrate that zonation can be understood as a symmetry-breaking bifurcation of an
isotropic, homogeneous beta-plane flow, which is now understood to be a generalisation of modulational
instability (Bakas et al., 2015; Parker and Krommes, 2013).

A stationary state of beta-plane flow is that of a homogenous, isotropic, turbulent state in which there
are no jets. Farrell and Ioannou (2007) used the SSST model to investigate the linear stability of this
state, finding it to be unstable for sufficiently strong turbulence. In addition, an analysis of the structure
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of the subsequent zonal jet formation revealed that for weak forcing, the latitudinal scale of the jets was
determined by the most unstable linear mode in the system, however, stronger forcing caused the jets to
adjust in structure until they reached their most stable latitudinal wavenumber, approximated by the Rhines
scale. These findings helped to confirm that jets initially arise as a linear instability of an infinitesimal jet
perturbation, while finite amplitude jets are the result of nonlinear equilibria developing from these linear
instabilities.

Srinivasan and Young (2012) continued the study of this initial symmetry-breaking bifurcation, which
they termed zonostrophic instability. They used the CE2 model to derive analytical expressions for the
growth rates of the most unstable linear modes, with findings being broadly in agreement with those from
the earlier work by Farrell and Ioannou (2007). It was subsequently noted by Constantinou et al. (2014)
that quantitative differences in the predicted location of the jet formation bifurcation exist between second
order statistical closure models, the quasilinear model and the fully nonlinear model. These differences
were found to be due to a modification of the turbulence spectrum in the nonlinear model resulting from the
formation of coherent non-zonal structures, i.e. zonons, providing some of the first insights that these long
waves play in zonostrophic turbulence. Nevertheless, the fact that these reduced models replicate at least

some of the essential physics of zonal flow formation demonstrates their utility for further analysis.

2.4.3 Zonostrophic saturation

Thinking beyond the initial stages of the instability, an important finding by Farrell and Ioannou (2007)
demonstrated that, once a statistically steady state has been reached, SSST can exhibit non-unique solutions,
where the number of jets in the steady state depends on the initial conditions. Parker and Krommes (2013)
later proved this result with their analogy between zonal jet formation and the dynamics of pattern formation.
They extended the previous instability analyses with a weakly nonlinear analysis about the zonostrophic
instability threshold, revealing an amplitude equation for the resulting zonal flow (the real Ginzburg-Landau
equation). Motivated by the way in which zonal flows saturate into a steady state, they revealed behaviours
such as the existence of multiple solutions with different latitudinal scales and the phenomenon of jets
merging to reach a stable solution, features which have been observed in direct numerical simulations.
Whilst numerical simulation can be insightful, a longstanding challenge in the study of turbulent flows
is the theoretical prediction of equilibrated states, such as the velocity profiles of zonal flows and the eddy
momentum fluxes driving these flows. Srinivasan and Young (2014) considered the problem of predicting
the eddy momentum flux convergence analytically for a stochastically-forced, linearised beta-plane flow
with a background mean shear (a Couette flow) along with the assumption of a spatially homogeneous
steady solution. The forcing was homogeneous but anisotropic, with eddies elongated either zonally or
latitudinally (with the motivation being that the physical processes parameterised by the forcing, such as
baroclinic instability in the ocean, are typically not isotropic). On assuming that the statistical properties of
the solution are spatially homogeneous, explicit analytic results for the eddy momentum flux were derived.
Findings showed that for eddies elongated latitudinally, the eddy momentum flux has an antifrictional effect
(energy is transferred from small to large scales), while for eddies elongated zonally, the reverse is true.
For the case of coherent structures in two-dimensional flows, the first theoretical predictions of the
profiles of large-scale turbulent vortices and associated eddy momentum fluxes were derived by Laurie et al.
(2014) which agreed well with numerical simulations. Woillez and Bouchet (2017) went a step further by
investigating the situation with zonal jets. In an equivalent manner to Srinivasan and Young (2014), they
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used the quasilinear approximation and exploited the large time-scale separation between the evolution
of the mean flow and the eddies by choosing to treat the zonal mean flow (first camulant) as temporally
constant in the evolution equation for the eddies. In the limit of small amplitude forcing and weak friction,
they were able to derive an equation for this stationary profile of the zonal mean flow, along with the eddy
momentum flux. The solution was not fully satisfactory, however, since it predicted diverging profiles at the
jet extrema which they argued should be regularised by a cusp at the eastward jet maxima and a parabolic
profile at the westward jet minima. These results are the first known computations of eddy momentum
fluxes and self-consistent velocity profiles for zonal jets from turbulent dynamics; clearly there is scope to

improve upon the current solutions.

2.4.4 Zonal jet dynamics: fluctuations and rare events

Despite the lively discussions that have taken place over the last few decades concerning the formation
and structure of zonal flows, the problem of characterising their fluctuations or dynamical behaviours has
received much less attention in the theoretical literature, with the few existing studies focussing on the
probabilities associated with fluctuations rather than associated mechanisms.

Bouchet et al. (2013, 2014) took some of the first steps towards understanding zonal jet fluctuations with
their construction of a kinetic theory of zonal jet dynamics, in which the study of microscopic behaviours
permits the deduction of macroscopic properties. Using slightly different terminology to that already
defined in this thesis, they identified a small parameter in the system to be @ = R/§5 (Bouchet and Simonnet,
2009; Bouchet and Venaille, 2012), in which @ <« 1 corresponds to a divergence in time scales between the
slow evolution of the jet and the rapid evolution of the small scale eddies. Using ideas from kinetic theory,
they perturbatively expanded the system around «, going beyond classical statistical closure schemes by
formulating a closed quasilinear system describing both the spatial structure of the covariance of the noise
and the resulting variance of the jet velocity profile. The resulting formulation, comprising an equation
governing the slow evolution of the velocity profile, U(y), which gives an effective description of zonal jet
dynamics, is able to describe the relaxation towards and typical fluctuations around zonal jet attractors.

As is sometimes observed in physical systems, large fluctuations can sometimes lead to abrupt changes,
such as spontaneous transitions between n and n + 1 jets (n € N) via jet mergers and nucleations. For large
zonostrophy, or correspondingly small @, such events are sometimes called rare transitions because the
system has a tendency to remain in one attractor for a very long time compared with other time scales
such as the dissipative time scale. Rare events can be very challenging to study directly using numerical
simulations, and the kinetic theory developed by Bouchet et al. (2013) is not able to describe them. Instead,
Bouchet et al. (2018) investigated the probabilities of arbitrarily large fluctuations associated with the
eddy momentum flux convergence in zonal jet dynamics using large deviation theory (LDT) (see Bouchet
et al., 2016, for a more rigorous introduction). They developed theoretical and numerical tools with which
to calculate the probabilities associated with fluctuations in the eddy momentum flux, opening up the
possibility of studying rare transitions between attractors in turbulent flows. Consequently, the probability
density functions for the eddy momentum flux convergence were computed for the first time (see Figure
2.11), showing that both quasilinear and fully nonlinear dynamics have exponential tails, with greater
variance associated with quasilinear dynamics.

In extreme cases where it is virtually impossible to collect statistics for these rare events using direct
numerical simulations, other numerical methods such as the Adaptive Multilevel Splitting (AMS) algorithm
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Figure 2.11 Probability density functions of R3, the third component in the spherical harmonics decomposition of
the eddy momentum flux convergence, from direct numerical simulations of the fully nonlinear barotropic beta-plane
vorticity equation (yellow), the quasilinear vorticity equation (orange) and a linear system in which U(y) is held fixed
(blue) (adapted from Bouchet et al., 2018).

(see, for example, Cérou et al., 2019; Rolland and Simonnet, 2015) have been employed with some success.
The recent development and application of such methods have allowed for the estimation of quantities such
as the probability of transitions between different configurations, but also, and crucially, they offer insights
into the typical paths of such transitions (Bouchet et al., 2019), opening up additional possibilities for the
exploration of the associated dynamics.

2.5 Research questions

As we have seen, there has been much discussion over the last few decades regarding mechanisms
governing the formation and maintenance of zonal jets, with theories ranging from anisotropic inverse
cascades to phenomenological arguments involving ideas of potential vorticity mixing and finally instability
mechanisms of turbulent states. Simplified models such as the turbulent beta-plane model have formed
the basis of many of these theories, retaining only the essential ingredients necessary for the spontaneous
formation and equilibration of persistent zonal jets. However, the equilibrated jets are not steady and the
nature of the time variability in the equilibrated phase is of interest both because of its relevance to the
behaviour of naturally occurring jet streams and for the insights it provides into the dynamical mechanisms
operating in these systems.

Due to the significant role that zonal jets play in the climate system, their time variability is a topic
of great interest. However, their fundamental properties and the physical mechanisms governing their
dynamics are not well understood. These include questions relating to the dynamical equivalence of single
and multiple-jet regimes and the interactions between jets and eddies. In addition, there are questions
relating to jet strengths, as defined by the zonostrophy parameter, in particular whether latent and manifest
jets share similar characteristics. As we have seen (for example in Figures 2.2 and 2.10), observations and
simulations reveal a variety of behaviours, including low-frequency fluctuations, or wandering behaviour,
transitions between persistent n- and (n + 1)-jet states via mergers and nucleations, and the poleward
propagation of zonal mean flow anomalies. However, these behaviours differ substantially between different
planetary systems and the reasons for these differences are not clear.

Of course, there are various broader motivations for gaining an understanding of the fundamental
physics of zonal jet variability. For example, parameterisations in non-eddy-resolving general circulation
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models (GCMs) need to capture the effects of the important interactions between jets and eddies and,
alongside this, it is important to understand which flow features must be measured in order to test the
accuracy of these parameterisations. In addition, there continues to be association of the signal-to-noise
paradox (that climate models are better at predicting observations than themselves) in seasonal forecasting
with the characteristic of many models to simulate variability with memory time that is too short and
alongside that to fail to capture eddy-mean flow feedbacks (see e.g. Scaife et al., 2019). This aspect of
climate models may improve at very high resolution, which leaves open the question of exactly what
physical mechanisms are not being captured when the models are run at lower resolution.

The novelty in the first part of this thesis, therefore, is to take some steps towards understanding
fundamental aspects of jet variability within the context of barotropic beta-plane models, arguably the
simplest systems which exhibit the relevant variability. With the help of additional reduced formulations,
which provide a natural framework for studying variability due to the way in which their complexity can be
systematically varied, we seek an understanding of the minimal ingredients required for different types
of jet variability. For example, the quasilinear model derived by Srinivasan and Young (2012) allows
for the spontaneous formation and equilibration of fluctuating zonal jets, and is therefore instructive as
an indication of the role that nonlinear interactions between eddies play in permitting, or not permitting,
different physical processes relevant to zonation.

In Chapter 4, we study zonal jet variability side-by-side using a fully nonlinear model and a quasi-
linear version (both of which are formulated theoretically and numerically in Chapter 3), comparing and
contrasting the dynamical behaviour in order to examine the role of eddy-eddy interactions. A thorough
categorisation of the zoology of different types of variability has never, to our knowledge, been documented
before, therefore this forms the objective of our initial investigations. Our primary focus is the zonostrophic
regime defined by Galperin et al. (2008) in which robust, persistent jets naturally develop alongside other
coherent structures such as zonons.

Our study proceeds in Chapter 5 by further investigating features which are not captured using
quasilinear dynamics, in particular a new type of zonal jet variability. A natural choice for further
investigation is a single-realisation version of the generalised quasilinear formulation described by Marston
et al. (2016). By systematically restoring some eddy-eddy interactions to the quasilinear model, we seek
to understand the mechanisms which are essential for certain aspects of variability, with a view towards
formulating some insights which may be applicable in more complex, geophysically-relevant systems.

It has also been observed that second order statistical closure models such as CE2 and SSST exhibit
zonal flows that can merge and reach statistically steady states, demonstrating that these models possess
some of the interesting and relevant nonlinear behaviour. Consequently, we finish our study of zonal jet
variability in Chapter 6 by investigating the statistical properties of regimes that are identified in earlier
chapters. As predicted, the elimination of eddy-eddy interactions restricts the dynamical behaviour in
line with observations from its single-realisation counterpart, the quasilinear model, nevertheless, some

additional insights can be illuminated by the neglect of certain aspects of random fluctuations.



Chapter 3

A mathematical model of beta-plane
turbulence

3.1 Introduction

From a theoretical viewpoint, the advantages of using idealised, simplified models of geophysical phenom-
ena are the facility to retain and study only the essential physics inherent within a system. In this chapter,
we describe the mathematical models that will form the basis of our study of zonal jet variability. We begin
with a description of a fully nonlinear model, arguably the simplest system in which the spontaneously
emerging jets exhibit behaviour that is relevant to planetary scale flows. This is followed by the introduction
of a quasilinear formulation in which eddy-eddy interactions are excluded. Both of these models form
the basis of a numerical study of zonal jet dynamics, therefore we proceed by describing their numerical
formulation and discretisation. Finally, we discuss parameter choices and provide numerical verifications

of key assumptions that will be used in later chapters.

3.2 Mathematical formulation

3.2.1 Nonlinear (NL) mathematical model

Exploiting the quasi-two-dimensional nature of large-scale geophysical flows and an assumed small
Rossby number, we adopt the modelling framework described in Section 2.2. Specifically, we use a
quasi-geostrophic approximation and consider the limit in which the characteristic scales of motion are
much smaller than the Rossby radius of deformation, L;. This simplifies the study to the dynamics of a
barotropic flow on a beta-plane with potential vorticity g = { + f, Coriolis parameter f = fo+fy, and a
constant background gradient of potential vorticity .

We artificially force an idealisation of two-dimensional turbulence via a stochastic vorticity forcing
function &(x,t), assumed to be a random function of both space and time, in which energy is injected
homogeneously and isotropically at a constant rate £ (see Section 3.2.3). As discussed in Section 2.3.2,
energy has a tendency to transfer to larger scales in two-dimensional turbulence, while enstrophy has a
tendency to transfer to smaller scales. Consequently, energy is predominantly dissipated at the largest spatial
scales using linear damping with rate u, modelling, for example, Ekman friction in planetary atmospheres.
In addition, the build-up of enstrophy at the smallest scales is removed using hyperviscosity of order n
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and rate v,, where n € N. Doubly periodic geometry is imposed on a square domain of size Lp such that
(x,y) € [0,2nLp) X [0,27Lp) in order to select the simplest possible boundary conditions. Incorporating
these choices, the two-dimensional beta-plane vorticity equation (2.5) becomes

0 0
£+J(¢,§)+ﬁ¥=§—ﬂ§+vnV2"§, 3.1
X

for relative vorticity £ = V2 and corresponding velocity field (u,v) = (=0, 0.).

The entire dynamics governing the evolution of the flow are encapsulated in this equation, which can
be re-expressed using a single variable, ¢ or £. This model, which will henceforth be referred to as the
nonlinear (NL) model, permits all interactions between eddies. We mention that when ¢ is specified to be

statistically homogeneous, equation (3.1) admits the latitudinal symmetry

(l,X,!/,l//,f)H(I,X,—y,_w,—f), (32)

however, there are no zonal or time-reversal symmetries in the presence of dissipation.
As before, we seek an equation governing the evolution of the zonally averaged zonal velocity. By

applying a Reynolds decomposition to each variable, such as the streamfunction,

Yy, D) = Y(y.0)+ ¢ (x,y,10), (3.3)

in which the overbar denotes a zonal mean and the prime denotes fluctuations away from the mean, and
following the steps described in Section 2.2, we derive the evolution equation for the jet velocity profile,
ouv 0 — "
—+a—y(uv)=—,uU+vn%U. (3.4)
Here, we have assumed that & = 0 since ¢ is prescribed to be spatially homogeneous in a statistical sense,
and we choose to write U(y, ) = u(y,t) as before for convenience. In planetary flows, viscosity is often
negligible in the global energy balance. Thus, in the inviscid limit (v, — 0), the diffusion term on the right
hand side is negligible, leading to steady state solutions given by U(y) ~ —,u‘l(?y (W)
An equation governing the evolution of the total kinetic energy per unit mass, E = %(IVzMz), can be
derived by multiplying the vorticity equation (3.1) by the streamfunction, ¢, and computing a volume

average, denoted by (e), over the periodic domain. This equation is given by

dE

= (W) = E v, (V") (3.5)

where the energy injection rate by the forcing is € = —(¢). In practice, € shall be regarded as an externally
imposed constant, with justification given in Section 3.3.2. In the inviscid limit, changes in the total kinetic

energy are balanced by the forcing and the large-scale energy dissipation:

dE
— = g-2uE. 3.6
o T (3.6)

Thus, for solutions which have reached a statistically steady state, we see that

E= % (3.7)
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in this limit, giving a convenient expression for the total kinetic energy density, or equivalently the root
mean square velocity, in terms of the model parameters. This assumption of negligible viscosity is useful
because it enables, for example, the Rhines scale and the zonostrophy parameter, given by expressions
(2.23) and (2.32) respectively, to be written entirely in terms of external parameters.

Using the notation [e] to indicate dimensions, the set of externally defined parameters which govern

the dynamics in this system include:
le] ~ LT, B ~L7'T7, [l ~T7", (3.8)

along with two externally imposed length scales, kj‘,1 and Lp, associated with the respective scales of the
forcing and the domain. Systems that are damped by large-scale drag are associated with a frictional scale,
Ly, = U/, defined as the length scale at which the characteristic friction time is equal to that of the flow
(noting that Ly, = 4(Lgy/ L.)° > 1inthe zonostrophic regime). This means that, together with the Rhines
scale, Lgy,, and the cross-over scale between wave and turbulence-dominated regimes, L., both of which

were introduced in Section 2.3.2, the system is associated with at least five different length scales:

21/21/4 o\ & \1/2
-1 _ _ —
kf > Lp, Lgn = ,81/2—/11/4’ L= 2([‘/"_3) > Ly = (,l?) ) (3.9

where we note that the characteristic velocity, U, has been re-written using equation (3.7). As mentioned in
Section 2.3.4, the zonostrophy parameter is often used a measure of the strength of the emergent zonal jet
solutions. With the assumption of negligible viscosity, it is a pre-defined, dimensionless parameter:

SI/ZOﬁl/IO

Rg = 21724174

(3.10)

Another convenient measure of the strength of zonal jets relative to the fluctuating eddy field was defined
by Srinivasan and Young (2012). Termed the zonal mean flow index, zmf(z), it is also a dimensionless

quantity, equal to the fraction of the total kinetic energy that is distributed in the zonal mean zonal flow,

Vol
(IVyl2)’

with time-average denoted by zmf. Henceforth referred to as the zmf index, this diagnostic also represents

zmf(7) = 3.11)

aratio of dissipation rates, since energy that is injected into the system by the forcing subsequently flows
into, and is dissipated from, the mean flow and the eddies according to the forcing balance (3.5). As we
will demonstrate, both the zonostrophy parameter and the zmf index turn out to be systematically related to

jet variability and will be discussed throughout this thesis.

3.2.2 Quasilinear (QL) approximation

In our quest for a mathematically tractable, or at least the simplest possible, model of zonal jets, we adopt
the methodology of Srinivasan and Young (2012) in our formulation of a reduced model, which we shall
refer to as the quasilinear (QL) model. The quasilinear approximation has been widely used in previous
studies of turbulent motions, owing to its utility in the derivation of analytical theories governing the
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Figure 3.1 Illustrations of the possible interactions between zonal eddies and the zonal mean flow in the fully
nonlinear system. Note that only (a) and (b) are possible in the quasilinear system. (a) Wave-mean flow interaction:
an eddy of zonal wavenumber k, interacts with the zonal mean flow (wavenumber 0) to produce an eddy of zonal
wavenumber k,. (b) Reynolds stress on the zonal mean flow: two waves of equal but opposite wavenumbers k,
and —k, interact, leaving the zonal mean flow (wavenumber 0). (c) General interaction between two waves of
wavenumbers k&l) and kf) to give a new wave of wavenumber kil) + kf). Inspiration for the figures came from
Marston et al. (2019).

interactions between waves and mean flows. At the most fundamental level, it is instructive with respect to

the exploration of the relevant physical mechanisms associated with zonal flows.

To begin, we apply an eddy-zonal mean decomposition (denoted by a prime and overbar respectively)
to the streamfunction, as demonstrated in equation (3.3), with corresponding decompositions of the other
variables. Applying this decomposition to the variables in the NL vorticity equation (3.1) and taking a

zonal average, we derive respectively the zonal mean vorticity equation and the eddy vorticity equation:

a9 _ 9 _
=2+ (v)=- pre— 12
a:*ay(”) HE gl (3.12)

ag'_a_lzag'+(ﬁ+a_z)a¢'+[a¢'ag’ oy’ d' a(w'g,)}zg_ug,wvzn{,. (3.13)

at Oy ox dy) ox | ox oy oy ox oy| ox

The QL model is then obtained by defining the terms inside the square brackets in equation (3.13) to be

zero, leaving a quasilinear partial differential equation.

Following earlier comments, this is consistent with the removal of eddy-eddy interactions, whilst
retaining the coupling between the mean flow and the eddies, as can be seen in equation (3.12) where the
eddy momentum flux convergence, d, (v’_g’), interacts with the large-scale mean flow. Figure 3.1 illustrates
these ideas, showing all possible interactions in the fully nonlinear system. Only interactions shown in
Figures 3.1(a) and 3.1(b) are possible under the quasilinear approximation, leading Tobias et al. (2011) to
describe the QL model as an approximation to the NL model.

Provided that ergodicity in the zonal direction is assumed such that a zonal average is equivalent to
an ensemble average, the QL model is mathematically equivalent to the CE2 system (see Chapter 6 for
further discussion). However, an advantage to studying this single realisation formulation over CE2 is
that, rather than working with equations governing the evolution of statistical quantities, the quasilinear
approximation can be incorporated directly inside the original NL vorticity equation, thereby retaining
aspects of the variability of the flow which can be simulated using DNS. The quantities inside the square
brackets in equation (3.13) were called the eddy-eddy nonlinearity (EENL) terms by Srinivasan and Young
(2012). Adopting this convention here, the QL beta-plane vorticity equation is

9L 4

= +J(g.//,§)+ﬁa— —EENL = & — pul +v,V*¢, (3.14)
ot ox
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which, as before, is a single equation encapsulating the entire dynamics. In the absence of forcing and
dissipation, the QL model respects the conservation of energy and enstrophy that was demonstrated for the
NL model in Section 2.2, however, it should be noted that it destroys the exact material conservation of
potential vorticity. Both the NL and QL vorticity equations can be solved alongside the elliptic equation,
¢ = V2, subject to the prescription of the vorticity forcing &.

3.2.3 A simple model of turbulence forcing

In contrast to three-dimensional stratified environments where baroclinic instabilities or convection can
occur, there is no natural generation mechanism for turbulence in two-dimensional configurations. Conse-
quently, it is conventional to parameterise the effects of small-scale eddies acting on a barotropic flow. A
common choice, which we shall adopt here, excites an idealisation of two-dimensional turbulence using a
rapidly decorrelating, spatially homogeneous, stochastic force which is assumed to be a random function
of both space and time. In particular, energy and enstrophy are typically injected into a narrow band of
wavenumbers in Fourier space. This choice of forcing was first used by Lilly (1969) and has since become a
standard convention in many studies of forced-dissipative, two-dimensional models of zonal jets. Williams
(1978) considered a spatial distribution in which the forced wavenumbers lie in a narrow rectangular band,
however, we follow the example of Scott and Polvani (2007), choosing instead to impose an isotropic

distribution with a well-defined forcing wavenumber k.

Ensuring that zonal flows arise spontaneously rather than being directly forced, we choose to stir the
fluid in both the NL and QL models using a stochastic vorticity force £(x,y, ) with zero mean, (£(x, 7)) =0,

and a two-point, two-time correlation function described by =,

(€(x1,1)E(X2, 1)) = E(X1,X2,1 — 1), (3.15)

where the angular brackets here denote an ensemble average. This forcing is associated with a decorrelation
time 7 in which the limit 7y — 0 corresponds to white noise, 7y — oo corresponds to steady forcing, and
finite (but non-zero) 7, corresponds to red noise. Motivated by topographic excitations, Scott and Tissier
(2012) implemented red noise forcing in which the decorrelation time was equal to the inverse Rossby wave
frequency of the forcing wavenumber. Using this approach, the forcing was implemented as a time-varying
topography in which the forcing and the system maintain a correlation, leading to a unsteady rate of energy
injection into the system. Preferring a steady rate of energy injection, we follow the example of many
before us (Constantinou et al., 2014; Srinivasan and Young, 2012, and many others) by opting for a simpler
approach. We shall consider the white noise limit in which the forcing and the system are uncorrelated.
Within this approximation, the correlation function becomes delta-correlated in time:

(X1, 11)é(X2,12)) = E(X1,X2)d(t2 = 11). (3.16)

As a further idealisation, we shall restrict attention to spatially homogeneous and isotropic forcing distribu-

tions such that Z depends only on the two-point separation distance

r= =%l = (0 =602+ (1 — o), (3.17)
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Consequently, the correlation functions considered in this study will take the form

(€(x1,11)é(x2,12)) = E(r)6(12 = 11), (3.18)

where Z(r) is related to its Fourier modes, =(k), according to the relations

E(k) =2r f‘x’ E(r)Jo(kr)rdr, =(r) = i f"o E(k)]o(kr)kdk, (3.19)
0 21 Jo

using the fact that the two-dimensional Fourier transform of a circularly symmetric function is equivalent
to a Hankel transform of order zero. Here, k = {/k2 + kﬁ is the isotropic wavenumber in Fourier space, Jj is
the Bessel function of order zero and = is Hermitian (i.e. (k) = =*(=k)) so that = is real-valued.

Many previous studies of beta-plane turbulence and zonation have focussed on narrow-band forcing
in which an annulus of wavevectors is excited in Fourier space, with mean radius k = k7 and thickness
20k < ky (see Bakas and Ioannou, 2014; Scott and Polvani, 2007; Srinivasan and Young, 2012, and many
others). We shall consider the further idealization of ring forcing, taking the limit 6k — 0, in which energy
is injected onto the circle k = k¢ in Fourier space. By assuming ergodicity such that volume averages
of single realisations are equivalent to ensemble averages, the corresponding correlation function can be

derived from the relation € = —(&y). Written respectively in Fourier and physical space, it is given by
E(k) = dnkred(k—kp), E(r) = 28k}]0(kfr), (3.20)

with the precise details of the derivation presented in Appendix B.1.

Spectral theories of zonal jet formation require a separation of scales between the forcing wavenumber,
kr, and the scale at which the jets equilibrate in order that a steep zonostrophic inverse cascade can
develop with a large accumulation of energy at the largest zonal scales. However, it has recently been
demonstrated that zonal jet formation itself does not require this separation (see, for example, Scott and
Tissier (2012) and the discussion in Section 2.4.1.1), suggesting that this cascade is not necessary. With a
view towards underpinning those factors relevant to zonal jet variability, we investigate a broad range of

forcing wavenumbers, as we describe in the next section.

3.3 Numerical formulation

The nonlinear and quasilinear models described in Sections 3.2.1 and 3.2.2 are solved numerically using
direct numerical simulation (DNS). We begin with a discussion of the numerical algorithm, followed by a

more detailed discussion of the implementation of the stochastic forcing and the hyperviscosity.

3.3.1 Numerical implementation

DNS of both the NL (3.1) and QL (3.14) vorticity equations is implemented using a pseudo-spectral
algorithm together with a standard 2/3 dealiasing rule (Orszag, 1971). Spectral methods have several
advantages over finite-difference schemes within our simple geometry, including exponential rather than
algebraic convergence of errors with increasing resolution in addition to their ability to give exact derivatives
with precision restricted only by truncation errors. Adopting this set-up, time integration is performed in

Fourier space using a second-order Runge-Kutta scheme, while nonlinear terms are evaluated in physical
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space. The vorticity equation is used to integrate the vorticity, ¢, forwards in time, while the elliptic
equation ¢ = V2 is used to determine the streamfunction, i, from the vorticity field. Further details of the
numerical algorithm are presented in Appendix C.1.

We integrate over a two-dimensional, doubly-periodic, square domain such that (x,y) € [0,27Lp) X
[0,27Lp), with domain size Lp. The numerical resolution is selected such that there is a balance between
the retention of small-scale details and computational practicality, i.e. the need to run 100’s of simulations
over long time periods. Consequently, our simulations in Chapters 4 and 5 are run with a grid resolution of
N =256 in each spatial direction, which, due to dealiasing, equates to a maximum allowed wavenumber of
kmax = 85. The time-step, At, is held fixed within each simulation but varies between the simulations, with
smaller values required for larger zonostrophy. In each case, we select an optimal value within the limits
of numerical stability, with this typically lying in the range 0.0025 < Ar < 0.01. As a verification, some
numerical integrations were performed using half the chosen time-step or double the spatial resolution,
producing statistically identical results. The numerical implementation of the stochastic forcing, £(x, ), and
the hyperviscosity, v,V?"Z, are discussed in detail in Sections 3.3.2 and 3.3.3 respectively.

All simulations were initialised with u = ¢ = 0 and all parameters were held fixed within each simulation,
unless stated otherwise. It was found that the time taken for the total kinetic energy to reach a statistically
steady state during the initial spin-up period depends on the linear damping rate, u. This is usually achieved
by time ur = 2 —3 (see Section 3.4), after which the simulations were integrated for a long time (typically
between 10 — 1000u¢ depending on parameters) in order to capture the long-time behaviour of the system.

We explore via systematic variation a broad combination of parameters in order to simulate an assort-
ment of dynamical behaviours. For example, we vary the background potential vorticity gradient over the
range S € [0.1,20]; the linear damping rate is varied over two orders of magnitude, u € [0.00005,0.01]; and
we explore three different energy injection rates covering two orders of magnitude, € € {107,107, 1074}.
This equates to a spectrum of Rhines wavenumbers in the range 0 < kg;, < 8 and zonostrophy parameters

lying in the interval 1 < Rg < 6. The domain size, Lp, is chosen to be unity in all simulations.

3.3.2 Stochastic forcing

The forcing that we numerically implement, a first-order Markov process, has been widely adopted in many
studies of forced-dissipative two-dimensional models of zonal jets (Maltrud and Vallis, 1991; Scott and
Tissier, 2012, etc) over the last few decades. We approximate £(X, ) to be piecewise constant on discrete

time steps 1, <t < t,+1. Applying the discretised Fourier theorem,
~ . 1 - .
Ehny = éxne™ fxn=—5 > Hkne™, (3.21)
X k

the Fourier coefficients E(k, 1) are given by g(k, 1) = Afj(k, 1) with constant amplitude A € R and Markovian
coeflicients 7j(k, 7) satisfying the Hermitian property (K, r) = 77" (K, 7) to ensure that the forcing function
&(x,¢) is real. These coefficients are updated at each time step #,, using the scheme

nk,t0)=Xo, 7K 1) =ik tu1) + A1 =Xy, (3.22)

where the X,, are independent, identically distributed (IID) random variables given by X, = % with
uniformly distributed random phase 6, € [0,27), mean (X,,) = 0 and covariance (X, X;) = §,;,. The
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Figure 3.2 Forcing distributions for & in (top) Fourier space and (bottom) example realisations in physical space for
forcing wavenumbers (a-b) kr = 8, (c-d) kr = 16, (e-f) ky = 24, (g-h) ky = 32.

parameter 0 <y < 1 is related to the decorrelation time 7 of the forcing by y = 1 - At/7s, where y =0
(corresponding to 7 = Af) approximates Gaussian white noise using a Markov process, y = 1 corresponds
to deterministic forcing, and 0 < y < 1 represents forcing with a Markovian time-dependence. As shown in
Appendix B.2, this forcing scheme ensures that the variance of its Fourier coefficients remains constant
over time, given by <§(k, HEK, t)> =A%

We numerically implement isotropic ring forcing with wavenumber k¢ by forcing only those wavevec-
tors such that |k— kf| < 0k (where 0k < k) and specifying that all non-zero Fourier coefficients have equal
amplitude. For short decorrelation times, we can assume that the stochastic forcing is independent of the
state of the system, allowing the rate of energy injection, &, to be prescribed via the amplitudes A of the
Fourier coefficients of the forcing function. If, in addition, we assume ergodicity such that spatial and

ensemble averages are equivalent, then the relationship between & and (A can be derived from € = — (&y/):

1 1+y\ NA2Ar 2N 1y 423
S 2\1-y) N2 "N NAr T4y ) :
with further details presented in Appendix B.2. The stochastic forcing function is thus defined as
2ek> (1 _ .
&x1) = N_Af (1_7) Ak, e, (3.24)
Pty k—k|<6k

In these expressions, NV corresponds to the number of wavevectors that are forced in Fourier space and N is
the spatial resolution in the zonal and latitudinal directions. The dependence A oc 1/ VAr ensures that the
forcing is delta-correlated in the limit Az — 0. Clearly these expressions break down in the limit y — 1
(corresponding to steady forcing), therefore we emphasize their applicability purely in the regimes of short
decorrelation time 7 = At/(1 —). In this study, we restrict attention to the case y = 0, although we note
that a number of simulations were run with y > 0 (but 77 < 10A?) in order to verify these relations.
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We implement idealised ring forcing numerically by forcing an annulus of wavevectors in Fourier space
centred around a mean radial wavenumber k; with thickness 26k = 2. In order to avoid forcing purely zonal
or purely meridional flows, we choose not to force wavevectors of the form k = (0, k) and k = (k,0). Whilst
we explore a range of forcing wavenumbers lying in the interval k¢ € [2,32], the majority of simulations
focus on four cases: kr € {8,16,24,32}. These are illustrated in Figure 3.2, in which each distribution is

plotted in Fourier space alongside an example realisation in physical space.

3.3.3 Hyperviscosity

Hyperviscosity has a long history of being used as a tool for maintaining numerical stability by acting as a
sink for the build-up of energy in small scale fluctuations whilst largely unaffecting the larger scales. There
is no theoretical basis for selecting the optimum parameters; instead, as mentioned by Smith and Hammett
(1997), they are typically chosen on an experimental basis such that a dissipation range appears within the
resolved modes. We incorporate hyperviscosity, v, V2Z, in each of our models with the aim of removing
the build-up of enstrophy in the vicinity of the largest retained wavenumber, k;,,,,. The resolution-dependent

prefactor of this hyperviscosity term is implemented as

B (_1)n+lv

2n
kmax

Y , (3.25)
where v is the amplitude and 7 is the hyperviscosity index. Within this scheme, suitable choices for v and n
must be made in order to fully define the numerical models. If 7 is too small then significant damping at
smaller wavenumbers will occur which will affect the numerical results. Conversely, if z is too large then
there will be virtually no damping for almost all of the modes except for those closest to k., Which will be
damped significantly. Consequently, a trade-off is necessary between these competing goals.

A useful measure of the role of hyperviscosity can be inferred from the equation for the evolution of
the domain-averaged total kinetic energy E given by (3.5). In a steady state, the idealised inviscid limit

leads to a balance between the energy injection rate by the forcing and the frictional dissipation rate:

: g
EO =", (3.26)
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Figure 3.3 Numerical simulation of different hyperviscosity indices n and amplitudes v within the (a) NL model and
(b) QL model. Black circles indicate the values selected within all simulations in this thesis. (c) The corresponding
kinetic energy spectrum &(k) using v = 1 and n = 4 in the NL model with the zonostrophic and two-dimensional
inertial ranges shown above for comparison. The parameters used in each of the above simulations are: 8 =35,
u=0.0030, & = 1074, kp =16, N =256, Rz =2.24.
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where E is the idealised total kinetic energy. Hyperviscosity will act to reduce the amount of energy that
is dissipated by frictional processes, thereby reducing the emergent total kinetic energy, a quantity which
is computable and denoted E. The fraction E”?/E® therefore provides a measure of the influence of
hyperviscosity, with values close to unity being desirable.

In order to proceed, we run a series of numerical simulations using both the NL and the QL models
in which different permutations of v € {1072,1071,10°,10'} and n € {1,2,..., 10} are selected, keeping all
other parameters fixed. We compute time averages of the diagnostic E”?/E® for each of these simulations
once a statistically steady state has been reached, with the results presented in Figures 3.3(a,b). For each
model, the simulations become increasingly inviscid as v — 0 and n — oo, with E”)/E® — 1 as we would
expect. However, it is apparent that E)/E increases significantly between n = 1 and n = 4 whilst n > 4
does not lead to further notable increases. In addition, there is a noticeable benefit to selecting v = 1
rather than v = 10, however, further reductions in v are less significant. In keeping with our desire to
maintain numerical stability, we therefore choose an amplitude of v = 1 and we adopt n = 4, giving v4V8¢
(in line with Srinivasan and Young, 2012; Sukoriansky et al., 2008, etc). These choices are identified using
black circles in Figures 3.3(a,b) and correspond to configurations in which the total energy equilibrates at
approximately 95% of its ideal value.

Figure 3.3(c) shows the corresponding kinetic energy spectrum, &(k), for these parameters in the NL

model, computed by discretising the wavenumbers into discrete bins of unit width:

ei= Y (ke ). (3.27)

1 1
k— 3 <Ik|<k+ 3

There is clearly no build-up of energy in the largest resolved wavenumbers which adds confidence to our

choice of hyperviscosity parameters in our simulations.

3.4 Numerical simulation of zonal flows

Having formulated discretised versions of the NL and QL models, we now discuss aspects of their simulation
of zonal jets and discuss some key assumptions that will be used throughout this thesis. In addition, we
describe our numerical procedures for computing the velocity profiles and corresponding eddy momentum

flux convergences that we will present in subsequent chapters.

3.4.1 Direct numerical simulation of zonal jet formation and equilibration

Numerical simulation of the NL and QL models captures the two-dimensional vorticity field at discrete
time steps, from which the velocity field can be inferred by (u,v) = (—V‘Zay{ ,V723,0). In the interests of
visualising the dynamics of zonal flows, we reduce the dimension at individual time steps by computing
the zonally averaged zonal velocity field, denoted U(y, t), and plot the evolution of this one-dimensional
profile in time. These latitude-time, or Hovmdller, plots will form a significant part of the discussion in this
thesis. An example numerical integration of the NL. model is shown in Figure 3.4(a) in which the system
equilibrates after about # = 5,000 (uf = 2.5) with between 5 and 6 eastward jets. Hereafter, we will drop the
term ‘eastward’, instead inferring that jet numbers, unless stated otherwise, correspond to eastward jets.
The domain-averaged total kinetic energy, defined by E = %<|V¢|2> and shown by the red curve in
Figure 3.4(b), is relatively steady in time after equilibration. It can be decomposed into contributions from
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Figure 3.4 (a) Latitude-time plot showing time evolution of the zonal mean zonal velocity field. The system reaches
a statistically steady state after about ¢ = 5,000. (b) The correspondin% evolution of the total kinetic energy E" (red),
zonal mean kinetic energy E(Zr) (purple) and eddy kinetic energy Eg (blue) plotted alongside the zonal mean flow

index zmf() (grey shading). The parameters used are: 8 = 11.5, u = 0.0005, £ = 1073, kr =16, N = 256, Rg = 3.40.

the zonal mean zonal velocity field, £z, and the non-zonal, or residual eddy field, Eg, in which

E= {vuf) = 3 V(e nef).
[
Ez=5(VoF) =2, Z<|zk—;z¢(k’ f)eik'x|2>’ (3.28)
k=0 &
Ee= (Vo) - 1(WoP) = 3 > (IEdkne ),
ke?0 &y

and E = Ez + Eg. This decomposition is plotted in Figure 3.4(b) in which it can be seen that E (purple)
and Ey (blue) are not steady, with energy continuously redistributing between the different modes. The
steadiness of E and the unsteadiness of E; and Eg suggest that, rather than reporting all three values,
instead a more useful diagnostic, encapsulating these different ingredients, is the zmf index described by
(3.11). The time evolution of this dimensionless quantity is shown in Figure 3.4(b) using grey shading,
where it is clear that there is a very strong correlation between E7 and zmf(#) once the system has reached a
statistically steady state.

There is also evidence for the existence of the zonostropic and two-dimensional inertial ranges within
our simulations, even for relatively small forcing wavenumbers. Figure 3.3(c) shows the energy spectrum
for a simulation with ky = 16 in which the k™ and k73’3 scalings show reasonably good fit, despite the

short ranges of wavenumbers over which they exist.

3.4.2 Numerical properties of the stochastic forcing wavenumber

We are interested in simulating a wide range of wavenumbers k; associated with the stochastic forcing
distribution. Consequently, it is useful to understand how the numerical models respond to this variation.
We begin with a consideration of hyperviscosity. In Section 3.3.3, the hyperviscosity parameters were
selected using a simulation with forcing wavenumber ks = 16 in which the emergent total kinetic energy
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Figure 3.5 The effect of the forcing wavenumber k¢ on the distribution of equilibrated energy levels in the (a) NL
model and (b) QL model. The total kinetic energy E" (red), zonal mean kinetic energy E(Zr) (purple) and eddy kinetic
energy Eg) (blue), each normalised by the ideal total kinetic energy E, are plotted alongside the time averaged zmf
index (grey bars). The parameters used are: 8= 0.8, u = 0.0002, £ = 107>, N = 256, Rg=3.27.

E® equilibrated at approximately 95% of its ideal value E?. Here we explore this saturation fraction
EM/EY for a range of wavenumbers lying in the range kr €[2,32], shown in Figure 3.5 using red circles.
For both the NL and QL models, less than 1% of the energy is lost to hyperviscosity when k¢ < 8 while this
figure drops to about 20% when ky = 32 due to its closer proximity to the largest retained wavenumber
kmax = 85 where the hyperviscosity acts most strongly. Analogous tendencies are plotted for the normalised
zonal mean E(Zr) JE® and eddy Eg) /E Kinetic energies, using the purple and blue series respectively, along
with the time-averaged zmf index using grey bars. Aside from the smallest wavenumber ky = 2 where
zonal jets struggle to form, the zmf index is relatively constant in both models, with perhaps a modestly
decreasing trend between 4 < ky < 16 in the NL model.

In order to examine the generality of these results, the analysis is extended in Figures 3.6(a,b) to include
a much larger collection of numerical simulations. Here, we restrict attention to four forcing wavenumbers
kf € {8,16,24,32} and compute the average total kinetic energy as a fraction of its ideal value, E©)/E®,
(shown on the left hand axis of each figure) for simulations covering a broad range of zmf values. For any
given wavenumber, there is very little variance around clearly defined average fractions corresponding
to the values presented in Figure 3.5. Thus, we have confidence that the data presented in Figure 3.5 are

representative of simulations using a broad range of parameters. Figure 3.6 also shows the measured Rhines
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Figure 3.6 The effect of the forcing wavenumber k¢ € {8,16,24,32} on the measured total kinetic energy as a fraction
of its ideal value EM/EY (left axis) and the corresponding measured Rhines scale as a fraction of its ideal value
LXZ/ L;L (right axis) for the (a) NL model and (b) QL model. A large range of 826 NL and 547 QL simulations have
been included such that N = 256 and time averages were taken once the simulations had reached a statistically steady
state.
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Figure 3.7 The effect of the forcing wavenumber k¢ € {8, 16,24, 32} on the measured energy injection rate £ = —(&y)
as a fraction of its ideal value &) for the (a) NL model and (b) QL model. A large range of 826 NL and 485 QL
simulations have been included such that N = 256 and time averages were taken once the simulations had reached a
statistically steady state. The plots on the right show the corresponding probability density functions (PDFs).

scale as a fraction of its ideal value, Lg) / LY

4/ Lgy» 0N the right hand axes, computable using the simple relation

o (LY
% = [LTR?] (3.29)
Rh

This is equivalent to the measured zonostrophy parameter as a fraction of its ideal value, R‘(Br) / Rg). For the
largest wavenumber k¢ = 32, the emergent Rhines scale and zonostrophy parameter are approximately 95%
of their ideal values in the NL model (or 93% in the QL model) while the fraction rises to over 98% for
forcing wavenumbers ks < 16. Consequently, hyperviscosity is considered to be negligible and we proceed
to report only ideal values of these quantities in subsequent chapters.

It is also of interest to investigate the effectiveness of the stochastic forcing in maintaining a given
energy injection rate, with statistical mean ¢ and associated variance due to random fluctuations. To verify
this, we compute a time average of £ = — (&), sampled every 10,000 time steps (corresponding to O(103)
snapshots in total) over the entire equilibrated simulation, for a large range of simulations using both the
NL and QL models. These values are then normalised by the corresponding ideal energy injection rates £,
The results are presented in Figures 3.7(a,b) for four different forcing wavenumbers k¢ € {8,16,24,32} and
a broad range of zmf values. Each circle represents a single simulation, coloured according to its forcing
wavenumber, and the associated probability density functions (PDFs) for each wavenumber and model are
displayed in order to visualise the overall means and variances.

Firstly, we note that the average energy injection rate across the ensemble of simulations is close to its
ideal value, indicated by the approximate alignment of the peaks of the PDFs with the ratio £ /@ = 1.
Secondly, the associated variance of € due to random fluctuations at individual time steps increases as the
forcing wavenumber decreases. Thus, forcing distributions with smaller characteristic scales are less likely
to be correlated with the flow field and are therefore associated with smaller variances around the mean.
Overall though, these results give us confidence in reporting the ideal values of the energy injection rate,

bearing in mind that these are statistical averages with associated fluctuations.

3.4.3 Computation of velocity profiles and eddy momentum flux convergences

In our analysis of zonal jet variability, we shall be interested in computing the velocity profile, U(y),
associated with particular solutions. Fluctuations in the system lead to high frequency perturbations to the
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Figure 3.8 The computation of the jet velocity profile, U(y), for a relatively steady jet which exhibits small amplitude
fluctuations. (a) Latitude-time plot of the zonal mean zonal velocity field, with the black line indicating the location
of Unax; (b) same as (a) with the flow rearranged such that Up,x occurs at iy = 0; (c) the corresponding time-averaged
jet velocity profile. For illustrative purposes, the NL model was used with parameters 8 = 0.6, u = 0.00005, & = 107>,
kf=16, N =256, Rg = 4.49.

structure of the jets, therefore it is necessary to compute an average over multiple time steps in order to
cancel out the effects of these fluctuations. In addition, it is necessary to confine the averaging to a time
period over which the system is ‘steady’ in the sense that its behaviour is not changing. This may, or may
not, involve latitudinal drifting behaviour, as we shall discuss shortly. Within these limitations, there are no
bounds on the length of such a period for averaging purposes.

To make ideas more concrete, we show an example simulation in Figure 3.8 in which a single jet is
steady in the sense that it maintains an approximately constant latitude, although the same ideas apply to
drifting behaviour. In Figure 3.8(a) we use a black line to track to the latitude of the maximum value of the
zonal mean zonal velocity, Unax, highlighting the location of the jet core. The small amplitude latitudinal
fluctuations of the core (which are sometimes larger than those shown here) indicate the high frequency
perturbations that we wish to average over. A Eulerian time average, i.e. at each fixed latitude y, would
lead to a smoothing and broadening of the profile (and certainly wouldn’t work for drifting behaviour).
Consequently, we adopt a simple Lagrangian time average using a jet-following procedure in which the
zonal mean zonal flow is rearranged such that Uy, is centred at y = 0, as shown in Figure 3.8(b). A time
average over this rearranged flow then gives the jet velocity profile, shown in Figure 3.8(c).

Another key diagnostic is the eddy momentum flux convergence, —d, (W) = v/{’, which is responsible
for driving and maintaining eddy-driven zonal jets. This is a rapidly-fluctuating quantity requiring time
averages to cancel the noise and detect its structure. We are interested in the form of v’¢” relative to a
particular jet which may be drifting in the latitudinal direction. An example of a single jet drifting with
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Figure 3.9 The latitudinal translation speed V of a jet, computed as the latitudinal shift 6y divided by the elapsed
time 6z. For illustrative purposes, the NL model was used with parameters 8 = 0.6, u = 0.00005, £ = 107>, ky =16,
N =256, Rz = 4.49.
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Figure 3.10 The direct numerical computation of the eddy momentum flux convergence v’ within a transformed
domain in which a zonal jet with original latitudinal translation speed V is steady at latitude ¢ = 0. Time averages
of v¢" over different numbers of time steps are compared with a ‘theoretical’ profile derived from the momentum
balance in order to test for convergence. The NL model was used with parameters 8 = 2.5, u = 0.0004, £ = 107,
kf =16, N =256, Rg = 3.08. For comparison, the frictional damping time scale is given by ut = 250,000A¢.

constant latitudinal speed is shown in Figure 3.9. Here, the speed of translation is computed as

oy
V=— 3.30
50 (3.30)
where dy is the latitudinal displacement of the jet core and ¢t is the time that has elapsed during this
displacement. Let us assume without loss of generality that a particular jet within a system has constant
latitudinal translation speed V and that we wish to compute '’ in this jet’s frame of reference. The zonal
mean momentum equation (3.4) can be recast by introducing the coordinate ¢ = y — V. This gives the

transformed equation for the maintenance of the jet,

d - d2n
- (V% Up) = v (x, )" (x,0) —uU(@) + v ——-U(p). (3.31)

d(pzn

When V = 0, the term on the left hand side is zero and we recover the steady version of (3.4). Numerically,
the two-dimensional solution can be transformed as necessary in order that a particular jet maintains a
constant latitude, as illustrated in Figure 3.8, then a Lagrangian time average of v’(¢)¢’ () can be directly
computed relative to the jet core. Alternatively, an estimate can be computed from the momentum balance
in (3.31) using the velocity profile U(y), computed over a time average during which V remains constant.

In Figure 3.10 we consider a simulation in which two jets have a constant drift speed. Direct numerical
averaging over different numbers of time steps At is compared with an estimate of v’¢” derived from the
momentum balance in order to test for convergence. It is clear that at least 10° time steps are required
in order to see any structure in the underlying noise, while convergence on the profile derived from the
momentum balance is achieved by 10° or more time steps. For practical reasons, we will report the
momentum balance profile unless stated otherwise, noting that this is indeed equivalent to the average of

v’ evaluated over a large number of individual time steps.

3.5 Discussion

The mathematical models that we have introduced in this chapter will lay the foundations for our study of
zonal jet variability in Chapters 4-6. By retaining only the essential physical processes, these highly idealised
models capture fundamental dynamics that may be applicable to zonal jets in planetary atmospheres and
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oceans. We began with a description of the NL model, in which an idealisation of turbulence is forced using
a stochastic vorticity forcing function. The quasilinear approximation then permitted the derivation of a QL
model in which nonlinear interactions between eddies are excluded. Both of these models were formulated
numerically, with special attention given to the stochastic forcing term. Finally, we demonstrated aspects of
the simulation of zonal jets and provided some numerical justifications of key modelling assumptions that

will be used throughout this thesis.



Chapter 4

The variability of stochastically forced,
beta-plane zonal jets

4.1 Introduction

Naturally-occurring zonal jets are inherently unsteady, undergoing low-frequency latitudinal displacements,
which, as previously mentioned, are manifested by a variety of behaviours that differ substantially between
different planetary systems. Whilst several studies have attempted to document aspects of their dynamics
(see e.g. Bouchet et al., 2013, 2014; Lee, 1997; Panetta, 1993), a thorough categorisation has yet to be
completed. In this chapter we explore zonal jet variability using the NL and QL barotropic models defined
in Chapter 3. The term variability shall be interpreted in the loose sense of the word, referring to the
dynamical regimes, flow structures and regime transitions that exist once the system has equilibrated.

By studying zonal jet variability side-by-side using a fully nonlinear model and a quasilinear version,
we endeavour to examine the necessity of the role of eddy-eddy interactions in aspects of variability. Our
primary focus is the zonostrophic regime, defined by Galperin et al. (2008), in which robust, persistent
jets naturally develop alongside other coherent structures such as zonons. We shall begin by attempting to
categorise the zoology of different types of variability within these stochastically forced systems. This will
be followed by more detailed investigations of the dependence of the system on key parameters. Finally,
we will discuss some of the interesting complexities of these systems, such as the existence of multiple

stable flow solutions and spontaneous regime transitions.

4.2 The zoology of beta-plane zonal jet dynamics

We have run a large number of 839 NL and 547 QL simulations across a broad range of parameters such
that the Rhines wavenumber lies in the range 0 < kg;, < 8, the zonostrophy parameter is in the interval
1 < Rg < 6, and the forcing wavenumber covers a broad range of scales, 2 < ky < 32. In each case, the
simulations were spun up from a state of rest until statistical equilibrium was achieved, before being run for
a long time as described in Section 3.3 in order to capture the dynamical regimes. Whilst a rich assortment
of behaviours are observed, it is helpful to begin with a discussion of the fundamental types of variability
that are defined on the basis of the zonal mean time evolution. This is followed by a deeper investigation of
the flow structures associated with various subclasses of variability that fall under these parent categories.
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4.2.1 Fundamental types of variability

Focussing initially on the NL model, we observe three distinct types of behaviour in the latitude-time
plots, illustrated in Figure 4.1. Firstly, the jets are sometimes associated with latitudinal fluctuations that
occur with low temporal frequency, or long time scales, compared with other time scales of motion, such
as the Rossby wave time scale, 7, = k/ ~ O(1), or the eddy-turnover time scale, 7; = e 1323 ~ 0(10).
An example simulation is shown in Figure 4.1(a) in which a single zonal jet exhibits small amplitude
fluctuations that are commensurate with the width of the jet. The magnitudes of the displacements vary
considerably between simulations, with some simulations exhibiting larger amplitude fluctuations in which
the displacements are comparable with the size of the domain. Unlike the terrestrial atmosphere (see Figure
2.2(a)), the zonal jets in our simulations do not have a preferred latitude because there is no imposed
latitudinal structure, leading us to refer to this type of variability as randomly wandering behaviour.

The second fundamental type of variability involves spontaneous transitions between integral numbers
of jets, such that the total number of jets typically oscillates between n and either n + 1 or occasionally n + 2
jets. An example simulation illustrating this behaviour is shown in Figure 4.1(b) in which the number of
jets varies between two and four at any one time. Similar behaviour can also be seen in observations (Figure
2.2(b)) and in previous idealised studies (Figure 2.10). A reduction in the number of jets in the domain
occurs when two neighbouring jets merge together to form a single jet. Similarly, an increase in the number
of jets occurs when a new jet is generated, or nucleated. We note that these are the only mechanisms by
which the number of jets can change; they are never observed to split or vanish, i.e. there is no time-reversal
symmetry. Consequently, we refer to these transitions as merging and nucleating behaviour.

In addition to these two variability types, we report the discovery of a new type of zonal jet variability
observed within the NL model. Rather than behaving randomly, or stochastically, we observe that, for

certain sets of parameters, the jets behave deterministically to a first approximation. For example, they are
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Figure 4.1 Fundamental types of zonal jet variability regimes observed in the NL model described by equation (3.1).
(a) Randomly wandering behaviour (parameters used: 8 = 0.6, u = 0.0002, € = 1073, ky =16, N =256, Rg = 3.18).
(b) Merging and nucleating behaviour (parameters used: 8 = 0.9, u = 0.0004, £ = 1079, ky =16, N =256, Rz = 2.50).
(c) Migrating behaviour (parameters used: 8 = 2.2, = 0.0004, £ = 107, k=16, N =256, Rg =3.04).
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Figure 4.2 Fundamental types of zonal jet variability regimes observed in the QL model described by equation (3.14).
(a) Randomly wandering behaviour (parameters used: 8 = 0.3, u = 0.0002, & = 107>, kp =16, N =256, Rg = 2.96).
(b) Merging and nucleating behaviour (parameters used: 5 = 1.2, u = 0.0007, & = 1072, kr =16, N =256, Rg = 2.49).

sometimes observed to systematically translate in the latitudinal direction with approximately constant
speed. In this case, the latitudinal symmetry property (3.2) is spontaneously broken, with both northward
and southward translation equally probable. In addition, the jets can spontaneously change direction as a
result of internal dynamics, with no external stimulus. This is visible in Figure 4.1(c) in which the domain
contains two jets that switch from a southward to a northward direction of translation at about 7 = 180,000.
Wishing to maintain continuity with the existing literature in which similar behaviour has been observed
in more complex systems where there is a preferred direction of translation (see e.g. Chemke and Kaspi,

2015b), we henceforth refer to this behaviour as jet migration.

The QL model, on the other hand, whilst exhibiting some interesting dynamics, fails to capture the full
range of behaviours that its fully nonlinear counterpart is capable of simulating. The first two types of
variability - randomly wandering and merging / nucleating behaviours - are observed in the QL simulations,
as evidenced in Figure 4.2. However, jet migration, in which equally-spaced and equally-strong jets
systematically translate, such as those visible in Figure 4.1(c), has not been observed in the QL framework
despite exhaustive searches, leading us to conclude that the QL model does not permit this behaviour. This
fundamental result implies that the nonlinear eddy-eddy interactions that are removed in the quasilinear
approximation are relevant to jet migration behaviour, whilst they are not strictly necessary in other aspects
of variability. It is worth also mentioning that in both systems, the jets may exhibit multiple types of
variability for a given set of parameters, often with abrupt and spontaneous transitions between these
regimes. This non-uniqueness of solutions will be discussed further in Section 4.4.2.

It is insightful to compare these fundamental types of variability within both models by performing
a series of numerical simulations in which a parameter, in this case the Rhines wavenumber, kg, is
continuously varied in time in order to observe changes in jet behaviour (see Figure 4.3). For both models,
we hold all parameters constant except for the value of 3, systematically increasing or decreasing '/? (in
accordance with (3.9)) such that the Rhines wavenumber varies linearly over the range 0 < kg, < 5. As
we would expect, increases (decreases) in kgj lead to increases (decreases) in the number of jets within
the domain via jet mergers and nucleations, however, the number of jets that are visible in the NL and QL
simulations do not match: four NL jets are apparent when kgj, ~ 5 while only two QL jets are visible for the
same set of parameters. Whilst this is an extreme example, we note that in general the QL model does have
a tendency to underestimate the numbers of jets relative to the NL. model; we shall return to this point later.
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Figure 4.3 Zonal jet variability regimes observed as the Rhines wavenumber is linearly varied in time over the range
0 < kgn, < 5. Figures (a) and (b) used the NL model while figures (c) and (d) used the QL model. kg is linearly
increased in figures (a) and (c) while in figures (b) and (d) kgy, is linearly decreased. In each case, the top figure shows
a latitude-time plot of the time evolution of the zonal mean zonal velocity field, while the bottom plot shows the
corresponding evolution of the zmf index. The parameters used in all plots were: 0 < < 12.91, u = 0.0015, £ = 1074,
k=32, N=256,0<Rg<293.

Figure 4.3 also serves to highlight more clearly the existence of jet migration behaviour in the NL
model, with relatively abrupt transitions into and out of this newly identified variability regime. The clear
migration of two jets for kg;, ~ 2.5 and three jets for kg, = 4 in the NL simulations suggests that this type
of variability occurs for particular sets of parameters. Equivalent behaviour is not replicated in the QL
simulations, in which the jets instead display merging and nucleating behaviour. The bottom panel within
each figure displays the time evolution of the zmf index. Whilst there is a certain amount of high-frequency
variability in this diagnostic, it does vary fairly consistently in the QL model with the Rhines wavenumber,
and consequently, the zonostrophy parameter. On the other hand, the zmf index undergoes jumps in the NL
simulations that coincide with the start (finish) of jet migration behaviours as kg, increases (decreases).
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These jumps, which take place on time scales of O(u~!), imply that the respective rates at which energy
is dissipated from the mean flow and the eddies change when the jets migrate, hinting at the role of the
nonlinear interactions. In their stable states, migrating jets are weaker relative to the eddies compared with

non-migrating configurations.

4.2.2 The zoology of non-migrating zonal jets

Having set out the fundamental types of behaviour that exist in the NL and QL frameworks, we now attempt
to delve deeper into the zoology of jet variability, going beyond the zonal mean time evolution analysis and
focussing in more detail on the sub-range of quasi-steady solutions, or stable attractors, by examining the
flow structures. We emphasize that the types of variability considered here are not exhaustive; it is instead
our intention to give a flavour of the rich array of dynamical behaviours. Reserving further discussion
of merging and nucleating behaviour to Section 4.4.4 where we discuss transitions more widely, zonal
jets can either migrate, or not migrate. We begin with a discussion of (weakly fluctuating) non-migrating
configurations; this is followed by a closer look in Section 4.2.3 at jet migration regimes. In each case, we
examine the large scale properties of the flow field along with the structure of the underlying eddy field.
The streamfunction is ideal for this purpose, helping to visualise coherent structures with its emphasis on

the large scales.

4.2.2.1 Single jet dynamics

As the number of zonal jets within the domain increases, the taxonomy of solutions becomes ever more
complex. This is because the number of possible permutations of configurations, such as the spacing
between the jets and the relative strengths of the jets, increase in line with the number of jets. It is therefore
instructive to begin with a discussion of the simplest case: that in which a single jet equilibrates. With this
in mind, we observe two distinct dynamical regimes in the NL. model: pulsing and meandering behaviours,
illustrated in Figure 4.4. Whilst these are not distinguishable in the latitude-time plots, they are visible in

the instantaneous flow fields.
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Figure 4.4 Single zonal jet dynamics in the NL model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y, ), a single snapshot of the zonal velocity field u(x), the corresponding streamfunction
¥(x) and eddy streamfunction field ¢’ (x), the time-averaged jet velocity profile U(y) and the time-averaged eddy
momentum flux convergence v’Z’. (a) A pulsing jet with parameters 8 = 1.5, 4 = 0.0001, £ = 107, kr=16, N =256,
Rg =4.14; (b) A meandering jet with parameters § = 0.8, u = 0.0001, & = 1073, k=16, N =256, Rg = 3.89.
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Figure 4.5 Single zonal jet dynamics in the QL model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y, ?), a single snapshot of the zonal velocity field u(x), the corresponding streamfunction
Y(x) and eddy streamfunction field ¥’ (x), the time-averaged jet velocity profile U(y) and the time-averaged eddy
momentum flux convergence v’’. (a) A pulsing jet with parameters 8 = 1.2, u = 0.0002, & = 1073, kr=16, N =256,
Rpg = 3.41; (b) A meandering jet with parameters 8 = 0.4, u = 0.0002, & = 1073, k=16, N =256, Rg =3.05.

Jet pulsation (sometimes referred to as varicose behaviour) is associated with the rhythmical strength-
ening and weakening of the jet along its core, visible in the zonal velocity field in Figure 4.4(a). The
associated streamfunction, being symmetric about the jet axis, reveals the straightness of the path of the
jet as it flows through the domain. In contrast, meandering jets (or sinuous behaviour) follow a winding
course rather than flowing in a straight line. The streamfunction, plotted in Figure 4.4(b), reflects this
behaviour, having rotational rather than north-south reflectional symmetry. Further insights are obtained by
plotting the eddy streamfunction field, defined as ¥’ (x) = ¥/(x) —J(x). In both cases, this reveals a dominant
structure with zonal wavenumber k, = 1 coinciding with the single pulse or meander that is observable
in the corresponding zonal velocity field. Accordingly, pulsing behaviour is associated with a coherent
wave, given by k = (1, 1), that coexists with the jet while meandering behaviour is associated with a wave
given by k = (1,0). It remains to be seen how these structures materialise in different geometries such as

rectangular domains.

It is worth mentioning that each of these states represent idealised limits of dynamical regimes.
Indeed, jets are often observed to be transitioning between pulsing and meandering behaviour, exhibiting
characteristics of both, however, we make no attempts to classify this continuum of intermediate states.
Focusing on situations in which a jet is closely aligned with one of these idealised regimes, we make the
qualitative observation that pulsing jets are relatively steady in space and tend to immediately follow a jet
merger (as we shall discuss later) while meandering jets are often (but not always) associated with latitudinal
shifting or randomly wandering behaviour. Similar modes of variability were observed by Eichelberger
and Hartmann (2007) who used a simple GCM to investigate the effects of the zonal jet structure on the
variability in the Northern hemisphere. They found that when the Polar and subtropical jets are nearly
merged, pulsing behaviour of the combined jet system dominates while the leading mode of variability
when the jets are well separated is latitudinal shifting behaviour of the Polar jet. Our findings reinforce the
pulsing observations and also suggest that the latitudinal shifting is associated with meandering behaviour.

Turning our attention to the QL model, we seek to ask whether these same dynamical regimes are
replicated when eddy-eddy interactions are neglected. It turns out that they are (see Figure 4.5), with a
number of caveats. Firstly, it is rare to observe a QL jet close to one of these idealised limits; their variability
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usually comprises of a mixture of both. This is evident in Figure 4.5 in which the examples are more
disordered due to perturbations away from the ideal structures. Moreover, multiple-jet QL systems are not
usually associated with a large-scale coherent wave structure. Whilst the forcing distribution does include
modes with k, = 1, offering an explanation for these observations, we observe that the eddy streamfunction
field becomes increasingly disorganised as the number of jets increase, with smaller scales dominating.
To conclude our discussion of single jet dynamics, we briefly compare the associated jet velocity
profiles U(y) and eddy momentum flux convergences v’¢” between the regimes and also the models, plotted
in Figures 4.4 and 4.5. The shapes of these profiles are remarkably similar and it is not straightforward
to identify differences. In each case, the profiles are latitudinally-symmetric and the eddy momentum
flux convergences bear similar forms to the velocity profiles, as we would expect from the steady state
momentum balance U(y) ~ u~'v'’. Nevertheless, the shapes of the QL jets are slightly sharper with more
pointed cores. In addition, pulsing jets are associated with a narrower core and broader flanks on either side
while meandering jets have a more well-rounded core (due to the zonal averaging of the meanders) along

with more parabolic westward flows.

4.2.2.2 Zonal jet spacings and strengths

The pulsing and meandering behaviours classified for a single jet state are also applicable to multiple-jet
cases. In this case, the behaviour of each jet may independently be dominated by either mode of variability
and the situation rapidly becomes complex as the number of jets increase. Of course, multiple jets are
also associated with additional degrees of freedom, such as their relative latitudinal spacings and strengths,
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Figure 4.6 Zonal jet spacings and strengths associated with two jets in the NL model. From left to right we show a
latitude-time plot of the zonal mean zonal velocity field U(y,f), a single snapshot of the zonal velocity field u(x),
the corresponding streamfunction y(x) and eddy streamfunction field ¥’ (x), the time-averaged jet velocity profile
U(y) and the time-averaged eddy momentum flux convergence v’{’. (a) Two equally spaced and equally-strong
jets with parameters 5 = 5.5, u = 0.0002, ¢ = 1075, kf =16, N =256, Rg = 3.97; (b) Two unequally spaced but
equally-strong jets with parameters 8 = 3.2, 4 = 0.0001, £ = 107, kf =16, N =256, Rg = 4.47; (c) Two equally
spaced but unequally-strong jets with parameters 8 = 3.5, u = 0.0001, £ = 107, ky=24, N =256, Rg =4.51.
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which contribute towards their dynamics. Our findings suggest that each of these aspects are interlinked
and should not be considered in isolation. In our classification of variability, we therefore proceed with
a discussion of the relative spacings and strengths of jets in multiple-jet configurations, which could be
applicable to the Earth’s oceans or the gas giant planets.

As before, it is instructive to focus on the simplest scenario which, in this case, is when two jets emerge
in the domain. Our analysis of a large number of numerical simulations suggests that there are three distinct
arrangements that emerge in the NL model, associated with the symmetries of the spacings and strengths
of a pair of jets. Illustrated in Figure 4.6, these include two equally spaced and equally strong jets, two
unequally spaced but equally strong jets, and two equally spaced but unequally strong jets. In each case,
the jets are observed to meander rather than pulsate, as can be seen in the zonal velocity and streamfunction
fields in addition to the relative positioning of ¢’ (x) and the jets. Nevertheless, these cases differ in terms of

the relative phases of the meanders, which, in turn, are associated with large-scale Rossby-like waves.

The fully symmetric solution, shown in Figure 4.6(a) in which the jets are equally spaced and equally
strong, does not occur frequently. We might naively assume that this state should be the solution when the
preferred jet spacing divides the periodic domain size such that two jets are stable; in reality, it is usually
observed in configurations when both two and three jets persist, following the jump from three to two
jets. The zonal velocity field shows that these jets meander with opposite phases, exhibiting north-south
reflectional symmetries that are confirmed by the associated velocity profiles and eddy momentum flux
convergences. The eddy streamfunction shows a structure with a very clear zonal wavenumber k, = 1 mode,
and a latitudinal wavenumber k, ~ 3, revealing that these jets coexist with an eddy field that is dominated
by a coherent wave given by k = (1, 3).

On the other hand, stable two-jet states exhibit a symmetry breaking phenomenon associated with either
their spacings or their strengths, as characterised by the other two arrangements shown in Figures 4.6(b-c).
The case where the jets are unequally spaced but equally strong in Figure 4.6(b) shows jets meandering
with opposite phases, while the equally spaced but unequally strong jets in Figure 4.6(c) meander with
equal phases, as shown in their respective zonal velocity and streamfunction fields. These asymmetries
are reflected in their respective velocity profiles and eddy momentum flux convergences. In particular, the
stronger jet in Figure 4.6(c) has broad, prominent flanks on either side while its weaker neighbour is very
narrow. In addition, each jet in Figure 4.6(b) is asymmetric about its own core, being broader on the side
that is furthest from its neighbour. Despite these differences, similarities exist in the large-scale structures
of their coexistent eddy fields, revealing that both configurations are dominated by a coherent wave given
by k = (1,2). As we will discuss in Chapter 5, we believe that these structures are related to the coexistence
of jets with zonons in the NL model which indirectly influence the eddy momentum flux convergences and

associated velocity profiles.

As the number of jets in the domain increases, so does the number of possible permutations of these
asymmetries associated with their relative spacings and strengths. To be more explicit, we can formulate
this symbolically by denoting a jet spacing or strength by S and assigning an index 1,2,... to refer to the
ordered magnitude such that higher numbers correspond to larger magnitudes but do not quantify relative
sizes. In this case, the spacings in Figures 4.6(a-c) can be represented as (S Lsh,s!,8%) and (S', 8"
while the jet strengths are given by (S',51), (S!,81) and (S',5?). Extrapolating to the case of three stable
jets, the possibilities for each of the spacings and strengths include (S!,5',81), (S1,5',52), (S1,52,5%)
and (S',52,573). It is clear that as the number of jets increase, these permutations become increasingly
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Figure 4.7 Zonal jet spacings and strengths associated with two jets in the QL model. From left to right we show a
latitude-time plot of the zonal mean zonal velocity field U(y, ), a single snapshot of the zonal velocity field u(x),
the corresponding streamfunction y(x) and eddy streamfunction field ¢’ (x), the time-averaged jet velocity profile
U(y) and the time-averaged eddy momentum flux convergence v’Z’. The figure shows two unequally-spaced but
equally-strong jets with parameters 8 = 6.0, i = 0.00005, £ = 107>, k=16, N =256, Rg = 5.66.

numerous and so we choose not to proceed further. Nevertheless, we observe that the formulations
illustrated in Figure 4.6 are combined in the presence of larger numbers of jets. Together with the single-jet
modes of variability, these configurations form the building blocks of multiple-jet dynamical regimes.
The quasilinear approximation excludes some of these arrangements, as illustrated in Figure 4.7. For
example, QL jets are never observed to be fully symmetric (with the exclusion of the single-jet state).
In multiple-jet regimes, meanders are not typically observed and jets are not associated with coherent
large-scale eddy fields. Analysis of simulations shows that, while two-jet QL systems only permit an
asymmetry in jet spacings, asymmetries in jet strengths do exist, however, weaker jets always occur in
pairs, excluding for example (S!,52) or (S!,52,52)-strength states. We are led to conclude that nonlinear
eddy-eddy interactions are essential for the large-scale organisation of the eddy field that coexists with the

jets, and that this coherent wave pattern is potentially associated with the existence of certain jet regimes.

4.2.3 The zoology of migrating zonal jets

Zonal jet migration has never, to our knowledge, been observed in idealised models in the absence of
an imposed latitudinal symmetry-breaking mechanism, such as sloping topography, spherical geometry
or statistically inhomogeneous forcing. Of course, latitudinal symmetries are broken when jets undergo
fluctuations or randomly wandering behaviour. What is extraordinary is the time-persistence of the
migration behaviour and the regularity with which the jets migrate at an apparently preferred translation
speed, leading us to refer to both northward and southward migration as stable attractors of the system.
There are two types of zonal jet migration that we observe in our simulations: fast migration, where the
arrangement of jets obeys a kind of translational symmetry, and slow migration, associated with asymmetric
arrangements (aside from the phenomenon described in Appendix D in which the presence of strong
vortices leads to jet migration). Extending our previous discussion of non-migrating states, we now discuss

in turn each of these types of migration in more detail.

4.2.3.1 Fast zonal jet migration

We choose to term the migration behaviour illustrated in Figure 4.1(c), in which the jets are equally spaced
and equally strong (i.e. translationally-symmetric), fast migration, short for fast and symmetric, because
the speed of translation (which will be quantified in Chapters 5 and 6) is significantly faster than the second
type, to be discussed shortly. Fast migration is a robust phenomenon that has so far been observed in NL
systems with up to three jets. Despite extensive searches, however, it has not been observed in the QL
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Figure 4.8 Fast zonal jet migration in the NL model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y, t), a single snapshot of the zonal velocity field u(x), the corresponding streamfunction
¥(x) and eddy streamfunction field ¢’ (x), the time-averaged jet velocity profile U(y) and the time-averaged eddy
momentum flux convergence v’Z’. (a) A single migrating jet with parameters 8 = 0.45, = 0.0001, & = 107, ky=16,
N =256, Rg =3.67; (b) Two migrating jets with parameters 5 = 6.0, u = 0.0004, & = 1074, kp=16, N =256, Rg=3.77;
(c) Three migrating jets with parameters 8 = 10.0, u = 0.001, & = 1074, ky =32, N =256, Rg =3.16.

model. While migration speeds vary between parameters, each parameter group is associated with its own
characteristic translation speed, regardless of the direction in which the jets migrate. Further discussion of
jet migration speeds for this fast type of migration is reserved for Chapter 5.

Example simulations are shown in Figure 4.8 in which one, two and three jets are migrating north. In
each of these examples, snapshots of the zonal velocity field and the streamfunction show that the jets
are meandering, and the relative phases of these meanders are aligned in multiple-jet configurations. The
eddy streamfunction is dominated by a coherent wave given by k = (1,n) for n > 1 jets, while the structure
associated with the single migrating jet is instead given by k = (1,0), reminiscent of Figure 4.4(b), implying
that the meanders of the eastward jet are out of phase with those of the westward jet. The reason for this
change of pattern between n = 1 and n > 1 jets is not clear, nevertheless, we will return to this point in
Chapter 5. The velocity profiles in all three cases are asymmetric about each jet core, with each jet being
broader on the side towards which it migrates. The peaks of the corresponding eddy momentum flux
convergences have a small but not insignificant offset (in the direction of migration) from the corresponding
jet cores, and their profiles show a marginally stronger north-south asymmetry than the jets themselves.

4.2.3.2 Slow zonal jet migration

A second type of jet migration behaviour is also visible in our simulations, in which the jets have asymmetric
strengths and sometimes asymmetric spacings too. These jets migrate with a significantly slower speed
than the translationally-symmetric variants (a distinction that will clarified in Chapter 6) which leads us
to term this type of behaviour slow migration, short for slow and asymmetric. As discussed in Section

4.2.2.2, the breaking of asymmetries in jet strengths or spacings requires two or more jets to be present.
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Figure 4.9 Slow zonal jet migration in the NL model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y, t), a single snapshot of the zonal velocity field u(x), the corresponding streamfunction
¥(x) and eddy streamfunction field ¢’ (x), the time-averaged jet velocity profile U(y) and the time-averaged eddy
momentum flux convergence v’{’. (a) Two migrating jets with parameters 5 = 6.0, u = 0.0007, & = 1074, kf =16,
N =256, Rg = 3.28; (b) Three migrating jets with parameters § = 9.0, u = 0.0007, & = 1074, kf =32, N =256,
Rg = 3.42; (c) Four migrating jets with parameters 8 = 8.5, u = 0.0015, e = 1074, kp=32, N =256, Rz =2.81.

Accordingly, slow jet migration only occurs in multiple-jet configurations, with example NL simulations
presented in Figure 4.9 showing cases in which two, three and four jets migrate. The arrangements of the
jets are not straightforward to describe, and we are not able to generalise the configurations in the same

manner as we did for fast migration when multiple (two or three) jets were present in the domain.

A system in which two jets migrate, with an asymmetry in jet strengths, is shown in Figure 4.9(a).
This is the migrating analogue of Figure 4.6(c), with virtually indistinguishable snapshots of the flow field
revealing an eddy field that is dominated by a large-scale coherent wave given by k = (1,2). Systems in
which three jets slowly migrate tend to involve asymmetries in both the jet strengths and spacings, often
with two weaker jets accompanied by a stronger jet, as illustrated in Figure 4.9(b). In this arrangement,
the weaker jets meander with opposite phases while the stronger jet meanders with a phase that is aligned
with the closest weaker jet. The eddy streamfunction is dominated by a coherent wave with latitudinal
wavenumber that appears to be somewhere between two and and three, i.e. k = (1,2.5). Figure 4.9(c)
shows an example of four migrating jets in which the jets are alternately strong and weak. Each pair of jets
meanders with opposite phase giving rise to an associated eddy field with dominant structure k = (1,3). In
each of these examples, the latitudinal wavenumber of the dominant eddy field structure does not necessarily
equal the number of jets; in fact, there is no discernible relationship between the two. In addition, there is a
strong correlation between the velocity profiles and eddy momentum flux convergences, with their degrees
of asymmetry about the jet cores being very weak, in contrast to the stronger asymmetries associated with

the profiles in Figure 4.8.

Unlike fast migration, we do in fact observe examples of slow migration in the QL model. Arrangements
in which three and six jets slowly migrate, albeit with some unsteadiness, are shown in Figure 4.10, and
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Figure 4.10 Slow zonal jet migration in the QL model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y, ?), a single snapshot of the zonal velocity field u(x), the corresponding streamfunction
Y(x) and eddy streamfunction field ¥’ (x), the time-averaged jet velocity profile U(y) and the time-averaged eddy
momentum flux convergence v’/’. (a) Three migrating jets with parameters 8 = 6.5, u = 0.0005, £ = 107>, kr =16,
N =256, Rg = 3.21; (b) Six migrating jets with parameters 8 = 7.5, u = 0.0015, £ = 1073, kf=16, N =256, Rg=2.47.

there are hints of two jets migrating slowly in Figure 4.3(c) in the interval 180,000 < ¢ < 190,000. Beyond
the latitude-time plots, however, the similarities with the NL jets are virtually non-existent. We also note
that the persistence of slow migration in the QL model is observed to be weaker than that in the NL model.
In addition, there is evidently no coherent structure dominating the organisation of the eddy field that
coexists with the jets and there is no meandering behaviour. Nevertheless, the lack of a coherent wave
structure implies that this is not an essential ingredient for slow migration, leaving open the question
regarding what is responsible for the long-time persistence of this behaviour in the NL and QL systems.
Slow migration is much less prevalent, and persistent, than fast migration, and we wouldn’t like to rule
out the possibility of other configurations (with the same numbers of jets) beyond those already discussed.
While in Chapter 5 we propose a mechanism for fast jet migration, we are not able to offer an equivalent
explanation for the slow migration behaviour. The fact that this latter regime occurs less frequently suggests
that the mechanism may be weaker and less easily identifiable. What is clear, however, is that nonlinear

eddy-eddy interactions do not play a role; this is a point that we shall return to in Chapter 6.

4.3 The dependence of variability on system parameters

The classification of beta-plane zonal jet dynamics was constructed after analysing a large number of
NL and QL numerical simulations across a broad range of parameters. Our discussions have thus far
been independent of the role of these parameters, focussing instead on a description of the fundamental
constituents of variability. However, some types of variability are found to be parameter-dependent, such
as the spacings, strengths and structures of zonal jet solutions. It is therefore our goal in this section to
document how certain aspects of variability are influenced by these parameters, in particular, the importance
of the Rhines scale, the zonostrophy parameter and the forcing wavenumber.

4.3.1 Parameter space and zonostrophic flow regimes

We begin by defining a parameter space in order to visualise our simulations. The key parameters of interest
in this study are the Rhines wavenumber, kg;,, which is believed to be linked to the latitudinal spacing
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Figure 4.11 The parameter space defined in terms of the ideal Rhines wavenumber, kg, along the horizontal axis
and the ideal zonostrophy parameter, Rg, along the vertical axis. The data includes 839 NL and 547 QL simulations
with resolution N = 256 across a range of forcing wavenumbers ks < 32. Each point represents a single simulation
that is coloured according to the average number of jets within the domain over long-time averages, with non-integral
numbers allowed for merging and nucleating behaviours. (a) All NL simulations; (b) all QL simulations; (c) same as
(a) except only those simulations in which the jets migrate (fast-type) are coloured.

between the jets, the zonostrophy parameter, Rg, which is considered to be a measure of the strength of the
jets, and the wavenumber, k, associated with the stochastic forcing. Strictly speaking, our parameter space
should be three-dimensional, however, we note that for clarity we choose to represent it in two-dimensions

in terms of kg;, and Rg and reserve our discussion of the dependence on k¢ to Section 4.3.4.

Figures 4.11(a) and 4.11(b) show the broad range of numerical simulations that we have run, plotted on
the respective NL and QL parameter spaces. Each point corresponds to an individual simulation, positioned
according to its ideal Rhines wavenumber and zonostrophy parameter, and defined with a colour that
represents the average number of jets within the domain, computed over long-time averages. Due to the
common occurrence of simulations in which the number of jets is not well-defined due to oscillations as a
result of jet mergers and nucleations, we include fractional numbers where necessary. In addition, those
simulations in which the zonal mean zonal flow did not reveal the formation of jets are shown in black.

The NL model shows a clear transition at Rg = 1.5, below which the turbulence remains isotropic and
is dominated by vortices rather than the formation of zonal flows. This is consistent with the findings of
Galperin et al. (2010) for the transition between their friction-dominated regime (in which jets do not form)
and the transitional regime (in which jets are visible after averaging the flow field). In addition, the number
of jets clearly increases with kg, however, there are no sharp boundaries as the system transitions between
n and n+1 jets. On the other hand, the QL model reveals evidence of zonostrophy and jet formation when
Rp < 1.5, particularly as kgj, increases. In addition, the relationship between the number of jets and the
Rhines wavenumber in the QL model shows evidence of a dependence on zonostrophy for Rg < 2, i.e. in
the transitional regime, where the number of jets increases as the zonostrophy decreases. This is visible to
some extent in Figures 4.3(c,d), suggesting that the QL model systematically differs from the NL model
when the zonostrophy parameter is too small. We believe that this is related to the linear stability results of
Farrell and Ioannou (2007), in which the latitudinal scale of the jets was determined by the most unstable
linear mode for weak forcing.

In addition to providing the reader with a visualisation of the range of numerical simulations that are
included in this study, the parameter space is also useful for highlighting those parameters for which the
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Figure 4.12 Zonostrophic flow regimes in the NL and QL models in which kg, = 2.6, kf = 16 and N = 256.
Figures (a-d) correspond to the NL model and figures (e-h) correspond to the QL model. Plotted from left to
right are: a latitude-time plot of the zonal mean zonal velocity, a snapshot of the zonal velocity field u(x), and the
corresponding vorticity field £(x). White lines show the instantaneous jet velocity profile U(y) and black lines show
the corresponding zonal mean potential vorticity ¢ + By. Top row: high zonostrophy (parameters 8 = 6.0, u = 0.00005,
£=1073, Rp =5.66); Second row: zonostrophic regime (parameters 5= 1.8, u = 0.0005, & = 1073, Rp =2.82); Third
row: transitional regime (parameters 8 = 1.0, u = 0.002, £ = 107>, Rp = 1.88); Bottom row: friction-dominated regime
(parameters 8 = 0.6, u = 0.005, € = 1073, Rp =1.42).

fast type of jet migration occurs. These regions are clearly-defined and are shown in Figure 4.11(c) by
those simulations which have been denoted colours. With a few exceptions, there is a clear dependence
on kgp, with jets being observed to migrate over certain discrete intervals of this continuous range. In
addition, migration only occurs for Rg > 2, i.e. the zonostrophic regime identified by Galperin et al. (2010),
which excludes most of the terrestrial zonal jet systems. In addition, our relatively small number of
high-zonostrophy simulations suggest that it may not persist for very large zonostrophy in which Rg > 5,
which would also exclude the strong jets in the atmospheres of the gas giant planets in which Rg > 5.
It would appear, therefore, that migration behaviour is a phenomenon that requires well-defined, but
moderately-strong, zonal jets, and that the relationship between the preferred jet spacing and the Rhines

scale is crucial for its existence.

In order to visualise the data in Figure 4.11 and get a feel for the role of the zonostrophy parameter
along the vertical axis, we have chosen a single Rhines wavenumber, kg;, = 2.6, and selected four example
simulations representing the friction-dominated regime (Rg < 1.5), the transitional regime (1.5 < Rg < 2),
the zonostrophic regime (Rg > 2), and a simulation which we consider to have high zonostrophy (Rg > 5).
Figure 4.12 shows latitude-time plots of the zonal mean zonal velocity evolution for each of these examples
in both the NL (left) and QL (right) models. In addition, we show snapshots of the zonal velocity field
and the vorticity field, along with the instantaneous jet velocity profile (white lines) and the zonal mean
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potential vorticity distribution (black lines) in order to visualise how the strength of the jets and the degree

of anisotropy vary with the zonostrophy parameter.

The NL model shows little evidence of zonal jet formation in the frictional regime, in either the
latitude-time data or the individual flow snapshots. In the transitional regime, we observe two zonal jets
displaying hints of migration, however, rapid fluctuations prevent the system from persisting in a stable
state. Whilst weak jets are almost visible in the corresponding zonal velocity field, very little anisotropy
can be seen in the vorticity field without applying a spatial average. The zonostrophic regime, nevertheless,
exhibits increasing anisotropy in the vorticity field, where we begin to see some layering in the distribution.
This is also associated with two strong jets in the zonal velocity field, visible in both the two-dimensional
flow field and the zonally-averaged profile, along with persistent fast migration (due to the choice of kgj) in
the latitude-time data. At high-zonostrophy, the migration behaviour disappears, leaving two robust jets

that dominate the organisation of the flow field, leading to a stronger layering of the vorticity field.

There are some notable differences in the QL model, as predicted by the parameter space. Firstly,
the friction-dominated regime shows approximately four weak jets in the latitude-time plot that fluctuate
significantly, even though the flow snapshots barely show any degree of anisotropy. Between two and three
zonal jets are visible in the transitional regime in the latitude-time data, undergoing continuous mergers
and nucleations. Here, the jets can be distinguished in the shapshot of the zonal velocity field, and perhaps
to a small extent in the vorticity field. The zonostrophic regime, while capturing the correct number of jets,
instead fails to capture the same behaviour as the NL model. Here, the jets are not migrating; rather, we
observe two equally-strong but unequally-spaced jets which also show a distinct signature in the flow field
snapshots. Finally, as we reach high-zonostrophy, the QL jets begin to resemble the NL jets, in terms of
their strengths, spacings and the stronger anisotropy and layering present in their flow fields. It is interesting
that this same tendency towards layering in the potential vorticity field is observed in the QL model, despite

the fact that potential vorticity is not materially conserved here.

4.3.2 Relationship between the Rhines scale and jet spacings

We now turn our attention to examine the dependence of aspects of variability on individual parameters
in more detail, starting with the Rhines wavenumber and its association with the number of jets in the
domain. In Figure 4.13 we plot the observed number of jets, which we shall denote k., against the Rhines
wavenumber, kgj, for all NL and QL numerical simulations. Each data point represents a single simulation
and the colours denote the zonostrophy parameter. We include a range of forcing wavenumbers since no
systematic dependence on ky was observed. Results highlight a linear trend for each model, with less
variability associated with jet spacings in the NL simulations. The larger spread of data from the QL model

appears to be accounted for by the over-estimation of k,; by those simulations with low zonostrophy.

Lines of best fit, computed using all data points, suggest that the linear relationship in each case has an
identical prefactor, such that k., = 0.77kg;,. However, given our concerns regarding the applicability of the
QL model for Rg < 2, we choose instead to include only those simulations that lie within the zonostrophic

regime. This includes 740 NL and 441 QL simulations, where the respective relationships are given by

NL model: kjer = 0.80kgp; QL model: kjer = 0.72kgp. “4.1)
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Figure 4.13 The relationship between the number of jets, kj.;, and the Rhines wavenumber, kg, in the (a) NL model
and (b) QL model. Each point represents a single simulation that is coloured according to zonostrophy parameter, Rg.
The data includes 839 NL and 485 QL simulations across a range of forcing wavenumbers ky < 32. Lines of best fit
denote the average relationship when all simulations such that Rg > 2 are included.

There is now a small bias in favour of fewer jets in the QL model, indicating on average a 10% reduction.
This difference between systems could be attributed to the tendency of the QL model to be associated with
higher zmf indices (to be discussed in Section 4.3.3), in which a larger fraction of the energy is contained
in the zonal mean zonal flow. Faster flowing jets are associated with larger spacings, as is evident from the
definition of the Rhines scale, Lz, = U /ﬁ)l/ 2. Another possible explanation would be more complete
mixing taking place in the NL model, leading to a greater propensity of the potential vorticity field to form
layers, which in turn would support more jets for a given total energy. It is noted, however, that there is
limited evidence for this in Figure 4.12.

Our findings are broadly in agreement with other studies which have also sought to establish a
relationship for jet spacings. For example, theoretical studies by Dunkerton and Scott (2008) and Dritschel
and Mclntyre (2008) deduced that the exact relationship that is valid in the limit of zonally symmetric
perfect potential vorticity staircases is kje; = kgp/ V6. In terms of numerical studies, Farrell and Ioannou
(2007) noted an approximate agreement between jet spacings and the Rhines scale within their barotropic
SSST system, provided that the turbulence is sufficiently strong. Panetta (1993) instead used a two-layer
(baroclinic) beta-plane model and also found that the number of jets is given by the Rhines scale, such
that kj; = kgy, while a smaller prefactor, close to 0.4, was deduced by Williams and Kelsall (2015) in their
baroclinic system. We note, however, that each of these numerical studies used a relatively small number of
simulations covering a narrower range of parameters to those which have been simulated here. Nevertheless,
there is consistency with the prefactor being of O(1) in each case, and we attribute the relatively small

discrepancies to modelling differences.

4.3.3 Influence of the zonostrophy parameter on jet strengths

The zonostrophy parameter is also closely linked to aspects of zonal jet variability, including the strength
of the jets relative to the eddies (defined, for instance, by the zmf index). By modifying ideas presented in
Galperin et al. (2014), we propose a relationship between the zonostrophy parameter and the zmf index
using theoretical scaling arguments. Explicitly, we consider a simple model in which the zonal, Ez(k),

and eddy, Egr(k), kinetic energy spectra are composed, respectively, of the zonostrophic and isotropic



4.3 The dependence of variability on system parameters 63

inertial energy cascades (given by equations (2.21) and (2.25)) for wavenumbers larger than the Rhines

wavenumber, kg, and zero for smaller wavenumbers. This gives

Sz(k) = 0, k< th, (4.2)
Ez(k) = CoBB*k™, k> kgp, (4.3)

for the zonal kinetic energy spectra, and

SR(k) = 0, k< th, (4.4)
Er(k) = C.*3k3, k> kg, 4.5)

for the eddy kinetic energy spectra. Analytic expressions for the zonal kinetic energy density, £z, and the

eddy kinetic energy density, Eg, can then be found by integrating these expressions over all wavenumbers:

00 (o) 1
Ez= fo Ez(k)dk = fk cﬁﬁzk—Sdk=Zcﬁﬁzk,;;‘l, (4.6)
Rh
00 00 3 _
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Arguing that the ratio of constants is approximately (Cg/C +)>/19'~ 0.5, and using expression (2.24) for the
transitional scale, k., we can derive an anisotropy index, I', giving the ratio of zonal to eddy kinetic energy:
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A simple calculation then gives an analytical expression for the dependence of the zmf index, defined in
expression (3.11), on the zonostrophy parameter, which can be formulated as
Ez r

f= =, 4.9
m Ez+ Ep 1+T ( )

Seeking to verify this expression using our simulation data and investigate its applicability to the QL model,
we compare this analytical result to data from a large number of simulations. The results are shown in
Figure 4.14, in which the points represent individual simulations (plotted using ideal values of Rg and

time-averages of zmf(#)) and the black curve shows the analytical relationship (4.9) for comparison.

Figures 4.14(a) and 4.14(b) correspond to the NL and QL models respectively, where we observe that
all simulations lie below this analytical curve, with values of zmf emerging below the predicted values.
This is especially true in the NL model, which in general is associated with lower zmf indices than the
QL model, and could either be due to damping effects as a result of the hyperviscosity, or else the model
for wavenumbers k < krp, requires an adjustment. Nevertheless, there are qualitative similarities in the
distributions of data and the shape of relationship (4.9), albeit with some variability. This is particularly
apparent for the NL model, which closely follows the theoretical trend for low and high zonostrophy,
however, there is a large degree of variability in the zonostrophic regime when Rg > 2. On the other hand,
there is a tighter relationship between the zmf index and the zonostrophy parameter in the QL model
(provided Rg > 2), however, there is evidence that the zmf index for QL simulations asymptotes to a value
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Figure 4.14 The relationship between the zonostrophy parameter, Rg, and the zmf index for a large collection of 629
NL simulations and 366 QL simulations in which ks = 16. Figure (a) corresponds to the NL model while figure (b)
corresponds to the QL model. Each point represents a single simulation in which an average of the zmf index has
been computed over a time period during which the fundamental type of variability, denoted by the colour, remains
unchanged. The black curves plot the theoretical relationship in expression (4.9) using Cg = 0.5.

that is less than one as Rg — oco. Further simulations would need to confirm this potentially significant
result, nevertheless, this suggests that the modelling assumptions used to derive (4.9) may not be valid for
the QL model, unlike the NL model which shows stronger evidence of conforming to the pattern.

Proceeding to investigate the relatively large spread of zmf values for any given zonostrophy parameter
in the zonostrophic regime, and the potential dependency on aspects of variability, each point in Figures
4.14(a) and 4.14(b) has been assigned a colour according to the main type of dynamical behaviour observed.
Those simulations in which more than one type of variability persisted were categorised according to the
type which persisted over the longest time period. In these cases, the zmf index was averaged only over the
time period in which the selected behaviour was observed. There are clear patterns associated with the
relationship between the zonostrophy parameter and the zmf index with regards to dynamical regimes in
the NL model. Here, migrating jets have a preference for lower zmf values, while randomly wandering jets
are most likely to be associated with the highest values, lying closest to the analytical curve. On the other
hand, merging and nucleating systems would appear to have a well-defined relationship in the NL model,
occurring at the interface between the randomly wandering and migrating behaviours.

Similar dependencies of the QL simulations on their dynamical regimes are less clear, however, we
note that the spread of data this time is attributed solely to randomly wandering jets. A closer investigation
(not plotted), shows that the outliers with significantly smaller zmf indices all correspond to single-jet
regimes in which there may be a domain size limitation constraining the width of the jet. Thus, we believe
that in general, the zonostrophy parameter and the zmf index are closely related in the QL model, with
no dependency on aspects of variability, in contrast to the NL model which does depend on the behaviour
of the jets. These findings agree with and generalise the observations in Figure 4.3, in which the zmf
index in the NL model depended on the type of dynamical behaviour, whereas in the QL model it varied

continuously with the Rhines scale, or equivalently, the zonostrophy parameter.

4.3.4 Influence of the forcing wavenumber on jet widths

In addition to the Rhines scale and the zonostrophy parameter, we have also investigated the effect that the
scale of the forcing has on the large-scale properties of solutions. Whilst we do not observe any significant
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Figure 4.15 The effect of the forcing wavenumber k¢ € [2,4,6,...,32], denoted by colour, on the jet velocity profile
U(y) normalised by its maximum value Uy, for the (a) NL model and (b) QL model. Time averages were computed
over intervals during which the positions of the jets were quasi-stationary. Insets show enlargened versions of the
grey regions around the jet cores. The parameters used are: 8 = 0.8, u = 0.0002, £ = 107, N = 256, Rg=3.27.

dependency on jet strengths or jet spacings, there are interesting differences between the NL and the QL
models with regards to how the latitudinal widths of the emergent zonal jets vary with k.

In Figures 4.15(a,b) we plot the jet velocity profile U(y) normalised by its maximum value Upy,x for a
set of simulations in which k € [2,32], keeping all other parameters constant. In each case, a single jet
equilibrates with a well-defined velocity profile except for the gravest forcing wavenumber k = 2. Figure
4.15(a) shows that the NL jet profile is almost identical in each case except for the largest wavenumbers
ky <4, indicating that k¢ plays no role in the structure of the emergent solutions. However, there is evidence
of a kg-dependence in the QL model, shown in Figure 4.15(b). Here we see that the jets have a tendency to
become narrower around their core as the scale of the forcing decreases, however, we remark that this does
not affect the spacing between the jets, or equivalently the number of jets that emerge in the domain. The
fact that the QL model does not admit universal jet profiles, independent of k¢, presumably relates to the
fact that its eddy wavenumber spectrum (not plotted) is marginally less universal than in the NL model.

4.4 Hysteresis, non-uniqueness and spontaneous regime transitions

Zonal jet variability is a rich, but complex, topic, with complexities reaching beyond our simple classi-
fication. Indeed, the precise behaviours of jets and their configurations within the domain are not fully
predictable based upon the system parameters. In some instances, we observe dependencies on previous
states of the system as parameters are varied; in others, we observe the existence of multiple stable solutions
(keeping parameters fixed). In addition, the system has the capacity to rapidly transition between different
stable configurations, giving rise to spectacular behaviours. In this final section, we seek to uncover some

of these complexities in order to complete our categorisation of variability.

4.4.1 Hysteresis as 5 varies

The dependence of the state of a system on its history is known as hysteresis. Such tendencies are often
investigated by varying a single parameter during the course of a simulation, such as the Rhines wavenumber
in Figure 4.3. By systematically increasing and decreasing the chosen parameter, it is possible to investigate
how the state of the system depends on its previous values. We investigate hysteresis behaviour in the both
the NL model and the QL model by linearly increasing or decreasing the value of 8 in time over the range
0 < B < 8, ensuring that the rate of change of g is significantly slower than other time scales of motion
within the system, whilst keeping all other parameters fixed. The simulations are spun-up prior to the
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Figure 4.16 Hysteresis observed as the parameter 3 is linearly varied in time over the range 0 < 8 < 8. Figures (a)
and (b) used the NL model while figures (c) and (d) used the QL model. 3 is linearly increased in figures (a) and (c)
while in figures (b) and (d) 8 is linearly decreased and the direction of time is reversed. The parameters used in all
plots were: u = 0.0004, € = 1073, ky=16, N =256, 0 < Rg < 3.46.

commencement of changes of 8. Latitude-time plots of the zonal mean zonal velocity field are shown in
Figure 4.16 for each of these cases, with # = 0 denoting the time when 8 begins to change, not the initial
spin-up time. The direction of time has been reversed in Figures 4.16(b,d) for ease of comparison.

As S increases, the NL model shows the initial formation of a single jet, followed by a second jet
when 8 ~ 1.5. No further jets form, resulting in a configuration in which two strong zonal jets are present
when S = 8. In the reverse experiment, we observe the initial formation of between three and four jets
when S = &, followed by a series of mergers as § decreases towards zero. This difference in jet numbers is
even more pronounced in the QL model, where we see that the system fails to allow jet nucleations as 8
increases. Consequently, the domain contains a single strong jet when 8 = 8 compared with four jets when
the reverse experiment is performed. Thus, hysteresis is present in both systems, however, it does seem
to be dependent on parameter values since it was not detectable in Figure 4.3 in which a similar type of
experiment was performed. We speculate that hystereris arises due to the propensity with which jets can
merge (as 8 decreases) rather than nucleate (as 8 increases) - a point that we shall return to in Chapter 6.

4.4.2 Existence of multiple stable attractors

The existence of multiple stable configurations may or may not be manifested through hysteresis. Indeed,
different ensemble members or very long integrations (keeping all parameters fixed) highlight the presence
of multiple attractors, along with spontaneous transitions between these attractors. At the most basic level,
this could represent, for example, the non-uniqueness of jet numbers that occur via merging and nucleating

behaviours, as predicted using statistical approaches (Farrell and Ioannou, 2007) or by analogy with pattern
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Figure 4.17 The existence of multiple stable attractors in the NL model, illustrated using a numerical simulation that
is run over a long time period. The top figure shows a latitude-time plot of the zonal mean zonal velocity field, and the
bottom figure shows the corresponding evolution of the zmf index. The parameters used were: 8= 1.5, u = 0.0005,
£=107%, ks =16, N =256, Rg = 2.77.

formation (Parker and Krommes, 2013). It also includes the possibility of multiple stable attractors in
configurations where the number of jets is fixed.

A particularly striking example is illustrated in Figure 4.17 in which the long-time evolution of a
simulation with fixed parameters spontaneously transitions between at least four different stable attractors,
each involving a pair of jets. These include two equally spaced but unequally strong jets, two unequally
spaced but equally strong jets, and fast migration in both the northward and southward directions. Each
regime is associated with its own average zmf index such that regime transitions in some cases involve
increased rates of energy transfer between the zonal mean flow and the eddy field. We note that bistability
in the QL model appears to be restricted to jet numbers rather than specific dynamical regimes, with the
QL simulations showing more predictability for a given set of parameters. Consequently, the nonlinear
eddy-eddy interactions play an important role in the complex behaviour that we observe in the fully

nonlinear system, as we discuss further in Chapter 5.

4.4.3 The dynamics of spontaneous regime transitions

We complete our categorisation of zonal jet variability with a discussion of spontaneous transitions between
stable attractors, noting that we aim to lay the foundations rather than provide an exhaustive list of
possibilities. The first case that we wish to discuss is merging behaviour, involving a reduction in the
number of jets. Choosing to focus on the simplest case, we investigate the dynamical behaviour when a
pair of jets merge to form a single jet in a domain. Examples of this transition in both the NL model and
the QL model are shown in Figure 4.18, chosen such that the zonostrophy parameter is similar in each case.

Jet merging behaviour in the NL model is, in general, a latitudinally-symmetric phenomenon, as
illustrated in Figure 4.18(a). Prior to a merger, the jets organise themselves such that they are equally
strong but unequally spaced, meandering with opposite phases to one another in a similar fashion to that
previously shown in Figure 4.6(b). Gradually, the separation distance between the jets reduces until a
connection is established, as shown at time #,. Maintaining their latitudinal symmetry, they ultimately
merge and, in doing so, the new single jet pulsates, as shown at time #3. In general, the zmf index of the
merged jet is larger than that for the two separate jets, reaching its peak at the point of transition before
settling into a new stable state. Generalisations of this rule to larger systems of jets are non-trivial because
the behaviour of each jet contributes to the fraction of energy in the zonal mean flow, and jet mergers are
often accompanied by changes of behaviour of the remaining jets. In addition, we note that our statement is
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Figure 4.18 The dynamics of merging behaviour in the (a) NL model with parameters 8 = 2.5, u = 0.00005, £ = 107,
kf=16, N =256, Rg =5.18, and (b) QL model with parameters § = 2.0, u = 0.00005, & = 1073, kr=16, N =256,
Rg =5.07. Plotted are latitude-time plots of the zonal mean zonal velocity, the evolution of the zmf index, and three
snapshots in time of the zonal velocity u(x) showing the flow field before, during, and after the transition.
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Figure 4.19 The dynamics of regime transitions in the NL model in which (a) a pair of migrating jets transition to a
pair of equally spaced but unequally strong non-migrating jets (parameters: 8 = 2.0, u = 0.0005, & = 107, ky =16,
N =256, Rg = 2.85), and (b) a pair of migrating jets transition to a pair of unequally spaced but equally strong
non-migrating jets (parameters: 8= 4.5, u = 0.0007, & = 1074, ky =16, N =256, Rg = 3.19). Plotted are latitude-time
plots of the zonal mean zonal velocity, the evolution of the zmf index, and three snapshots in time of the zonal velocity
u(x) showing the flow field before, during, and after the transition.

not consistent with Lee (1997), who reported that two-jet states were characterised by smaller values of
eddy energy than one-jet states. This discrepancy is likely due to significant modelling differences between
our barotropic system with statistically homogeneous forcing and their baroclinic system with a finite width
of baroclinic instability in the domain.

The dynamical behaviours associated with merging behaviour in the QL model are different, as shown
in Figure 4.18(b) (and also visible in Figure 4.16(d) at about ¢ ~ 640,000). Rather than being a symmetric
transition, it is asymmetric with the jets developing different strengths prior to a merger. Immediately prior
to the transition, the weaker jet loses a significant fraction of its kinetic energy before shifting towards the
stronger jet, leaving a merged jet that has a larger associated zonal mean flow index than the original two
jets. This demonstrates that nonlinear eddy-eddy interactions are not necessary for merging behaviour,
although they do play a role in the way in which the mergers take place.



4.4 Hysteresis, non-uniqueness and spontaneous regime transitions 69

Spontaneous transitions also occur in the NL model in configurations in which the number of jets
remains constant, such as those illustrated in Figure 4.17. This is best demonstrated for the case of two
jets, which is the simplest system in which we have observed such behaviour. Analysis of a large number
of simulations suggests that there exist at least two different mechanisms for these transitions, which are
shown in Figure 4.19. In the first example (see Figure 4.19(a)), the initially meandering jets transition to
pulsing behaviour, before reconfiguring themselves into a new state. No significant changes in the zmf
index occur at the point of transition. A different type of transition involves a small jet nucleation followed
by a rapid merger, as illustrated in Figure 4.19(b). Here, the nucleation and merger lead to a temporary
reduction in the zmf index and enable the system to reconfigure itself into a new stable state. In both cases,
any longer-term changes in the zmf index after the transition depend on the particular stable attractors that
the system transitions between.

4.4.4 Analogy of multiple stochastic potential wells

The existence of spontaneous transitions gives rise to some interesting questions relating to the factors
which influence these transitions and their associated probabilities of occurrence. Whilst an in-depth
investigation is beyond the scope of this thesis, we take some preliminary steps towards addressing these
questions, focussing on regime transitions in the NL. model. Zonostrophy is an important factor, with larger
zonostrophy parameters leading to stronger jets relative to the coexistent eddy field, and less frequent
transitions. This is demonstrated in Figure 4.20 in which we consider the example of transitions between
northward and southward (fast) migration. Four simulations have been selected showing a pair of migrating
jets associated with zonostrophy parameters in the range (2.49 — 3.66). For smaller zonostrophy, the jets
behave more stochastically, changing direction relatively frequently. As the zonostrophy increases, the
changes become less frequent and the jets behave almost deterministically. We might conjecture, therefore,
that the probability of spontaneous transitions is negatively correlated with Rg.

An increase in zonostrophy is associated with a reduced fraction of kinetic energy in the eddy field, as
discussed in Section 4.3.3. The fact that this reduction in the strength of the eddies relative to the jets leads
to reduced frequencies of transitions suggests that the eddies contribute significantly towards facilitating
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Figure 4.20 The influence of the zonostrophy parameter on the frequency of regime transitions. Latitude-time plots
showing the zonal mean zonal velocity field are selected for four simulations in which fast jet migration behaviour
is observed. In order of increasing zonostrophy, the parameters used are (a) 8= 1.2, u = 0.0007, € = 1075, k r=16,
N =256, Rg =2.49; (b) = 1.5, £ =0.0005, &£ = 107>, ky = 16, N = 256, Rg = 2.77; (c) f = 2.2, £ = 0.0004, & = 1073,
kp =16, N =256, Rs = 3.04; (d) 8= 2.5, £ =0.0002, & = 107, ks = 16, N = 256, R = 3.66.
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Figure 4.21 The influence of abrupt eddy field changes on regime transitions, illustrated using four different
approaches. Latitude-time plots of the zonal mean zonal velocity field are shown and red vertical lines indicate the
individual time steps #| —#4 at which abrupt changes are made. These include (a) the removal of the eddy field, (b) the
doubling of the eddy field energy, (c) the randomisation of the eddy field and (d) the latitudinal shifting of the eddy
field. The same parameters were used in each case: 8 = 2.0, u = 0.0003, £ = 107, ky=16, N =256, Rg = 3.24.

these changes. In order to emphasise this point further, we conducted a series of numerical experiments in
which abrupt changes are made to the eddy field, {’(x, ) = {(x,1) —Z(y, 1), at single timesteps #; € (t1,%2,13,14),
with the flow allowed to evolve as normal for #; < 7 < f;41. There is a sufficient time separation between
each t;, of length ur = 7.5, in order to ensure that the system re-equilibrates before the change occurs again.
The nature of the flow is recovered very soon after the perturbation and the system does remember some
information about the previous flow state through the zonal mean flow. The specific changes that we have

made fall under four types, each repeated four times within a given simulation:

(a) The eddy field is removed: I (x,y,1;) — 0,

(b) The eddy kinetic energy is doubled: I (x,y,t) = \5{ "(x,y,1),
(¢c) The eddy field is randomised: (x,y,1) = O(x,y, 1)),

(d) The eddy field is latitudinally shifted: C(xy,t) > O (xy+ %n, t).

Here, O(x,?) represents a randomised field, constructed such that each Fourier mode with k < k;;4y is
assigned a value e, where 6 € [0,27) is a randomly selected number, and then normalised such that the
domain-averaged eddy kinetic energy remains constant. Since no changes are made to the zonal mean
flow in any of these experiments, the total kinetic energy density, E, is temporarily reduced in case (a),

temporarily increased in case (b), but remains constant in cases (c) and (d).

Choosing a simulation in which a pair of jets with relatively high zonostrophy exhibit robust southward
migration, we numerically impose these changes with a view towards investigating whether transitions are
initiated. The results, presented in Figure 4.21, demonstrate that transitions do take place following each
type of disruption, however, not on every single occasion. This simple experiment highlights the role of the
eddies, and suggests that large fluctuations in the system permit a restructuring of the flow field which may,

or may not, allow the system to transition into a different stable attractor.

Having discussed a variety of concrete results along with the notion of stable attractors and spontaneous
eddy-driven transitions, it seems apt to conclude this chapter by tying these ideas together with a commonly
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Figure 4.22 (a) A simple analogy between two stable attractors, such as northward and southward jet migration, and
a double potential well; (b) a more realistic analogy between multiple stable attractors and multiple potential wells.
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used analogy: potential wells. At the most basic level, we might conceive a system in which there are
two stable attractors, for example n and n+ 1 jets, or northward and southward migration. The system
will naturally gravitate towards either of these attractors, or potential wells (illustrated in Figure 4.22(a)),
however, fluctuations due to the stochasticity will lead to continuous perturbations. A sufficiently large
fluctuation may enable the system to overcome the barrier, or the saddle, between the two states, with
the height of these saddles, or equivalently the relative depths of the wells, varying according to the
system parameters. In the case of Figure 4.20, we would then infer that higher zonostrophy is associated
with deeper wells, meaning that larger fluctuations would be required to escape from a particular stable
attractor corresponding to a given direction of migration. Applying the same analogy to configurations
such as randomly wandering jets suggests that these systems may be rapidly fluctuating between very weak
attractors, connected by low saddles that are associated with high probabilities of transitions.

There are, however, often more than two stable attractors. This is demonstrated in Figure 4.17 in which
at least four distinct regimes are visible. Consequently, the picture will often be more complex, requiring
at least two-dimensions to capture the multitude of wells and saddles, such as the surface illustrated in
Figure 4.22(b). Whilst a more rigorous treatment of this topic will remain the subject of future work, these
ideas rely on the assumption that all types of transitions are eddy-driven - a point that we shall return to in
Chapter 6 using a statistical treatment in which random fluctuations are excluded.

4.5 Discussion

In this chapter, we have studied zonal jet variability within a barotropic beta-plane system, damped by
linear friction, in which stochastic forcing generates a kind of turbulence that in more complicated systems
would be generated by internal dynamical instabilities such as baroclinic instability. Treating the term
variability in the broadest sense, we have sought to establish a categorisation of the zoology of dynamical
behaviours, flow regimes and transitions, focussing on the fundamental building blocks that characterise
more complex configurations. By comparing a large number of numerical simulations that have been run
across a broad range of parameters using both a fully nonlinear model and a quasilinear version, we have
sought to establish the necessity of nonlinear eddy-eddy interactions in aspects of variability.

We have focussed on the zonostrophic regime, defined by Galperin et al. (2010) to occur when

sufficiently strong jets equilibrate that are visible in the flow field, requiring Rg > 2. Each system reveals a
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rich variety of configurations and dynamical regimes which we have classified using three fundamental
types. These include randomly wandering behaviour and merging and nucleating behaviour, both of
which are present in the NL and the QL models, along with a new type of variability, notably migrating
behaviour, aspects of which only occur in the NL model. A more detailed categorisation of the zoology
of the sub-range of stable attractors reveals that the jets in the NL system coexist with eddy fields that
are dominated by coherent wave structures, each with zonal wavenumber &, = 1 and varying latitudinal
wavenumber. In general, no such structures are present in multiple-jet QL systems where we also note a
reduced set of possible flow configurations.

Zonal jet migration behaviour is a phenomenon whereby jets are observed to systematically migrate
north or south with equal probability, occasionally changing their direction of migration. Sub-categories
reveal two types: a fast and symmetric type, in which the jet spacings and strengths are symmetric, and a
slow and asymmetric type, in which these properties are asymmetric. Whilst slow jet migration is observed
to some degree in both models, fast jet migration is only observed in the NL model, being a robust type
of variability in subsets of parameter space. Its absence in the QL model therefore provides a concrete
example of the types of dynamics that the quasilinear approximation cannot capture.

As reported by Bouchet et al. (2018), the QL model is associated with greater variance in the probability
density function of its eddy momentum flux convergence (see Figure 2.11). It could be argued, therefore,
that fast migration is a solution in the QL system and that it is the greater probability of large fluctuations
that prevents the jets from consistently migrating in a single direction in the manner observed in the NL
model. However, given the fact that other stable regimes do exist in the QL model, we do not consider this
to be the case. As we argue in Chapter 5, we believe that zonons (which are not captured in the QL model)
play a role in organising the eddy field, acting as a persistent symmetry-breaking mechanism.

Simple relationships between aspects of variability and parameter values highlight, for example, that
there is a linear relationship between the Rhines wavenumber and the number of jets within the domain,
in agreement with the findings from previous studies. Whilst this is valid for both the NL model and the
QL model, we acknowledge that the QL model has a tendency to underestimate the number of jets. In
addition, a relationship between the zonostrophy parameter and the zmf index closely follows an analytical
relationship in both models, however, the larger degree of associated variance observed in the NL model is
found to depend on jet behaviour. Migrating jets are associated with the smallest zmf indices, whilst the
strongest jets are those that fall under the randomly wandering category. Finally, the forcing wavenumber
plays no role in the large-scale structure of solutions in the NL model, where the jets, within a particular
regime, have a universal profile. The QL model, on the other hand, fails to reproduce this universality,
highlighting another restriction imposed by a constrained eddy wavenumber spectrum.

We conclude by demonstrating that a complete picture of zonal jet variability is complicated by effects
due to hysteresis and also the existence of multiple stable attractors. The occurrence of spontaneous
transitions between these states leads to the analogy of multiple stochastic potential wells, an idea which
may be applicable more widely, and may explain why certain configurations, such as randomly wandering
behaviour, display no apparent organisation whilst other configurations reveal eye-catching pattern forma-
tion. Of course, this analogy relies on the assumption that random fluctuations are an essential component
in regime transitions - a point that we shall address in Chapter 6. In addition, the physical mechanisms
associated with the fundamental differences between the NL and QL are yet to be ascertained, therefore we

strive to further understand the role of eddy-eddy interactions in Chapter 5.



Chapter 5

The dynamics of zonal jet migration

5.1 Introduction

The phenomenon of zonal jet migration, introduced in Chapter 4, has received considerable attention over
the last few decades, being the subject of numerous observational and modelling studies. However, for the
reasons outlined below, none of these studies are directly relevant to the types of migration introduced in
Chapter 4. Discussions date back to the 1950s, when Riehl et al. (1950) observed the latitudinal propagation
of zonal jet anomalies in the troposphere, sometimes equatorward, but usually in the poleward direction.
Similar behaviours, albeit purely in the poleward direction, have since been observed in the troposphere
on interannual timescales using observational or reanalysis data (Dickey et al., 1992; Feldstein, 1998), or
simplified GCMs (Chemke and Kaspi, 2015b; James and Dodd, 1996; James et al., 1994), with examples
of each shown in Figure 5.1. Migrating jets have also been observed in oceanic or Jovian modelling
studies, however, their direction of propagation has instead been shown to be equatorward in these systems
(Ashkenazy and Tziperman, 2016; Chan et al., 2007; Williams, 2003; Young et al., 2019).

The common ground between these studies and the migration behaviour identified in Chapter 4 is the
role of anomalies in the eddy momentum flux convergence, which has been discussed in a number of

studies that have attempted to determine the (possibly different) mechanisms responsible for jet migration
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Figure 5.1 Geophysical examples of jet stream migration. (a) A modelling study of migration: Hovméller diagram of
the zonal and vertically averaged zonal wind [ms~!] for an idealised GCM with rotation rate 10Q, (adapted from
Chemke and Kaspi, 2015b). (b) An observational study of migration: Hovmoller diagram of the zonal mean relative
angular momentum anomalies for the southern hemisphere summer of 1990/91, commencing 1% November. The
contour interval is 0.4 x 10**kgm?s~!, in which solid contours are positive, dashed contours are negative and the zero
contour is omitted. Shaded values exceed a magnitude of 0.4 x 10?*kgm?s~! (adapted from Feldstein, 1998).



74 The dynamics of zonal jet migration

within each of these planetary systems. For example, Dickey et al. (1992) related the systematic poleward
migration of atmospheric zonal jet anomalies to the occurrence of El Nifio and La Nifia events. Feldstein
(1998) showed that they coincide with transient eddy momentum flux convergence feedbacks and James
and Dodd (1996) showed that there exists a poleward bias in the eddy momentum flux convergence around
the jet core, arising due to the equatorward propagation of Rossby waves. More recently, Chemke and Kaspi
(2015b) argued that the poleward migration of eddy-driven jets occurs when they are clearly separated from
the subtropical jets, with the migration being caused by a poleward bias in baroclinicity across the width
of the jet. Meanwhile, equatorward migration has been attributed to a residual circulation generated by
the relative patterns of convergent and divergent EP fluxes on the jet flanks (Chan et al., 2007) along with
asymmetric eddy momentum flux convergences across the jets (Young et al., 2019).

The distinction, on the other hand, concerns the existence of a latitudinal symmetry breaking mechanism
in each of these studies, such as that due to the sphericity of the planet or the localisation of baroclinicity as
a mechanism for the generation of eddies, which gives rise to a preferred direction of translation. This is in
contrast to the migration behaviour discussed in Chapter 4, where we demonstrated that zonal jet migration
also occurs in systems which are latitudinally symmetric, suggesting that the fundamental mechanisms are
related to internal dynamics rather than external asymmetries. In this chapter, we consider the phenomenon
of zonal jet migration in more detail, focussing specifically on the fast type that was introduced in Section
4.2.3.1. We conduct a detailed analysis which utilises the findings from a generalisation of the quasilinear

approximation in order to formulate a new theory for the dynamics of fast zonal jet migration.

5.2 Mathematical formulation

The fast type of zonal jet migration is a robust type of variability in the NL. model, occurring over distinct
regions of the parameter space. Nevertheless, the QL model does not reproduce the same behaviour, leading
to the conclusion that certain eddy-eddy interactions are an essential ingredient. In order to investigate these
interactions further, we choose to employ a generalisation of the quasilinear approximation, first mentioned
in Section 2.4.1.2, which admits a continuum of reduced models that interpolate between the NL and QL
systems and provides a systematic way of restoring eddy-eddy interactions to the QL model. We follow the

methodology of Marston et al. (2016) in our mathematical formulation of these models in this section.

5.2.1 Generalised quasilinear (GQL) approximation

We begin by considering a state vector of variables, q(X,?), satisfying the equation of motion

9q _

5 = L[q]l+Nlq.q]l, S.D

where £ is a linear operator and /N includes nonlinear terms of quadratic order. This time, rather than
employing the quasilinear approximation, in which the state vector is decomposed using a standard
Reynolds decomposition into a mean component and fluctuations away from the mean, we generalise the
decomposition using a spectral filter. Known as the generalised quasilinear approximation (GQL), the
state vector is separated into two parts: one that is associated with low wavenumber modes, (_1L, and one
that is associated with high wavenumber modes, GH , where q = ﬁL + GH . There is flexibility regarding the
method used to decompose the variables, which is usually motivated by the particular application. In our
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Figure 5.2 Illustrations of the possible interactions between the high modes, denoted with short waves, and the low
modes, denoted with long waves. Note that all interactions are present in the NL model while only (a), (b) and (c) are
present in the generalised quasilinear system. Inspiration for the figures came from Marston et al. (2016).

case, we choose to consider a zonal decomposition in which the filter separates the low modes, with zonal
wavenumbers |k,| < A, from the high modes, in which |k,| > A:

_ 1 .

Txn=—5 >, ) atkne™™ (5.2)
k<A &,

_ 1 .

T'x0=5 ) ) akne™, (5.3)
lke>A Ky

thereby introducing a new parameter, A, which is a partition wavenumber representing the largest zonal

wavenumber retained in the low modes. These filters obey ﬁL = GL and ﬁH = ﬁL = 0, but not ﬁH q =

ﬁH GH , as is the case with a standard Reynolds decomposition.

In order to generalise the neglect of eddy-eddy interactions that occurs in the quasilinear approximation,
a certain amount of care needs to be taken when selecting which nonlinear interactions to neglect in this
new decomposition if the original conservation laws governing the conservation of energy and enstrophy
are to be retained. Accordingly, we shall follow Marston et al. (2016) and use a GQL approximation that
retains the interactions represented symbolically by Figures 5.2(a-c):

—L _; _ —H _; _py. —H _y _ —L g _
@ NG.g1 & NELg1+N @a © Nl (5.4)
whilst neglecting those represented by Figures 5.2(d-f):
—H _ _ —L ;g —L _g _ —H _p _
@ N[EE, @ N+ N e ® N, (5.5)

thereby treating the low modes as a fully nonlinear system. Marston et al. (2016) justify these choices
using a multiple-scales asymptotic reduction of the underlying partial differential equations. Invoking these
rules, the original equation given by (5.1) is then decomposed into two separate equations governing the
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respective evolutions of the low and high modes:

aq- i —L g . —L g _
% = L@ 1+ N @ q"+ Nk gh, (5.6)
aq’ g —H _; _g. —H _p _
% = 2@+ N[ qd1+ N g4 (5.7)

In the limit A — oo, the high modes disappear, ﬁH(x, ) = 0, and we recover the NL model, whilst in the
opposite limit, A = 0 recovers the QL model. The intermediate range, when A is finite but non-zero, permits
the neglect of the nonlinear interactions denoted by (5.5), thereby allowing a systematic investigation of the

role of these interactions for different A.

The GQL system with A > 0 offers two advantages over the original QL model. Firstly, it permits the
formation of large-scale waves such as zonons, which are not directly forced, due to the fact that the low
modes can be forced by the high modes, represented by the triad interaction in Figure 5.2(c). Secondly, the
GQL model incorporates an energy scattering mechanism since the low modes can, in turn, affect the high
modes via the triad interaction represented in Figure 5.2(b), provided that |k,| > 1. It therefore serves as an
ideal starting point from which to conduct a deeper investigation into those aspects of zonal jet dynamics in

which significant differences exist between the NL and QL models, including the role of zonons.

5.2.2 Generalised quasilinear (GQL) model

Having laid the foundations of GQL theory, we now apply the approximation to our problem of interest,

which is described by the beta-plane vorticity equation,

0 0
—(f IW0+BY = ug1v Ve (5.8)
t ox

Following the procedure, the streamfunction is decomposed into its low modes and high modes,

YD =g X HD+P (X0), (5.9)

with corresponding decompositions of the other variables. We proceed by applying the spectral filters given
by expressions (5.2) and (5.3) to equation (5.8) in order to derive separate evolution equations for the low
modes and the high modes. After expanding all terms, the equation for the low modes is given by
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whilst the analogous equation for the high modes is found to be
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Figure 5.3 The equilibrated kinetic energy spectrum in forced-dissipative beta-plane turbulence using (a) the NL
model (A = kmax), (b) the GQL model (A = 1), and (c) the QL model (A = 0). A logarithmic colour scale is used in
each case. The parameters are equivalent in each plot: 8= 170, u = 0.004, & = 107, kf=64, N =512, Rg =2.64.

We have identified using square brackets the nonlinear terms that correspond to the triad interactions that

we wish to neglect, choosing to refer to these as the high-high nonlinearity (HHNL) terms:
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The GQL approximation then defines HHNL = 0, which is mathematically equivalent to the subtraction of
these terms from the original equation. Thus, the GQL beta-plane vorticity equation is given by
9 4

= +JW,0) +ﬁa— —HHNL = & —pul +v, V"¢, (5.13)
ot ox

which, as for the NL and QL models, is a single equation encapsulating the entire dynamics. This can be
solved alongside the elliptic equation, £ = V2, using the numerical procedures and prescription of vorticity
forcing, &, outlined in Chapter 3.

The influence of A on the distribution of eddy kinetic energy can be visualised by comparing the
Fourier-transformed total kinetic energy spectra for simulations that have reached a state of statistical
equilibrium. Example distributions are plotted in Figure 5.3 for the (a) NL model with A = kp,x, (b) GQL
model with A = 1, and (c) QL model with A = 0. Whilst the NL system reveals an accumulation of energy
in the wavevectors that lie close to the line &, = 0, the QL model only permits an accumulation along the
line k, = 0, with no build-up in the surrounding zonal wavenumbers. This is rectified to some extent using
the GQL model with only a single additional zonal wavenumber retained in the low modes, where we
observe that the energy scattering mechanism reproduces the main features of the fully nonlinear spectrum,

serving to exemplify the systematic manner in which GQL interpolates between the NL and QL systems.

5.3 Generalised quasilinear theory: the sufficiency of A > 1

Turning our attention to the study of zonal jet migration, we have investigated the effect of the partition
wavenumber, A, on the existence of migration within our barotropic beta-plane system using a number of
test cases in which the fully NL model is known to permit robust migration. One such example is shown
in Figure 5.4, which considers a NL simulation (with A = kyx) in which migration does occur. Keeping
all remaining parameters fixed, comparisons are made with GQL simulations with A € {1,2,3}, and a QL
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simulation with A = 0. The results are illustrative of a larger collection of examples, showing that jet
migration is possible when A > 1, thereby demonstrating that the retention of just one additional zonal
wavenumber in the low modes is sufficient to restore the capabilities of the fully nonlinear model.

The condition A > 1 is also sufficient for the reproduction of the properties associated with migration.
These include the translation speed that is inferred to be virtually independent of A in the latitude-time
plots. In addition, the flow fields and zonally-averaged profiles in those simulations in which A > 1 are
almost indistinguishable, revealing a pair of equally-spaced and equally-strong jets that meander with equal
phases. The corresponding eddy field is dominated by a coherent wave given by k = (1,2) in each case, in
stark contrast to the QL eddy field which shows no discernible structure. These results would appear, at
face value, to suggest that there is no advantage gained by considering a value of A > 1.

We note, however, that whilst A > 1 is a sufficient condition for the existence of zonal jet migration,

evidence from many simulations suggests that the likelihood and persistence of migration behaviour
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Figure 5.4 The influence of the GQL partition wavenumber on zonal jet migration, keeping all remaining parameters
fixed (8=2.5, u =0.0002, s = 107, kp =32, N =256, Rg = 3.66). We have investigated (a) A = 0 (QL model), (b)
A =1 (GQL model), (c) A =2 (GQL model), (d) A =3 (GQL model), (e) A = kmax (NL model). From left to right
we show a latitude-time plot of the zonal mean zonal velocity field U(y,?), a single snapshot of the zonal velocity
field u(x), the corresponding streamfunction (x) and eddy streamfunction field ¢’ (x), the time-averaged jet velocity
profile U(y) and the time-averaged eddy momentum flux convergence v'(”.
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Figure 5.5 The influence of the GQL partition wavenumber A as the parameter 3 is linearly varied in time over the
range 0 < 8 <5 in which (left) 8 is linearly increased and (right) 3 is linearly decreased. We investigate (a-b) A =0
(QL model), (c-d) A =1 (GQL model), (e-f) A =2 (GQL model), (g-h) A =3 (GQL model), (i-j) A =4 (GQL model),
(k-1) A = kmax (NL model). In each case, we show a latitude-time plot of the time evolution of the zonal mean zonal
velocity field. The parameters used in all cases are 0 < B <5, u =0.0007, € = 1073, kp=16, N =256,0<Rg <2.87.

tends to increase as A increases. In an attempt to demonstrate this tendency, we conducted a series of
numerical experiments using the methodology described in Chapter 4, in which the parameter § is linearly
increased or decreased in time, keeping all other parameters constant. The results for a range of partition
wavenumbers A € {0, 1,2,3,4, knax} are shown in Figure 5.5. In the fully nonlinear model, when A = knax,
a pair of zonal jets exhibit migration behaviour over the approximate interval 1 < 8 < 2 as the Rhines
wavenumber associated with g either increases or decreases. The GQL models, in which 1 < A < kyx,
show an increasing tendency towards migration as A increases, with migration being barely detectable
when A = 1 but becoming increasingly prominent with each additional zonal wavenumber retained in the
low modes. We also remark that the jet spacings becomes more closely aligned with the NL simulations as
A increases, with a progressive reduction in the bias towards a smaller number of jets for any given Rhines
wavenumber that was established in Chapter 4 for the QL model. For example, when 8 = 5, we observe
two jets for A <2, while A > 3 reproduces the three jets that are visible in the NL model, suggesting that
some aspects of variability are influenced by the choice of A. Nevertheless, significant improvements are
gained by the restoration of some eddy-eddy interactions when A > 1, compared with the QL system.
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5.4 A new theory for zonal jet migration

These results from the GQL models inspire us to develop a new theory for zonal jet migration in this section,
focussing on the role of internal dynamical mechanisms rather than externally imposed symmetry-breaking
mechanisms that have been emphasised in previous studies. For simplicity, we shall restrict attention to the
NL model, both within this section and for the remainder of this chapter, noting that all ideas apply equally
well to the GQL system, provided that A > 1.

5.4.1 Identification of zonons

The sufficiency of the condition A > 1 for the existence of the fast type of zonal jet migration raises
questions regarding the additional dynamics that are captured when the zonal mean flow is permitted to
interact with the longest zonal waves. Flow structures with zonal wavenumber k, = 1 are natural candidates
for further investigation, since we assume that the large-scale organisation of the eddy field that coexists
with the jets is an important ingredient. Following our previous discussions of the streamfunction field, we
now proceed to investigate the structure of the vorticity field in order to further analyse the flow features.
In Figure 5.6 we consider three NL simulations in which one, two and three jets are migrating north.
Alongside the latitude-time plots, we show snapshots of the zonal velocity field and the vorticity field,
both of which are tessellated in the zonal direction in order to allow the key features to be clearly seen.
This time we observe additional non-zonal structures in the vorticity field that are observed to propagate
alongside the jets on their northern flanks. A distinction in pattern arises between n = 1 and n > 1 jets, just
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Figure 5.6 The coexistence of jets and zonons during fast zonal jet migration in the NL model. From left to right we
show a latitude-time plot of the zonal mean zonal velocity field U(y,?), a single snapshot, duplicated in the zonal
direction, of the zonal velocity field u(x), the corresponding vorticity {(x) (also duplicated in the zonal direction), the
time-averaged jet velocity profile U(y) and the time-averaged eddy momentum flux convergence v’’. (a) A single
migrating jet with parameters 8 = 0.5, u = 0.00005, & = 107, k=16, N =256, Rg = 4.41; (b) Two migrating jets
with parameters 8 = 6.0, u = 0.0004, £ = 1074, kg =16, N =256, Rg = 3.77; (c) Three migrating jets with parameters
B=10.0,u=0.001, =104, kr=32, N =256, Rz =3.16.
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Figure 5.7 The coexistence of jets and zonons in two-jet NL configurations. From left to right we show a latitude-time
plot of the zonal mean zonal velocity field U(y,f), a single snapshot, duplicated in the zonal direction, of the zonal
velocity field u(x), the corresponding vorticity {(x) (also duplicated in the zonal direction), the time-averaged jet
velocity profile U(y) and the time-averaged eddy momentum flux convergence v’’. (a) Two jets migrating north with
parameters 8 = 6, u = 0.0004, £ = 1074, kp =16, N =256, Rg = 3.77; (b) Two jets migrating south with parameters
B=5.5,1=0.0004,c=107%, kg =16, N =256, Rg = 3.74; (c) Two equally-spaced but unequally-strong non-migrating
jets with parameters 8 = 6.8, u = 0.0004, € = 1074, kg =16, N = 256, Rg = 3.82; (d) Two unequally-spaced but
equally-strong non-migrating jets with parameters 8 = 2.0, u = 0.0001, £ = 107>, k=16, N =256, Rg = 4.26.

as we observed in the eddy streamfunction field in Figure 4.8. Multiple-jet configurations show strong
positive (red) elliptical vorticity anomalies positioned on the northern side of the crests of the meandering
jets. These are in phase with narrower negative (blue) anomalies associated with the jet meanders on the
southern flanks. These features share the same wavevector, k = (1,r), as the underlying eddy field, and
indeed the jet meanders, and they materialise in the zonal velocity field in the form of positive (yellow)
zonal flow anomalies on the northern side of the jet meanders. Co-located features are also visible in the
eddy momentum flux convergence profiles, and correspondingly, the jet velocity profiles in the form of
anomalous shoulders protruding out from the northern side of the jet flanks. The single-jet regime in Figure
5.6(a) also shows the existence of these structures, however, this time the positive vorticity anomalies are in
phase with the troughs of the jet meanders. Nevertheless, the associated eddy momentum flux convergence
profile of this single-jet regime shares similarities with the profiles of the multiple-jet regimes.

These observations relate to a single stable attractor in which the jets migrate northwards. However, as
discussed in Chapter 4, the system permits the existence of multiple stable attractors, such as the example
shown in Figure 4.17 in which a pair of jets undergo spontaneous transitions between four different states,
raising the question regarding how these flow structures reorganise themselves in each of these different
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regimes. This is investigated in Figure 5.7 for these two-jet states, presented in a similar fashion to the plots
in Figure 5.6. Unsurprisingly, southward migration is the opposite of northward migration, in which we see
negative (blue) vorticity structures aligned on the southern side of the jets just below the troughs of the
meanders. It is interesting, however, to see the existence of these features in the other two non-migrating
regimes. Figure 5.7(c) shows two equally-spaced but unequally strong jets; here, the broader (top) jet is
sandwiched between large-scale positive (negative) vorticity structures that are aligned above (below) the
crests (troughs) of the jet meander, out of phase with one another. The final configuration in Figure 5.7(d)
shows that these features are positioned on either side of the narrowly-spaced jets, however, in this case
their phases do match. Thus, the arrangement of the jets and these structures is clearly important, not only

for migrating regimes, but also for the large-scale dynamics of non-migrating regimes as well.

Collectively, these observations suggest that these features, which are associated with the large-scale
organisation of the eddy field, play an important role in aspects of zonal jet variability, including migration
behaviour. The fact that they do not form in the QL model but they are visible in the GQL models when
A > 1, highlights that their source is via nonlinear interactions. As we proceed to argue, we believe that
they constitute a single Rossby wave-like entity within the domain, known as a zonon, that has zonal
wavenumber k, = 1 and which is associated with both the vorticity anomalies and the jet meanders. Before
confirming this hypothesis, we must first clarify what exactly we mean by the term zonon, and how zonons
relate to linear Rossby waves.

In Chapter 2 we derived the Rossby wave dispersion relation, given by (2.18), for a linear wave in the
presence of a uniform background zonal flow, U. This dispersion relation, however, is not applicable in a
system in which strong zonal jets have equilibrated, since the background flow, U(y), is not constant but
varies in latitude according to the structure of the jets. For a system with latitudinal shear, the derivation
must be generalised to accommodate the fact that the coefficients in equation (2.15) are dependent on y.

Accordingly, we seek solutions that are sinusoidal in x, however, the structure in y must remain arbitrary:
' = Re(y)eC D, (5.14)

where k, is the zonal wavenumber, w is the frequency and ¥(y) is the (not necessarily monochromatic)
amplitude, incorporating the details of the latitudinal structure. Substitution of (5.14) into (2.15) yields

w\(* - PU\ .
[v-2)( -]+ {e- Gz ) -0 o

which is known as the Rayleigh-Kuo equation. Both the mean flow, U(y), given by the jet velocity profile,
and the latitudinal wave structure, ¥(y), can be decomposed into their individual Fourier components:

1 ; ~ 1 :
V=5 ), Une™. MW=y 2w (5.16)

ml|<Kimax lky|<Kinax

Substituting these series into equation (5.15) and using the orthogonality property of complex exponentials,

we obtain a (2k;,,, + 1) algebraic system of equations for the Yk, for k, € (=kpax, kmax):

1 (ky—m)2+k§—m2

N Z Um( )Wy—m - ]C)%Llﬁky = k%%bky- (5.17)
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Figure 5.8 Establishing the equivalence of the zonal phase speed, ¢, x, of jets and zonons in the NL model in a
simulation in which a pair of jets migrate north. (a) A snapshot of the zonal velocity field; (b) the corresponding
snapshot of the vorticity field; (c) a longitude-time plot of the zonal velocity at latitude y = yje;; (d) same as (c) except
at latitude y = Y onon; (€) a longitude-time plot of the vorticity at latitude y = y ¢+; (f) same as (e) except at latitude
Y = Yzonon- Dashed lines in (a) and (b) show latitudes y = y.; and y = Y;onon and solid lines in figures (c-f) show the
theoretical zonal Rossby wave speed, ¢, = —g, computed for wave k = (1,2). The parameters used were 8 = 6.0,
u=0.0004, & = 1074, kp=16, N =256, Rg =3.77.

This system can be re-formulated as an eigenvalue problem for the zonal phase speeds, cp,x = 12, such that

A(k)C’ky’m7ﬁ)X = cp,XX’ (518)

where X = (x> -»¥k,,,) and A is a (2k;qx + 1) X (2kyax + 1) square matrix. Equation (5.18), which
must be solved numerically, has 2k, + 1 eigenvalues, c,, , which give the phase speeds of the associated
eigenfunctions, /(y), that correspond to the latitudinal structures of the waves. Those eigenfunctions for
which ¢, , € R are real functions that are predominantly associated with a dominant latitudinal wavenumber,
ky, = L, i.e. a single sinusoid, along with small perturbations (due to the presence of the mean flow) which
project onto a set of latitudinal Fourier components. Numerical examination of a number of test cases
suggests that the eigenfunctions are orthogonal and their corresponding phase speeds are well approximated
by the linear Rossby wave dispersion relation (2.18), for a k = (k,, L) wave in the absence of a mean flow.
Thus, the latitudinal shear associated with the jets modulates the structure of Rossby waves, generating
a new class of waves which share the same zonal wavenumber and zonal phase speed, and which are
associated with a range of latitudinal wavenumbers. These non-dispersive wave packets, known as zonons

(Sukoriansky et al., 2008), are closely related to linear Rossby waves in the absence of a mean flow.

Returning to our hypothesis, it is necessary to verify two properties of the system in order to confirm
that the flow structures observed in the vorticity field (and the corresponding large-scale organisation of
the eddy field) do correspond to zonons, i.e. single entities that behave like waves. Firstly, we must check
that the large-scale vorticity anomalies share the same zonal phase speeds as those associated with the
jet meanders, which in turn should be well approximated by linear Rossby wave theory. Secondly, it is
necessary to confirm that these vorticity structures correspond to propagating waves rather than coherent

vortices. For simplicity, we restrict attention to the situation in which a pair of jets are migrating.

Focussing initially on the first property, we seek to verify that the previously identified features form a
single structure that propagates with a zonal phase speed that is well defined by the linear Rossby wave
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Figure 5.9 An examination of the streamlines in a frame of reference moving with the zonons. (a) A snapshot of the
zonal velocity field and the corresponding (b) vorticity field and (c) streamfunction field. (d) A contour plot showing
a snapshot of the streamlines and (e) a contour plot showing the streamlines in the frame of reference moving with the
jets and the zonons, i — %y. The parameters used were 8 = 6.0, u = 0.0004, & = 1074, kf=16, N =256, Rg =3.77.

dispersion relation (2.18). Accordingly, in Figure 5.8 we have selected a NL simulation in which a pair of
jets are migrating north, and we investigate the evolution of the flow at two different latitudes which are
fixed relative to one of the jets. These include the jet latitude, y = yje, located at the extremum of the zonal
velocity profile, and the zonon latitude, iy = y,onon, chosen to be a fixed distance north of the jet core such
that it is positioned through the centre of the structure that we associate with the zonons. These choices are
shown in Figures 5.8(a,b) using dashed lines which overlay snapshots of the zonal velocity field and the
vorticity field. The time evolution of the flow through these translating latitudinal slices is presented in
Figures 5.8(c-f) in the form of longitude-time plots. Here, we have indicated using black lines the zonal
Rossby wave speed using expression (2.19) for a dominant k = (1,2) wave, as deduced from the large-scale
organisation of the eddy field. Computed to be

cp,xz—kg%k; :—g, (5.19)
this aligns perfectly with the observed westward propagation speed of the jet meanders in Figures 5.8(c,e)
and, crucially, the vorticity anomalies that we associate with the zonons in Figures 5.8(d,f), confirming that
these features do form a single structure.

In order to verify the second property, notably that these features in the vorticity field correspond to
waves and not coherent vortices, it is necessary to consider the organisation of the streamlines in a frame
of reference that propagates with these features. This is shown in Figure 5.9, using the same example as
that used in Figure 5.8. Alongside various flow field snapshots for comparison, Figure 5.9(d) plots the
streamlines that correspond to the full streamfunction, ¥(x,y), while Figure 5.9(e) shows the equivalent
streamlines in a frame of reference that propagates with the zonons, given by ¥ (x,y) — g y. The fact that
all of these streamlines in Figure 5.9(e) are open and meandering rather than closed and circular implies
that these structures are waves rather than vortices since fluid parcels move through the wave pattern. This

completes our verification, thereby demonstrating the existence of zonons in our system.

5.4.2 Partition of energy between jets and zonons

In our domain, zonons always have zonal wavenumber k, = 1, equal to that of the large-scale master Rossby
waves. The emergence of both zonal jets and zonons via nonlinear interactions, the ultimate source of
which comes from the forcing, implies that significant fractions of the total kinetic energy are contained
within both the zeroth and the first zonal wavenumber modes. In Chapter 4 we found that the zmf index in
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Figure 5.10 The partition of energy between jets and zonons. (Top) Latitude-time plots showing the time evolution
of the zonal mean zonal flow. (Bottom) The corresponding evolution of the fraction of energy in various zonal mode
decompositions defined by expression 5.20. (a) Two jets migrating southward spontaneously reconfigure into two
equally strong but unequally spaced non-migrating jets (parameters: 8 = 1.7, u = 0.0003, £ = 107>, k=16, N =256,
Rg =3.19). (b) Two jets migrating northward spontaneously reconfigure into two equally spaced but unequally strong
non-migrating jets (parameters: 8 = 2.0, u = 0.0002, £ = 107>, ky=16, N =256, Rg = 3.58).

the NL model varied widely between different dynamical regimes for any given zonostrophy parameter,
with migration behaviour being associated with the smallest indices. In light of the identification of zonons,
we hypothesize that this variability is due to the redistribution of kinetic energy between the jets and the
zonons, with changes in the zmf index, associated with the jets, being compensated for by corresponding
changes in the energy associated with the zonons.

This is tested in Figure 5.10, where we consider the two canonical NL regime changes from Chapter
4 in which a pair of migrating jets spontaneously transition to two different non-migrating regimes. The
total energy density, E, is decomposed into components from the zonal mean flow associated with the jets,
which we shall denote Ej, the first zonal wavenumber associated with the zonons, E, and all remaining
wavenumbers, E- . Thus, E = Eg+ E| + E- |, where each individual component is given by

Eji=Y Z<|%&(k,t)eik’x|2>. (5.20)

lkxl=J Ky

If our hypothesis is true then we would expect that the combined proportion of energy in the jets and the
zonons, which we shall denote Eg,;/E, would remain approximately constant, regardless of the dynamical
behaviour in the system. This quantity is illustrated using the red lines in the lower plots in Figure 5.10,
showing that this is indeed the case. The transition shown in Figure 5.10(a) involves a significant increase
in the zmf index, shown using the orange line (Ey/E), as the jets reconfigure themselves into their new,
non-migrating, state. This implies that energy is dissipated substantially by the zonons during the transition,
shown using the green line (E;/E). No significant changes in the zmf index take place in the second
transition shown in Figure 5.10(b), where we observe a large fraction of the energy remaining in the zonons.

These results highlight that transitions between states may or may not be associated with a redistribution
of energy between the k, = 0 and k, = 1 modes, however, regardless of the dynamical behaviour, there
is always a significant amount of energy associated with the zonons, implying their significance in non-
migrating states as well. Given the observed variance associated with the zmf index, we propose an
alternative, behaviour-independent diagnostic that quantifies the degree of zonostrophy, or the strength of
the jets, to be the combined fraction of energy in the jets and the zonons, Eg1/E. Further investigation is
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required to investigate the relationship between this quantity, which we shall term the generalised zonal

mean flow (gzmf) index, and the zonostrophy parameter, Rg.

5.4.3 Organisational role of zonons

Zonons are evidently an important component within our simulations, leaving a strong visual footprint in
the vorticity field and accounting for substantial fractions of the total kinetic energy. However, to what
extent are they directly responsible for behaviours such as zonal jet migration? To answer this question,
we seek to understand the degree to which the eddy momentum flux convergence profiles, such as those
presented in Figures 5.7(a,b), can be accounted for by the presence of the zonons themselves. Consequently,
we are interested in the contributions to these profiles from modes with zonal wavenumber &k, = 1. The
eddy perturbation fields, denoted by state vector q’, can be decomposed into contributions from zonal

wavenumber k, = 1 modes, ¢, and contributions from modes with zonal wavenumbers k, > 1, given by qy:

1 : 1 .
G0 =5 ), ) a0, Gx0) =5 D) D d ke, (5.21)

=1k, o1 Ky

These are then substituted into the eddy momentum flux convergence to give a component that depends on

modes with k, = 1, denoted v{{{, and a component that depends on modes with k, > 1, denoted vjy:

v =0+ 0Rdp. (5.22)

We plot time averages of both of these contributions, in frames of reference that move with the jets,
alongside the full profile in Figure 5.11 for a simulation in which a pair of jets are migrating north. The
m profile in Figure 5.11(d) displays random fluctuations about zero and bears no resemblance to the full
profile in Figure 5.11(c). Instead, it is the E profile which is the important contribution, showing the
strongest agreement with the full profile and providing the small but essential latitudinal offset from the jet
core of the corresponding velocity profile. At first, this result seems somewhat surprising; nevertheless, we
are left to deduce that it is predominantly the smaller scales, or the larger wavenumbers, which maintain the
jets and break the latitudinal symmetry. On the other hand, we have deduced that the zonons are an essential
component of jet migration, therefore we conclude that they play an organisational role, facilitating the
coherent and persistent clustering of smaller scale eddies which ultimately permit zonal jet migration

regimes to persist over long time periods.
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Figure 5.11 Decomposition of the eddy momentum flux convergence. (a) Latitude-time plot of the zonal mean
zonal velocity field; (b) zonal jet velocity profile, U(y); (c) total eddy momentum flux convergence, v’{’, and its
contributions from (d) modes with zonal wavenumber k, = 1, denoted v’l s ; , and (e) all remaining modes k, > 1,

denoted U;egfe' The parameters used were 8 = 2.2, u = 0.0004, & = 1073, kp =16, N =256, Rz =3.04.
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5.4.4 Necessity of small-scale eddies

As we have seen, the large-scale organisation of small-scale eddies is an essential component in the
mechanism for fast jet migration. Eddies of varying sizes are formed as a consequence of nonlinear
interactions, with energy predominantly flowing from small scales (associated with, for example, the
forcing) to larger scales via the inverse cascade. This leads to speculation about whether the existence or
the properties of the stochastic forcing that generate these eddies influence the likelihood or the robustness
of migration behaviour. To answer this question, we begin by demonstrating a basic, but fundamental,
point, notably that the generation of eddies by the stochastic forcing of the vorticity field is an essential

requirement for zonal jet migration, and indeed aspects of variability in more general.

This is illustrated in Figure 5.12, where we show an example of a simulation in which two stochastically-
forced jets migrate north with constant translation speed. At ¢ = 100,000, indicated by the red line, we
abruptly switch off both the stochastic forcing and the linear friction, leaving the hyperviscosity term for
numerical stability. This leaves the unforced, undamped beta-plane vorticity equation,

4

6¢ _ 2n
E'F.I(lﬁ,é‘)-i'ﬁa—vnv g, (523)

which we continue to solve for the remainder of the simulation. The evolution of the zonal mean zonal flow
in the latitude-time plot in Figure 5.12(a) shows that, once the forcing is turned off, the pair of jets stop
migrating and their latitudinal positions become steady in space and time. There are no significant changes
to their relative strengths or spacings, or indeed the fraction of energy in the zonal mean flow. Interestingly,
once the forcing is turned off, the jet velocity profiles maintain the latitudinal asymmetries from the

migration regime, however, the associated eddy momentum flux convergence profiles lose their offset from
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Figure 5.12 The necessity of external forcing for jet migration behaviour in the NL model. (a) Latitude time plot of
the zonal mean zonal velocity in which we abruptly turn off the stochastic forcing and linear friction at = 100,000
and solve the deterministic equation thereafter; (b) the evolution of the zmf index; (c) time averages of the jet velocity
profile and the eddy momentum flux convergence for ¢ < 100,000 and a shapshot of the vorticity field {(x); (d) same
as (c) except for ¢ > 100,000. Parameters used are 8 = 4.5, u = 0.0005, & = 1074, ky =16, N =256, Rg=3.47.
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Figure 5.13 The dependence of jet migration behaviour on the forcing wavenumber, k¢, in the NL model. Plotted
are latitude-time plots of the zonal mean zonal velocity field and the corresponding evolution of the zmf index. All
parameters are held constant except for the value of ky which is piecewise constant over time periods of duration
t = 25,000 and changed in multiples of two over the range 2 < ky < 32 via (a) increases in ky and (b) decreases in k.
The parameters used are 8 = 2.2, u = 0.0004, € = 1073, N = 256, Rg =3.04.

the jet cores. In addition, snapshots of the vorticity field in Figures 5.12(c) and 5.12(d) highlight that the
zonons persist after the forcing has been turned off, further demonstrating that the zonons themselves do
not drive the migration. Despite imposing jet migration as an initial condition in this deterministic system,
we see that the eddies are an essential component.

It is also useful to investigate the effects of the forcing wavenumber, k7, on the propensity of jets to
migrate, since this in turn will influence the spectrum of eddy wavenumbers. Our findings indicate that
smaller forcing scales (i.e. larger k) lead to more robust migration tendencies, and vice-versa, with no
migration at all when the scale of the forcing is sufficiently large. This is demonstrated in Figure 5.13,
which shows a couple of long numerical simulations in which all parameters are held constant except for
the value of the forcing wavenumber, which is held piecewise constant over time intervals of duration
t =25,000 (ut = 10) and is either increased or decreased in multiples of two over the range 2 < ky < 32 at
discrete time steps. The parameters were chosen such that we would expect to see two migrating jets within
the domain. Latitude-time plots show that at the smallest wavenumbers, jets either do not form (ks = 2),
the number of jets is underestimated (4 < k¢ < 6) or else two jets form which do not migrate (6 < ky < 8).
However, as k¢ increases, we see robust jet migration behaviour that is associated with a seemingly constant
speed of latitudinal translation. The associated zmf index is higher for the smaller forcing wavenumbers in

which jets exist but migration behaviour does not occur, in line with previous observations.

Combining these findings, we are thus left to conclude that small-scale eddies, the ultimate source of
which comes from the stochastic forcing within our models, are essential for this organised behaviour.



5.5 The translation speed of migrating zonal jets 89

5.4.5 Summary of the zonal jet migration mechanism

To summarise this new theory for zonal jet migration, we have identified the existence of zonons, which are
not captured in the QL model, and have determined their importance for migration behaviour. Zonons, which
are forced by nonlinear interactions, are the generalisation of linear Rossby waves to flows with latitudinal
shear. Whilst they share the same zonal wavenumber, k,, as equivalent Rossby waves in a system at rest,
their latitudinal structure exhibits perturbations about a dominant sinusoid (with latitudinal wavenumber
L) such that it projects onto a range of latitudinal Fourier components. To the first approximation, this
wavepacket behaves likes a k = (k,, L) Rossby wave in a system with no background flow, sharing the same
zonal phase speed. In the context of zonal jet migration, we observe a single dominant zonon with zonal
wavenumber k, = 1 that is associated with both the jet meanders and the wave-like pattern of vorticity
anomalies that can be seen quite clearly in the flow snapshots.

This geometrical organisation can be visualised in snapshots of the vorticity field, for example in Figures
5.7(a,b), showing the relative pattern of large-scale vorticity anomalies and the meanders associated with the
zonal jets. As can be seen, strong vorticity anomalies, which we associate with the zonons, are positioned
on the side of the jets towards which they are migrating, causing coherent patterns of positive (north) or
negative (south) vorticity. These are in phase with anomalies of the opposite sign that are associated with
the jet meanders. The zonons play an organisational role of the smaller scale eddy field which allows for the
persistent breaking of the north-south symmetry in the eddy momentum flux convergence, causing positive
zonal flow anomalies on the jet crests (north) or troughs (south), and thus a tendency towards migration in
the direction of these anomalies. The generation of small-scale eddies by stochastic forcing is essential for
this mechanism, however, the precise nature in which these eddies are organised by the zonons is not clear.

Of course, we would like to emphasize that any randomly occurring flow structures that break the
north-south symmetry will result in a net northward or southward force on the jet, causing, for example,
randomly wandering behaviour. The zonons, however, are sufficiently robust in space and time that
migration behaviour becomes a stable attractor of the system for certain sets of parameters. No equivalent
mechanism exists in the QL model, which is why we do not observe this type of robust migration there.
These ideas support and go beyond previously discussed hypotheses which revolve around the idea that jet
migration requires a latitudinal bias in the eddy momentum flux convergence about the jet core, providing a
new explanation for the persistence of this symmetry breaking mechanism. We believe that this is the first

study to demonstrate one of the roles that zonons play in the dynamics of geophysical turbulence.

5.5 The translation speed of migrating zonal jets

The final property of zonal jet migration that we wish to investigate concerns the factors which affect
the translation speed of the jets. As we have mentioned, we observe a unique translation speed in the
latitude-time plots for any given set of external parameters for which fast migration occurs, suggesting that
the translation speed is a predictable property of the system. The measurement of these speeds is not trivial
due to the fluctuating nature of the jets, leading to a small-degree of variability present in each simulation,
visible for example in Figure 4.1(c). Nevertheless, we use the procedure outlined in Section 3.4.3 and take
the approach of measuring the speed over the longest possible time period in each simulation, to obtain an
average value. These results are analysed using two complementary approaches. Firstly, we consider the
relationship between translation speeds and the resultant force balance acting on the jets due to latitudinal
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asymmetries in the eddy momentum flux convergence. This is followed by a second approach where we

conduct an empirical investigation of the dependence of the speeds on external parameters.

5.5.1 Self-similarity of velocity profiles and eddy momentum flux convergences

It is helpful to begin with a discussion of the properties of the zonally-averaged profiles of migrating jet
systems, and their relative dependencies on translation speeds. For example, we demonstrate in Figures
5.14(a,b) that the shapes of these profiles are universal. This is confirmed using nine simulations, selected
such that the system equilibrated with a pair of jets that migrated north with a broad range of translation
speeds (associated with different external parameters). Figure 5.14(a) plots each jet velocity profile,
normalised by it maximum value, Upn,x, while Figure 5.14(b) shows the corresponding eddy momentum

flux convergence profiles, normalised by their maximum values, v’ In each case all curves are close to

max-*
a single profile, regardless of the translation speeds, suggesting that the relative organisation of the jets and

zonons (and the associated eddy momentum flux convergence profiles) conforms to a particular pattern.

With this in mind, there must be a well-defined relationship between the relative magnitudes of these
profiles and the translation speed, V, of the jets. This can be seen by inspection of the transformed equation
for the maintenance of the jets (3.31), given in Chapter 3, which introduced the coordinate ¢ = y — V¢t in
order to work in a frame of reference that moves with the jets. Within this reference frame, we consider a

solution with zonal velocity and eddy momentum flux convergence profiles given respectively by

Ulp) = aUproﬁle(SD)’ U'_f'(@ = bv,_g/proﬁle(()o)a (5.24)

where Upofile 18 @ universal velocity profile, v’_{’pmﬁle is a universal eddy momentum flux convergence
profile, and the prefactors a and b control their relative magnitudes. Substituting these into (3.31) and
dividing by a, noting that hyperviscosity is negligible (see Chapter 3) and therefore can be discarded, the

transformed zonal mean momentum equation becomes

d b—
- (V% Uproﬁle(()p) = av’é'proﬁle(@ _/«lUprOﬁle(SD)- (5.25)
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Figure 5.14 The velocity profiles and eddy momentum flux convergences for nine different configurations in which
a pair of zonal jets migrate northwards, selected in order to include a wide spectrum of translation speeds which
are indicated by the line colours. (a) The velocity profiles normalised by their maximum values, U(y)/Upax- (b)
The eddy momentum flux convergences normalised by their maximum values, v'{’ /v'{’ ,.x- (¢) The velocity profiles
normalised by the maximum eddy momentum flux convergence values, U(y) /v’_g“’max. (d) The eddy momentum flux
convergences normalised by the maximum velocity profile values, v/{’/ Unax.
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Whilst the explicit profiles are not determinable from this equation, it does predict that the magnitude of
the translation speed, “V, must be balanced by changes in both the ratio, b/a, corresponding to the relative

magnitude of the eddy momentum flux convergence profile, in addition to the frictional damping rate, u.

This former balance is demonstrated to some extent in Figures 5.14(c,d), which plot the same profiles
as those presented in Figures 5.14(a,b), however, this time we normalise each profile by the maximum
value of its corresponding profile. For example, the velocity profiles are plotted by assuming a constant
magnitude eddy momentum flux convergence profile, and vice versa. Clear trends emerge in relation to
the translation speed, denoted using colours, where faster translation speeds are associated with larger
magnitude eddy momentum flux convergence profiles for any given velocity profile, and vice versa,

supporting the theoretical predictions.

5.5.2 Dependence of translation speeds on eddy momentum flux convergences

This brings us to our first analysis of jet translation speeds, where we seek to verify in a more rigorous
fashion the role of the eddy momentum flux convergence using data that has been analysed from 130
different numerical simulations exhibiting jet migration. The jet migration mechanism summarised in
Section 5.4.5 suggests that the translation speed, V, should be related to the eddy momentum flux
convergence asymmetry across the jet core (the resultant force), which in turn is related to the relative
amplitudes of the profiles, defined as b/a, due to their universal shape. Chemke and Kaspi (2015b)
demonstrated this to be the case for the poleward translation speed of migrating jets in their idealised
GCM with spherical geometry. They defined a quantity which they termed the net eddy momentum flux
convergence, equal to the sum of the eddy momentum flux convergence on the poleward flank (i.e. the
direction of migration) minus the sum on the equatorward flank. The meridional width of each flank was
defined as the distance between the latitude, yjer, at which the maximum zonal mean zonal velocity, Upyax,
occurs, and the latitude, yo, at which U(y) first becomes zero. Defining the northern boundary by yf;r) and

the southern boundary by yf)_), the net eddy momentum flux convergence, v’{’ .., can be computed as

net>
(+)

Yo Y jet
U/Z;’net = f U,g/dy _f U/g/dy
(=)
y Yo

jet

vy, (5.26)

This calculation is illustrated in Figure 5.15(a), where ", is computed by subtracting the light blue area,

corresponding to v’_{’(_), from the dark blue area, corresponding to v’_g”(+).

Chemke and Kaspi (2015b) determined that the translation speed of their jets was proportional to
'’ » however, it should be noted that their conclusions were based on a restricted collection of numerical
simulations in which the only parameter to be varied was the rotation speed of the planet, ensuring that
the total energy remained constant. This is certainly not the case in our simulations due to the fact that
all parameters are explored systematically. Wishing to check the applicability of these findings to our

own simulations, we therefore choose to include a normalisation factor in the definition of v’{’ ., thereby

net>
ensuring that it remains dimensionally consistent with the translation speeds. As demonstrated in Figure
5.14 and hinted at by equation (5.25), a suitable choice is to normalise by Un,x such that the amplitudes of

the jet profiles are held constant.
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Figure 5.15 (a) An illustration depicting the procedure for computing the eddy momentum flux convergence bias
across the jet core for the case of a jet migrating northwards. The contributions to v’{’ (blue curve) on the jet flanks
(coloured curve) are integrated between the jet core at yj., and the latitudes at which the jet attains zero velocity,

denoted by ygﬂ and yé_). The southward (light blue) contribution, v'_g’(_), is subtracted from the northward (dark

blue) contribution, v’{ /) to give v'{’ ;- The situation is flipped for southward migration. (b) The dependence of
jet translation speeds, V, on the normalised eddy momentum flux convergence bias, v/{’ o/ Umax, for a range of
simulations showing different numbers of jets migrating (colours).

In Figure 5.15(b) we plot v’_g“’net/ Umax against the translation speed, V, for a range of simulations
in which varying numbers of jets (denoted by colour) migrate. A clear linear relationship is visible,
confirming that V oc v/’ .,/ Umax. or equivalently, V o ’gv'_g', due to the universality of the profiles. These
results, which we find to be independent of the manner in which the meridional widths of the integrated
areas associated with y(()_) and yf;r) are defined, confirm the necessity of the shape and offset of the eddy
momentum flux convergence profile in the migration mechanism. Nevertheless, this approach does not
reveal a relationship between the translation speed and the system parameters, as implied by the uniqueness
of the speed for any given set of parameters. Consequently, we now seek to investigate the dependence on

individual parameters in more detail.

5.5.3 Dependence of translation speeds on system parameters

In our quest for an explicit parameter-dependent relationship governing the translation speed of migrating
zonal jets, it is necessary to identify the key parameters. Ideally, we would hope that the translation speed
depends on the set of input parameters, {8, 1, &,k ¢, Lp}, since in theory the emergent quantities are functions
of these parameters, however, there may also be a dependence on quantities such as k., which do not vary
continuously (noting that kj,; may or may not be dimensional depending on the role that Lp plays). We
choose to neglect the consideration of L since it has not been varied explicitly in our simulations, however,
implicit variation has been simulated via different combinations of parameters due to the fact that there are

more input parameters than dimensions. Consequently, we shall assume that
V~F (o & kg kjer) (5.27)

i.e. an explicit relationship exists where our goal is the determination of the function ¥ .
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A sensible starting point is the hypothesis that V is related to the velocity U,,,s = V2E = \/(7 , chosen
on the basis that it is a naturally occurring velocity scale and also due to the ease with which it can be
written in terms of external parameters. This theory is tested using the same data set that was analysed
in the previous section, which considered a broad spectrum of parameters. In Figures 5.16(a-e) we plot
V/ \/(% against Rg, both of which are dimensionless, where each simulation is represented with a single
circle. Each row corresponds to the investigation of the dependence on individual parameters, listed on the

left-hand side and denoted using colours.

The results, in general, support the hypothesis that V is related to +/e/u by highlighting a striking R[f
scaling, shown using the black lines, giving V ~ +/e/u ngs. This can be re-written using expressions (3.9)

and (3.10) to give a simple relationship in terms of the frictional damping rate and the Rhines scale:

,113/481/4

Vv BI/Z

~ uLgy,. (5.28)
Figures 5.16(f-j) check this empirical relationship by plotting V against uLg;, once again investigating
the dependence on individual parameters. Whilst no additional dependence on the set of input parameters
{B.u,&,kr} is detectable, there are hints that kj; may play a role in the scaling, where we notice some
deviations away from the trend, particularly when k., = 1. Moreover, the data show a certain amount of
variability around the scaling, which may or may not be linked to the issues surrounding the measurements
of the translation speeds. Figures 5.16(k-0) provide additional justification to these observations by plotting
V/(uLgy) against Rg, where we deduce that the prefactor for the relationship is close to 0.8, giving

V =~ 0.8uLgp. (5.29)

In a perfect fit, all data points would lie along this horizontal line, therefore the vertical spread over the
range of prefactors € (0.5,1.4) quantifies the associated variability, and also further highlights the potential

dependency of the relation on & ;.

Rather than applying an iterative series of ad hoc adjustments to expression (5.29) to incorporate
this additional contribution, we take a step back and apply a more systematic approach by assessing the
individual contributions to the relation on a parameter-by-parameter basis, as shown in Figures 5.17(a-e).
We begin by keeping all parameters fixed except for the value of 8 which we vary over a series of six
simulations shown in Figure 5.17(a). A scaling of V ~ 8! emerges, which differs from expression (5.28).
Incorporating this contribution into ¥V, we next investigate the dependence on u in Figure 5.17(b) by
keeping the remaining parameters constant (excluding u and 8). This scaling, given by V/g7! ~ u'/2,
also differs from expression (5.28), where we deduce that V ~ 8~'!/2. Continuing in this fashion, we
subsequently investigate the dependence on &, followed by k¢, and finally k.. The results are found to be

independent of the order in which the parameters are investigated, with the empirical relationship being

~

12,102 14 \2
U t E

5 =~ u( Flon /4) kjet ~ (L) (Lrikjer) (5.30)
after a small rearrangement, which is dimensionally consistent provided that &, has dimension Lt

As before, we verify this expression using data from our simulations, with the results presented in
Figures 5.17(f5)) and 5.17(k-0), analogously to those in Figure 5.16. There is arguably less variability, and
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Figure 5.16 The dependence of the translation speed, V, on the characteristic flow speed +/&/u, broken down by the
parameters indicated on the left hand side. (Left) V/ +/e/u plotted against Rg, revealing the scaling V/ /e/u ~ RES .
(Middle) Verification of the scaling V ~ uLgy. (Right) The dependence of the scaling V ~ uLg, on Rg.
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Figure 5.17 An empirical deduction of the dependence of the translation speed, V, on the external parameters
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no obvious additional dependency on any of the parameters, suggesting that this new relationship is an

improvement on our initial estimate. In addition, we find that the prefactor is approximately unity, giving

V =~ (uLrn) (Lrikjer) - (5.31)

This expression bears strong resemblance to our earlier estimate given by (5.29), retaining the dependence

on uLg, while combining this with an additional dimensionless contribution given by Lgsk je;.

It is interesting, and perhaps of significance, that in Chapter 4 we deduced that the linear relationship
between the number of jets and the Rhines scale is ko, = 0.80kgy, in our NL simulations. Upon rearranging,
this gives Lgykj.; = 0.80, which is precisely the prefactor determined in our original expression for the
translation speeds (5.29). It seems plausible, therefore, that the additional factor of Lg,kj.; represents a
quantisation factor, i.e. the degree to which the configuration of jets conforms to the theoretical number
predicted by the Rhines scale. Indeed, the number of jets is not a continuous quantity, and a system
possesses an integral number at any one time.

We explore this idea in Figure 5.18(a), where we plot the quantity Lg,kj.; against Rg for each of our
130 simulations in which the jets migrate. As can be seen, the degree of variability decreases as ke
increases, with the greatest variance associated with those simulations in which kj.; = 1, in agreement with
the previous observations in Figure 5.16. Extrapolating this investigation in Figure 5.18(b) to all simulations
from the NL model where kj,; € {1,2,3}, which includes those where the jets do not migrate, we see similar
patterns emerging. This demonstrates that the additional factor, Lg,k je;, represents the uncertainty in k jer,
which is a simple consequence of the fact that it must be an integer and cannot vary continuously with kg.

In summary, both relationships given by (5.29) and (5.31) offer a skilful prediction of zonal jet
translation speeds based on data covering more than one order of magnitude. In addition, both relationships
are independent of the forcing wavenumber, k¢, in agreement with Figure 5.13. Nevertheless, it seems
sensible to restrict our attention to the simpler expression given by V ~ 4/g/ ,uRl;5 ~ pLgp, keeping in mind
that the factor Lg,kje.; ~ O(1) results from quantisation restrictions on & j;.

Wishing to relate these findings to our earlier discussions in Chapter 4, we seek parameter-related

conditions for the existence of zonal jet migration. An important observation that is apparent in Figures

Migrating systems All systems

(a) 2

Lpnkjer

2 2.5 3 3.5 4 4.5 5 2 2.5 3 3.5 4 4.5 5
Ry Ry
Figure 5.18 The relationship between the Rhines scale and the number of jets, defined as Lgyk ., plotted as a function
of the zonostrophy parameter, Rg, for (a) 130 numerical simulations selected in which the jets migrate and (b) all
numerical simulations in which one, two or three jets emerged (including those that did not migrate). Each circle
represents a single simulation, colour coded according to the number of the jets within the domain. The black lines
indicate Lgykj.; = 0.8, i.e. the linear relationship identified in Chapter 4 for NL simulations.
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5.16(a-e) reveals that V < \/(7 , i.e. translation speeds are significantly smaller than characteristic flow
velocities. This implies that ulLg;, < \/‘7 , which, upon rearranging, and using expression (3.10) for the
zonostrophy parameter, shows that a necessary condition for migration is Rz > 1. This is consistent with
our earlier findings that jet migration is visible in our simulations when Rg > 2. In addition, we see that the
ratio V/ \/(% — 0 as Rg — oo, suggesting that there may be an upper bound on the zonostrophy parameter
for the existence of zonal jet migration. Indeed, this was suggested by the parameter space in Figure 4.11(c)
in which no migration was observed in those simulations for which Rg > 5.

It is worth noting that our findings are in line with those deduced by Chemke and Kaspi (2015b), who
related the translation speed of migrating jets in their idealised GCM to both the rotation speed, €2, of the
planet and the number of jets in the domain. They found that V o« Q=94 which is fairly consistent with
the dependency on 8 in expression (5.28). In addition, they noted that V o k]‘.elt which agrees with our
findings, where we argue that translation speeds decrease as the jet widths decrease. This is likely to be due
to our earlier results, in which we related the migration speeds to the eddy momentum flux convergence
asymmetries. Narrower jets will be associated with smaller asymmetries, and consequently, smaller net
forces, leading to slower migration speeds. Finally, these results also confirm the dependency of translation
speeds on the frictional damping rate, u, predicted in expression (5.25), thereby confirming that V scales

with y, as required.

5.6 Discussion

The objective of this chapter was the study of the fast type of zonal jet migration behaviour that was
identified in our NL simulations in Chapter 4. Previous studies have identified jet migration, albeit in more
complex systems in which there is a tendency for jets to migrate purely in one direction due to a naturally
occurring symmetry-breaking mechanism associated with the geometry of the domain or the details of
the forcing. In this study, we have established that these external conditions are not essential, and that
persistent jet migration can also occur as a result of internal dynamical mechanisms.

The fact that zonal jet migration does not occur in the QL model, in which eddy-eddy interactions
are neglected, motivated an understanding regarding which nonlinear interactions are essential for this
behaviour. Consequently, we employed a hybrid model, involving a generalisation of the quasilinear
approximation, which provided a systematic way of restoring eddy-eddy interactions to the QL model. This
GQL system separates the low modes with zonal wavenumbers k, < A from the high modes with k, > A,
where the low modes are permitted to interact fully nonlinearly while restrictions are placed on the high
modes such that the conservation properties of the system are retained. Jet migration behaviour, along
with its associated properties such as the translation speed of the jets, was reproduced provided that A > 1,
thereby demonstrating that the GQL model offers a useful step towards the reproduction of NL behaviour.

These results led to the formulation of a new theory for zonal jet migration by revealing the importance
of the large-scale organisation of the eddy field, which we subsequently associated with the existence of
zonons. Materialising as long waves, zonons are defined as the generalisation of Rossby waves to systems
with latitudinal shear, and as such, their latitudinal structure exhibits perturbations about a sinusoidal profile
that projects onto a series of latitudinal Fourier components. In our domain, we always observed zonons
with zonal wavenumber k, = 1, which were naturally associated with the jet meanders and which resulted
in a wave-like pattern of vorticity anomalies that propagated alongside the jets. However, rather than being
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directly responsible for zonal jet migration, the zonons were deduced to play an organisational role of the
smaller scale eddy field, which in turn allows for a persistent state of asymmetry in the eddy momentum
flux convergence, and a corresponding net latitudinal force on the jets. The persistence of the zonons,
which were found to account for a significant fraction of the total kinetic energy, leads to robust migration
behaviour that exists over extended periods of time. Whilst both northward and southward directions of
translation were equally probable, we presume that the addition of weak asymmetry to the system would
give rise to a preferred direction of translation, in line with previous studies.

Translation speeds were found to be significantly smaller than characteristic flow velocities, in agree-
ment with atmospheric observations (James and Dodd, 1996; James et al., 1994). Furthermore, numerical
simulations suggested that jets migrate with a unique translation speed for any given set of parameters,
prompting an investigation into the relationship between translation speeds and various properties of the
system. The identification of universal velocity and eddy momentum flux convergence profiles associated
with jet migration states led to a simple momentum balance that allowed for the prediction of scalings
associated with the translation speeds of jets. These scalings were subsequently confirmed using a large
number of numerical simulations across a broad range of parameters. For example, translation speeds were
found to be directly proportional to the net eddy momentum flux convergences across the jet cores (in
agreement with Chemke and Kaspi (2015b)), thereby demonstrating the importance of these momentum
fluxes for migration behaviour. Further investigations, in which we systematically deduced the dependence
on individual parameters, revealed a striking relationship, such that V ~ uLgy,, showing that the speed of
translation is proportional to both the frictional damping rate and the Rhines scale, or equivalently, the jet
widths. This is a significant result that should be verified in more complex systems.

Whilst these results relate specifically to the fast type of zonal jet migration, the idea that zonons play
an essential role in organising the small-scale eddies may be relevant to other types of phenomena as well.
Indeed, the observation of zonons in various non-migrating NL regimes may or may not be associated with
the reduced set of variability regimes observed in the QL model. On the other hand, the existence of the
slow type of migration in both the NL and QL models suggests that there is more to the story than the
simple ‘zonon-organising’ mechanism proposed in this chapter. These are some of the questions that we
will consider in Chapter 6, where we consider a statistical modelling approach with the combined aims of
further investigating the role of eddy-eddy interactions, in addition to evaluating the necessity of random

fluctuations, in order to deepen our understanding of zonal jet dynamics observed within the NL system.



Chapter 6

Direct statistical simulation of zonal jet
dynamics

6.1 Introduction

The study of turbulent phenomena, such as zonal jet dynamics, using the DNS of single-realisation models
often involves very long integrations in order to capture the long-time dynamics of the system, or indeed
for the convergence of the statistical properties. Moreover, the regions of parameter space that are relevant
for the physical problem of interest are often computationally prohibitive using DNS due to the large range
of spatial and temporal scales. With a vision towards overcoming these obstacles, there has been a recent
surge of interest in the development of statistical approaches which, as proposed by Lorenz (1967), offer an
alternative method that ‘consists of deriving a new system of equations whose unknowns are the statistics
themselves’. Their aim is to capture the macroscopic features of turbulent flows using low-order statistics,
such as the mean and covariance, which may be associated with fixed points that can be easily computed.

In this chapter we continue our exploration of zonal jet dynamics using a form of direct statistical
simulation (DSS) that has become popularly known as CE2. This reduced model offers certain advantages
over the DNS systems, including the potential for analytical exploration, which motivates an understanding
of the behaviour that it can reproduce. After formulating the model mathematically, we begin by categorising
the zoology of the fundamental types of solutions that can be captured using such an approach. This is
followed by an investigation into the properties of these solutions, and finally a discussion of further insights
that can be obtained regarding zonal jet migration behaviour. In addition to further understanding the role
of eddy-eddy interactions, our goal is to investigate the neglect of random fluctuations as we examine some

of the limitations of this form of DSS, and, crucially, when it can adequately approximate DNS models.

6.2 Mathematical formulation

A brief introduction to DSS was provided in Chapter 2, in which we outlined the concept of statistical
models and the corresponding closure problem. In this chapter we choose to investigate the properties and
insights from a second order closure scheme which incorporates the quasilinear approximation. Termed
CE2 by Tobias et al. (2011), this type of model is known to reproduce the spontaneous formation of zonal
jets and is therefore a suitable candidate for further investigation of zonal jet dynamics.
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6.2.1 Cumulant expansion truncated at second order (CE2) methodology

Elaborating on the ideas introduced in Chapter 2, it is helpful to begin with a generic formulation of the
CE2 framework to lay the groundwork. As before, we consider a canonical system that can be described by
the evolution of a state vector of variables, q(x,t), satisfying the equation of motion

dq

i = L[q]+Nlq.q]l, (6.1)

where £ is a linear operator and N includes nonlinear terms of quadratic order. Our goal is the construction
of the equations of motion for the cumulants, the first two of which are described by the mean, q, and the
covariance (or two-point correlation function), ¢’q’. Consequently, we apply a Reynolds decomposition of

q(x,1?) into the sum of its mean and fluctuating parts, denoted by an overbar and a prime respectively,
q=q+q’, (6.2)

where the type of averaging operator must be chosen such that it satisfies the Reynolds-averaging rules
q =0, ﬁ =q and a =q q. This includes spatial, temporal and ensemble averages, and the particular
selection is chosen in order to best suit the given application. Postponing the choice of operator until later,
we apply this generic operator to equation (6.1) to give the evolution equation for the first cumulant:

(’)_ _ -
a—‘f = L[q]+ N, ql, 6.3)

assuming that the averaging and linear operators commute. As mentioned previously, we now wish to
determine the evolution equation for the second cumulants associated with the m term, which concern
the average of the fluctuation—fluctuation interactions. Making no assumptions about the homogeneity or
isotropy of the nonlinear interactions, we therefore consider nonlocal correlations of the form q’(x;)q’(x2),
where x; and x; are the positions of two points within the domain. To obtain the equation governing the
evolution of this quantity, we proceed by multiplying equation (6.1), evaluated at point x;, by q(x»), and
then add its symmetric variant with the points x; and x;, reversed. After expanding all variables using (6.2)

and subtracting off equation (6.3) for the mean, we obtain

9
5,4 XD (x2) = q(x1) LIg(x2)] +q(x2) LIg(x1)] + l[axDNTax2). a1+ q)NTqx1), q(x)]|. (6.4)

Here, the first two (quadratic) terms on the right-hand side include second cumulants, however, we have
also introduced nonlocal cubic terms, i.e. third cumulants, defined in square brackets, which are unknown
quantities. In order to close the system of equations, it is customary to either parameterise these terms as
functions of the first two cumulants, or else to remove them from the system. This latter approach, typically
referred to as the cumulant expansion truncated at second order (CE2), is frequently adopted due to its

mathematical simplicity, leaving a pair of coupled equations for the first two cumulants.

Popular choices for the averaging operator include zonal and ensemble averages, with each leading
to distinct systems. An ensemble average permits the retention of non-zonal coherent structures, such as
zonons, which certainly has advantages in the study of zonal jet migration. The triad interactions that are
retained in this ensemble CE2 are analogous to those shown in Figures 3.1(a,b), along with the addition of

an extra type involving the interaction of two mean fields to produce another mean field, since the mean
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may contain non-zonal structures. Nevertheless, this system has four spatial dimensions (two dimensions
associated with each point in the second cumulants), which poses computational challenges (for further
details, see Allawala et al., 2020). On the other hand, zonal CE2, in which the averaging operator is a zonal
mean, alleviates this issue to a certain extent by reducing the dimension of the system in the zonal direction
by one. In this formulation, the second cumulant depends on the latitudes, y; and y,, of the two points in
addition to the difference between their longitudes, x = x, — xj, giving m = Q(x,Y1,Yy2), where Q
is the second cumulant. This approach utilises a quasilinear approximation in the sense that it permits the
eddy-mean flow interactions denoted by Figures 3.1(a,b) but neglects the eddy-eddy scattering interactions
associated with Figure 3.1(c) since the second order terms in equation (6.4) appear only in the zonal mean.
Wishing to maintain computational efficiency along with our continued investigation of the insights that can

be obtained from the quasilinear approximation, we proceed with the choice of a zonal averaging operator.

6.2.2 Cumulant expansion truncated at second order (CE2) model

Following the methodology of Srinivasan and Young (2012), we now apply this CE2 framework to our
study of zonal jet dynamics, described by the NL beta-plane vorticity equation,

I W0 B = £+ YL 6.5)

The streamfunction is decomposed using a standard Reynolds decomposition into its zonal mean component,
denoted by an overbar, and the fluctuations, or eddies, about the mean:

Y(xy,1) =gy, )+ ¢ (x,y,1), (6.6)

with corresponding decompositions of the other variables. Applying this decomposition to equation (6.5),

we derive respectively the evolution equations for the zonal mean flow and the eddy vorticity, given by:

o — o
E_vg _#U+VI1%U7 (67)
o y% N S A oy
T 92 S T A Al T A "=¢&- V2 )
ot ax ( )ax+ o 9y 0y o5 3y axé E—ul’ +v, V"¢ (6.8)

using the fact that £ = -0, U. It is helpful to apply the quasilinear approximation at this stage in order to
simplify the equations and the algebra. Consequently, we define the quantities inside the square brackets to
be zero, consistent with the removal of eddy-eddy interactions, leaving a quasilinear PDE given by

o o 2

= v 6.9
a " +L—— Ox =&-ul’ +v, V"L, (6.9)
where, for ease of notation, the Rayleigh-Kuo linear operator £ has been introduced:

2
L=UV? +,8—a (6.10)

Since our goal is the derivation of a set of coupled equations governing the low-order statistics of the

flow, we introduce some new notation in order to simplify our expressions and accommodate the evaluation
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of variables at different points within the domain. For shorthand, numerical subscripts shall denote the
particular point at which a variable is evaluated, i.e. ¢}, = {’(X,, ) and U, = U(yp, 1), or the particular point
on which an operator acts, i.e. V, = (dy,,0,,). In addition, the difference coordinates x and y shall refer to

the respective zonal and latitudinal differences between points:
X =Xx3—X, Yy=yr—yi. (6.11)

Within our system, the first cumulant is equal to the zonal mean flow, i.e. U(y, ), while the second cumulants

are given by the two-point, equal-time eddy vorticity or eddy streamfunction correlation functions

Zxyy) =48, (X, y1,y2.1) = W, (6.12)

where these in turn are related via the expression Z = V%V%‘P. Zonal averaging dictates that these second
cumulants are zonally homogeneous, ensuring, for example, that d,, = —d,, = d,. Meanwhile, the two-point,

two-time correlation function of the stochastic force, £(x, 1), is specified to be isotropic and homogeneous,
(X1, 1)E(X2,12) = E(r)é(t, — 1), (6.13)

where r = 1/x2 +y2. Provided we assume that the forcing is ergodic such that an ensemble average, (),
over multiple realisations is equivalent to an instantaneous zonal average, e, of a single realisation, then

(6.13) is equivalent to expression (3.18) in Chapter 3.

Using this notation, equation (6.7) for the mean flow contains an eddy momentum flux convergence

term which can be re-written in terms of the second cumulant as follows:

vl (.0 =105 +150)) o (6.14)
1=Y2=

=3 ((% V12Z+05,95°Z) | 1m0 (6.15)

y1=y2=y
= 1(V27 - 17)0:Z(0.y..0). 6.16)

Consequently, the evolution equation for the first cumulant becomes

ou o o 0Z "

Ez%(vz -V; )E(O,y,y,t)—,uU+vnﬁU. (6.17)

In order to derive an equation for the second cumulant, we multiply equation (6.8), evaluated at point x1,
by £} and symmetrise by adding this to the expression obtained when the points are reversed. The previous
removal of quadratic terms ensures that the resultant equation contains no cubic terms, or third cumulants.
After some algebra, and noting that £, = UnVﬁ +(B— (95” U,), this becomes

0Z
— +

o (szﬁl—viziz)aa—z |68+ 561 |- 2wZ +via (V" +V5") Z. (6.18)

~=
Here, we can make use of a property that arises due to the fact that the forcing is delta-correlated in time.

As shown in Appendix B.4, this permits the terms highlighted in square brackets to be simplified using

{&+86 =8, (6.19)
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in which case the evolution equation for the second cumulant becomes

0
0z + (Vl_2£1 V2L,

0Z
ot )

=E-2uZ+v (V1" +V3") Z. (6.20)
Equations (6.17) and (6.20) form a closed set of coupled equations governing the time evolution of the mean
flow and the two-point correlation function of the eddy field. This system is mathematically equivalent
to the QL model, provided that the ergodic assumption in expression (6.13) holds along with property
(6.19) which replaces the fluctuations in a single realisation of the eddy field with the statistical properties
of an infinite ensemble of eddy fields. In this sense, the CE2 system, which is deterministic since Z is
independent of time, governs the fluctuation-free dynamics of the statistical mean state, converting the QL

model from a single simulation into a predictive theory of turbulent dynamics.

We conclude this section with a couple of important properties of this system of equations. Firstly, it is
useful to observe that when = is defined to be statistically isotropic and homogeneous, a fixed point of the

CE2 equations is an isotropic and homogeneous solution with no zonal flow, satisfying the equations

Un(y) =0, (26 =7 (V}" + 3")) Zu(x.y1.42) = ECx.y1.92). (6.21)

This can be seen by virtue of the fact that a system that is symmetric with respect to X; < X, and in which
U(y) = 0 will remain so. The equation for the correlation function, Z, corresponding to this solution can

easily be inverted, where we deduce that the Fourier coefficients are given by

é:(kX’ kyl ’ kyz)

~ Kok k) = n me
Zhky,ky, ky,) 2/,(+Vn((k)26+k51) +(ki+k§z))

(6.22)

We note, therefore, that the notion of zonostrophic instability relates to the stability of this fixed point to

small inhomogeneous perturbations, leading to solutions in which U(y, ) # 0.

The second remark concerns the fact that the CE2 equations conserve quadratic quantities, including
the total kinetic energy per unit mass, £ = %(lVgﬁlz). Motivated by our subsequent numerical solution
of this system, it is useful to derive an expression for the energy in terms of known quantities, i.e. the
cumulants. This can be achieved by decomposing the streamfunction into its zonal mean and fluctuating

parts, = ¢+, and using the property that (ya)’) = 0, where (o) denotes a domain average:

S ERE)
—%((—) (5] ()]

1 R
+§<3y]8y2¢’1¢/2 x=0 >“<52§” ¥ x=0 >
y1=y2=y y1=y2=y
1 2
( )+ 5 (8,0,,%(0,5,y.1)) - 3 (ale(o, y.y.1)). (6.23)

It is also possible to deduce the corresponding contributions to E from the mean flow, Ez, and the eddy

+

field, Eg, (and hence the zmf index, Ez/FE), which are given respectively by

Ez=5(U?%), Eg = %<8y15y2‘1’(0,y,y,t)> - % (02%(0.y.p.1)). (6.24)

l\.)lr—‘
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6.3 Direct statistical simulations (DSS)

The CE2 system, comprising the pair of equations (6.17) and (6.20), is a form of direct statistical simulation
(DSS) that must be solved numerically. We begin with a discussion of the numerical algorithm and the
implementation of the forcing. This is followed by a comparison of the emergent properties of solutions

from the DNS (NL and QL models) and DSS systems as a numerical verification exercise.

6.3.1 Numerical formulation

The numerical solution of the CE2 equations is implemented analogously to that described for the DNS
models in Chapter 3. Specifically, we use a pseudo-spectral algorithm in which time integration is performed
in Fourier space using a second-order Runge-Kutta scheme whilst nonlinear terms are evaluated in physical
space. There is an important caveat, however, that is worth mentioning. DSS models are usually more
expensive computationally than equivalent DNS systems due to the fact that the cumulants may have higher
dimension than the original system. Sometimes referred to as the ‘curse of dimensionality’ (Bellman, 1957,
1961), this is certainly the case with our CE2 model, which has increased the original number of spatial
coordinates from two to three. Nevertheless, linearity in the zonal separation coordinate, x, permits the
zonal wavenumbers, k,, to be decoupled, whilst symmetry properties associated with the construction of

the cumulants ensure that we only need to solve for those zonal wavenumbers which are explicitly forced:
ky€{1,2,3,...,ks + 0k}. (6.25)

This reduces the system to a set of ky + ok pairs of equations governing the evolution of two latitudinal
coordinates, which is an enormous reduction in size, particularly when k¢ + 6k is not large. Further details
of the implementation of the numerical algorithm are presented in Appendix C.2.

(a) (b)

—ky 0 ky

Figure 6.1 Schematics showing (a) the DNS forcing distribution, £(x,), and (b) the DSS forcing distribution,
E(x,y1,y2), both in Fourier space. The distribution in (a) is mapped onto the (highlighted) surface k,, +4,, = 0in (b)
with all other values (pale shading) equal to zero. In both cases, only the yellow wavevectors are forced.
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The CE2 equations are forced using the statistical properties of an infinite ensemble of forcing fields
given by the isotropic and homogeneous two-point correlation function, =, in expression (3.18). For ease
of comparison with our results in Chapters 4 and 5, we specify = based upon the definition of £ used in our
DNS models. As discussed in Chapter 3, this equates to forcing only those wavevectors k = [k + k§ such
that |k — k| < 0k, with the exception of wavevectors of the form k = (0,k) and k = (k,0). In Fourier space,
this corresponds to a narrow annulus of wavevectors with thickness 20k, as illustrated using the schematic
in Figure 6.1(a). The corresponding correlation function, Z(x,y1,y), in the CE2 equations and its Fourier
transform, i(kx,ky1 ,ky,), are derived in Appendix B.3 and comprise a discretisation of (3.20). Given by

2ek> _ ~ 2ek2N3
E(y1.y2) = -7 Z oikex+hy +ky2y2)’ Bk, ky, s kyy) = /({ ,
k—k 1<k

(6.26)

where k,, +k,, =0 and k = , [k + kﬁi for i € {1,2}, this amounts to a projection of the two-dimensional
distribution in Figure 6.1(a) onto the surface k,, +k,, = 0 in three-dimensional Fourier space, as illustrated

in Figure 6.1(b), noting that the amplitudes of the forced (yellow) wavevectors are of course different.

We integrate the CE2 equations over a two-dimensional, doubly-periodic, square domain of size Lp
with correlation function variables given by (x,y1,y2) € [0,27Lp) X [0,27Lp) X [0,27Lp). Compared with
the solution of the DNS systems, it is necessary to use a coarser resolution for the CE2 model for reasons
of practicality. Consequently, we opt for a grid resolution of N = 128, which, due to a 2/3 dealiasing rule,
equates to a maximum allowed wavenumber of k., = 42. The time-step, At, is held fixed within each
simulation but varies between the simulations according to the parameters used. Values are up to five
times larger than DNS equivalents, typically lying in the range 0.01 < Ar < 0.05. As a verification, some
numerical integrations were repeated using smaller time-steps in order to check for convergence since
numerical stability was occasionally found to exist even when the solutions had not converged. This is
demonstrated in Figure 6.2, where the integration with the larger time step, Ar = 0.02, does not reproduce

the converged solution that was found when Af = 0.01 (shown) and Az = 0.005 (not shown).

Hyperviscosity parameters were selected using a similar procedure to that outlined in Chapter 3, where
we chose the same parameters (v, = 1 and n = 4) as those selected for the DNS models. Nevertheless, it
is important to stress that the effect of hyperviscosity is stronger at lower grid resolution than the values
reported in Chapter 3 when N = 256. Table 6.1 quantifies this effect when ks = 16 by computing average

values over a large number of NL, QL and CE2 simulations of the measured total kinetic energy as a

fraction of its ideal value, E?/E®  and equivalently for the Rhines scale, Lg})l /Lgil. When N = 128, we

0 25,000 50,000 75,000 100,000 0 25,000 50,000 75,000 100,000
¢ t

Figure 6.2 Time step dependence within the CE2 model. Latitude-time plots showing the time evolution of the zonal
mean zonal velocity, U(y,t), for parameters 8 = 0.3, u = 0.0005, € = 1073, kf =16, N =128, Rz = 2.36. The time
steps used in the numerical integration are indicated in the top-left corners, decreasing from left to right.
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NL model QL model NL model QL model CE2 model
(N =256) (N =256) (N =128) (N =128) (N =128)

EME®D 0.96 +0.04 0.96 +0.02 0.80+0.03 0.79 +0.06 0.77 £0.05
LY/LD  0.99+0.03  0.99+0.004 094001  094+0.02  0.940.01

Table 6.1 The effect of hyperviscosity on the measured total kinetic energy as a fraction of its ideal value, ENJE®D,
and the measured Rhines scale as a fraction of its ideal value, Lg})l /L;gl. Average values are computed for a large
number of simulations using the NL and QL models when N =256 and N = 128 and the CE2 model when N = 128.
Values represent the mean and standard deviations, computing using all numerical simulations in which k¢ = 16.

observe that just over 20% of the total energy that is injected into the system is lost to hyperviscosity,
equating to a 6% reduction in the corresponding Rhines scales. This can be compared with values of

approximately 4% and 1% respectively when N = 256, which is a noticeable difference.

In order to simulate an assortment of dynamical behaviours, we explore a broad range of parameters
covering a spectrum of Rhines wavenumbers in the range 0 < kg;, < 8 and zonostrophy parameters lying in
the interval 1 < Rg < 4. These regimes are achieved using many values of the background potential vorticity
gradient that lie in the range § € [0.1, 5], while the linear damping rate covers two orders of magnitude,
1 €[0.0001,0.01]. For simplicity, all remaining parameters are fixed. These include an energy injection
rate given by € = 1073, and a domain size, Lp, which is chosen to be unity in all simulations. In addition,
the forcing distribution, the choice of which is partially limited by the numerical resolution, is centred
around a mean radial wavenumber ky = 16 with annulus thickness 26k = 2.

All simulations were initialised with small-amplitude inhomogeneous perturbations to the mean flow,
U(y,0), to initiate zonostrophic instability while the second cumulant was initialised with Z(x,y1,y2,0) =0,
thereby ensuring that the initial kinetic energy is negligible. An example numerical integration showing the

spin-up of a simulation from the CE2 model is shown in Figure 6.3(a) in which the system equilibrates

(a)

EY

| | | | | | |
00 (0) 250 (0.38) 500 (0.75) 750 (1.13) 1000 (L.5) 1250 (1.88) 1500 (2.25) 1750 (2.63) 2000 O(3)
t (ut)

Figure 6.3 (a) Latitude-time plot showing the time evolution of the zonal mean zonal velocity field. The system
reaches a statistically steady state after about ¢t = 1,750. (b) The corresponding evolution of the total kinetic energy
E® (red), zonal mean kinetic energy E(Zr) (purple) and eddy kinetic energy EI({) (blue) plotted alongside zmf(¢) (grey
shading). The parameters used are: 8 = 3.4, u =0.0015, ¢ = 1073, kr=16, N =128, Rg = 2.28.
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after about # = 1,750 (ut = 2.63) with 5 jets. It was found that the time taken for the domain-averaged total
kinetic energy, represented by the red curve in Figure 6.3(b), to reach a steady state during the initial spin-up
period depends on the linear damping rate, u. Just as for the DNS models, this is usually achieved by
time ut = 2 — 3, after which the simulations were integrated for a long time (typically between 10 — 1000uz
depending on parameters) in order to capture the long-time behaviour of the solutions.

The decomposition of the kinetic energy into contributions from the mean flow, Ez, and the eddy
field, Er, computed using (6.24), are plotted in Figure 6.3(b) alongside the zmf index (grey shading).
Initially, the solution remains linearly stable, and therefore homogeneous, with all energy building up
in the eddy field, proportional to (6.22). After a critical threshold in Er has been reached, zonostrophic
instability occurs, where we suddenly observe the formation of 11 weak jets and a corresponding rise in
E7. Further increases in energy push the system away from the linear stability threshold, where nonlinear
effects become increasingly dominant. This permit a series of jet mergers to take place, each of which is
associated with a larger fraction of the total energy being temporarily redistributed into the mean flow, and
which ultimately lead to the equilibration of a statistically steady state. Just as for the DNS models, we

shall refer solely to the zmf index in future discussions of the partition of energy.

6.3.2 Numerical comparison between DNS and DSS models

Before we proceed to examine the nature of solutions that emerge from the CE2 model, we conclude this
section with a comparison between the numerical properties of solutions from DNS and DSS models.
A natural comparison that we wish to make lies between the QL and the CE2 models, both of which
are quasilinear in the sense that they neglect eddy-eddy interactions, however, we also choose to draw
comparisons with the NL model where appropriate. We have run a large number of 253 CE2 simulations
across a broad range of parameters such that the Rhines wavenumber lies in the range 0 < kg;, < 8 and the
zonostrophy parameter is in the interval 1 < Rg < 4. For direct comparison with the NL and QL models at
the same grid resolution, N = 128, and forcing wavenumber, ks = 16, we have also run a large number of

447 NL and 383 QL simulations across the same parameter ranges.
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Figure 6.4 The parameter space defined in terms of the ideal Rhines wavenumber, kg, along the horizontal axis
and the ideal zonostrophy parameter, Rg, along the vertical axis. The data includes (a) 447 NL simulations, (b) 383
QL simulations and (c) 253 CE2 simulations, each with resolution N = 128 and forcing wavenumber ks = 16. Each
point represents a single simulation that is coloured according to the average number of jets within the domain over
long-time averages, with non-integral numbers allowed for merging and nucleating behaviours.
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Figure 6.5 A comparison of zonal jet solutions between the NL, QL and CE2 models, shifted in latitude to give
the best agreement. Latitude-time plots of the time evolution of the zonal mean zonal velocity field for the (a) NL
model, (b) QL model, and (c) CE2 model. (d) The time-averaged jet velocity profiles, U(y), for the (red) NL model,
(green) QL model, and (blue) CE2 model. The parameters used in all simulations were: 8 = 3.5, u = 0.0015, £ = 107,
kf=16, N =128, Rg = 2.29.

We begin by visualising our simulations within a two-dimensional parameter space, defined in a similar
fashion to that in Chapter 4 using the Rhines wavenumber, kgj, and the zonostrophy parameter, Rg. Figures
6.4(a-c) show the broad range of simulations that we have run within the NL, QL and CE2 parameter spaces.
Each point corresponds to an individual simulation, positioned according to its ideal Rhines wavenumber
and zonostrophy parameter, and defined with a colour that represents the average number of jets within the
domain, computed over long-time averages. Those simulations in which the zonal mean flow did not reveal
the formation of jets are shown in black.

Reassuringly, our findings from the DNS models reproduce the results discussed in Section 4.3.1 at
different grid resolution, whilst the CE2 model shows good agreement with the QL model. As mentioned
previously, the NL model shows a clear transition at Rg = 1.5, above which the system shows evidence
of zonostrophy. On the other hand, both the QL and the CE2 models show evidence of zonostrophy and
zonostrophic instability when Rg < 1.5. In all three models the number of jets increases with kgj,, however,
it is interesting to observe that the CE2 model replicates the QL model’s tendency to over-estimate the
number of jets when Rg < 2. As mentioned previously, we believe that this is caused by the closer proximity
in this transitional regime to the zonostrophic instability threshold where the number of jets has been shown
to be determined by the most unstable linear mode (see Farrell and Ioannou, 2007).

In order to gain further insight into the data in Figure 6.4 and compare the nature of the solutions,
we have selected a single set of parameters, given by kg;, = 4.6 and Rg = 2.29, and have plotted the time-
evolution of the zonal mean zonal flow within each of the models in Figures 6.5(a-c). In all cases, four
coherent jets equilibrate, however, the randomly wandering behaviour captured in the DNS models is not
reproduced in the CE2 model, which instead captures the fluctuation-free dynamics of the statistical mean
state. The CE2 model does, however, reproduce the preferred pattern of jet spacings within the QL model,
which involves two pairs of closely spaced jets being separated by two broader westward flows. This can
also be seen in Figure 6.5(d) which shows the time-averaged jet velocity profiles, U(y), in each of the
systems. The green (QL) and blue (CE2) profiles show remarkable agreement, virtually coinciding with
one another. In addition, they are more strongly east-west symmetric than the red (NL) profile, in which
the eastward jets are noticeably sharper than the westward flows.

These observations suggest that there are considerable similarities between the mean states of the QL
and CE2 models. To quantify this degree of similarity, we consider all pairs of QL and CE2 simulations
that have been run using identical parameters, and we compare their statistical attributes. Focussing initially
on the average number of jets within the domain, we compute for each pair of simulations the difference
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Figure 6.6 A comparison between (a) the number of jets in the CE2 and QL models, kj(gEz) - kj(gL), and (b) the zmf

index in the CE2 and QL models, zmf(CE2) / zmf @) as a function of the Rhines wavenumber (horizontal axes) and
the zonostrophy parameter (colour). Histograms (grey) illustrate the frequencies. Comparisons are made between 131
QL and CE2 simulations with matching parameters. In each case, N = 128 and k7 = 16.

between the number of jets within the CE2 domain and the QL domain, which we denote kj(eCth) — kj(gL).

The results are plotted in Figure 6.6(a), where each point represents a single pair, coloured according to

their zonostrophy parameter. At first sight, there is a reasonable amount of spread either side of the line
K(CE2) _ QL)
jet jet

analysis reveals that, cumulatively, 41% of these pairs show identical numbers of jets in the domain, while

= 0 (corresponding to a one-to-one correlation). This is not quite true, however, since further

69% differ by at most 0.5 jets and 92% differ by at most one jet. We also find no strong evidence that the
CE2 model systematically overestimates or underestimates the number of jets within the QL model.
Another useful measure of comparison between the QL and CE2 models concerns the ratio of their zmf
indices, which we shall denote zmf®*? /zmf(?) | This is computed for each pair of simulations, with the
results plotted in Figure 6.6(b) using the same formatting as Figure 6.6(a). This time we do observe a small
systematic bias towards smaller zmf indices in the CE2 model compared with the QL model, represented
by the fact that most points lie below the line zmf®F? /zmf(Q) = 1. These differences are small, however,
with the average value of zmf(“E? /zmf?" being 0.94. In addition, the largest differences occur for either
low zonostrophy, when the zmf index is typically small, or low Rhines wavenumber, when domain size

limitations may play a role.

6.4 The zoology of CE2 beta-plane zonal jet dynamics

The solutions of the CE2 model exhibit a rich assortment of behaviours, despite the fact that the model
does not account for fluctuations in the forcing, in addition to the fact that coherent zonal structures such as
zonons are excluded. In this section we categorise and discuss the properties of the fundamental types of
solutions that are observed on the basis of the evolution of the zonal mean zonal velocity. We focus our
attention on the zonostrophic regime, given by Rg > 2, where the system is sufficiently well separated from
the zonostrophic instability threshold.

6.4.1 Fundamental types of solutions

We observe four distinct types of CE2 solutions in the latitude-time plots, illustrated in Figure 6.7. Firstly,
the jets are sometimes observed to be steady in space and time, indicated by a jet velocity profile that
at first glance is time independent. Upon closer inspection, these solutions are always associated with
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Figure 6.7 The zoology of zonal jet variability in the CE2 model. (a) Quasi-steady behaviour (parameters used:
B=0.7, u=0.001, = 1079, ky =16, N = 128, Rg = 2.16). (b) Merging behaviour (parameters used: g = 0.7,
u=0.0007, =103, kp =16, N =128, Rg = 2.36). (c) Migrating behaviour (parameters used: g = 3.2, u = 0.002,
=107, ks =16, N = 128, Rg = 2.11). (d) Periodic behaviour (parameters used: g = 3.7, u = 0.002, £ = 107,
k=16, N =128, Rg =2.14).

time-periodic latitudinal fluctuations that are most prominent in the westward jets but are typically small in
amplitude. An example simulation is shown in Figure 6.7(a), in which the inset shows an enlarged view of
one of the westward jets undergoing regular latitudinal oscillations with a well-defined temporal frequency.
We subsequently categorise these types of solutions as quasi-steady behaviour.

The second fundamental type of behaviour involves spontaneous transitions between integral numbers
of jets, such that the total number of jets in the domain reduces from n + 1 to n jets via the merging of two
neighbouring jets. An example simulation illustrating this behaviour is shown in Figure 6.7(b) in which
two jets merge to form a single jet. In contrast to the DNS models, the CE2 system does not permit new
jets to be generated (nucleated) after the initial linear instability of the homogeneous state has occurred.
These transitions, which we describe as merging behaviour, are the only mechanism by which the number
of jets can change, since the splitting or vanishing of jets is also prohibited.

It is interesting that the CE2 model does permit migrating behaviour that was observed to varying
degrees in the DNS systems, where the latitudinal symmetry is spontaneously broken and both northward
and southward directions of translation are equally probable. Figure 6.7(c) shows an example of a simulation
in which four jets are migrating north. Rather than being equally spaced and equally strong, a property of
the fast type of migration that was identified in Chapter 4, CE2 simulations always exhibit asymmetries in
their relative spacings. We shall discuss the phenomenon of zonal jet migration further in Section 6.6.

In addition to these three types of solutions, we also report the discovery of a new type of behaviour
within the CE2 model that is fundamentally unsteady. The jets are sometimes observed to undergo periodic
latitudinal displacements with low temporal frequency. An example is shown in Figure 6.7(d) in which the
temporal evolution of the relative spacings and positions of six jets displays a striking pattern. The jets are
not fixed in their positions relative to one another, but the pattern of displacements is cyclic in time, with a
periodicity of duration uf = 40 in this particular example that is found to be robust to changes in the length
of the time steps. We therefore choose to categorise these types of solutions as periodic behaviour.

It should be pointed out that these four types of behaviour form the building blocks of the possible
regimes within the CE2 model. Additional combinations also exist, for example, we observe the simul-
taneous occurrence of migrating and periodic behaviour. In addition, we wish to make the point that the
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Figure 6.8 (Top) A latitude-time plot of the time evolution of the zonal mean zonal velocity field and (Bottom) the
corresponding evolution of the zmf index, enlarged in the inset to highlight the time-dependence. The CE2 model
was used with parameters: 8 = 3.5, u =0.0015, ¢ = 1073, kr=16, N =128, Rg =2.29.

CE2 model reproduces the same types of jet spacings and strengths that are possible in the QL model. As
discussed in Chapter 4, these solutions are never observed to be fully symmetric (with the exclusion of the
single-jet state). In multiple-jet regimes, asymmetries are always present in jet strengths and/or jet spacings,

with the exception of very low zonostrophy simulations.

6.4.2 Time-dependency of CE2 solutions

An interesting property of CE2 solutions, partially alluded to in the descriptions of their fundamental types
of behaviour, and also in agreement with Marston et al. (2019), is the fact that they always exhibit time
dependency such that their numerical integration on a doubly-periodic domain never converges to a fixed
point. The nature of this time-dependency is sometimes manifest in obvious ways, such as those examples
illustrated in Figures 6.7(c,d), however, it is sometimes weak and much more subtle, as demonstrated by the
quasi-steady behaviour in Figure 6.7(a). A further example of this is presented in Figure 6.8, showing four
quasi-steady jets. The corresponding evolution of the zmf index reveals very small amplitude disturbances
oscillating with two different frequencies: a ‘fast’ frequency with period ut ~ 1 and a ‘slow’ frequency with
period ut ~ 40. It is not possible to generalise the nature of the time dependency across simulations; rather,
we comment that it is a fundamental property of solutions that can lead to some surprising transitions, as

we discuss in the next section.

6.5 Hysteresis, non-uniqueness and spontaneous regime transitions

The CE2 equations permit a surprisingly rich and complex array of behaviours beyond the classification
just outlined. In a similar fashion to that discussed in Chapter 4 in relation to the NL and QL models, the
nature of the CE2 solutions and the configurations of jets are not fully predictable based upon the system
parameters. In some instances, we observe dependencies on previous states of the system; in others, we
observe the existence of multiple stable attractors that arise from different initial conditions. In addition,
and quite surprisingly, the system also has the capacity to transition between these attractors. In this section,
we explore some of these complexities in order to delve deeper into the assessment of the capabilities of the
quasilinear approximation, in addition to investigating the impact that the removal of random fluctuations
in statistical models has on their ability to reproduce aspects of fully nonlinear behaviour.
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6.5.1 Hysteresis as 3 varies

Hysteresis behaviour is investigated in the CE2 model by linearly increasing or decreasing the value of 8 in
time over the range 0 < 8 < 5, ensuring that the rate of change of £ is significantly slower than other time
scales of motion within the system, whilst keeping all other parameters fixed. In a similar fashion to the
experiments conducted in Chapter 4, the simulations are spun-up prior to the commencement of changes in
B. Latitude-time plots showing the evolution of the zonal mean zonal velocity are presented in Figure 6.9
for both of these cases, with # = 0 denoting the time when 8 begins to change, not the initial spin-up time.
We note that the direction of time has been reversed in Figure 6.9(b) for ease of comparison.

As B increases, we see the initial formation of three jets at approximately S ~ 0.35, once the system
becomes zonostrophically unstable. No further jets form after this point, despite the decreasing Rhines
scale, resulting in a configuration in which three strong zonal jets are present when 8 = 5. In the reverse
experiment, we observe the initial formation of six jets, followed by a series of mergers as 8 decreases
towards zero. The consequence of this is that, at the most extreme discrepancy when 5 =5, we see a
difference of three jets between the two domains for the same set of external parameters. These results
arise due to the inability of the CE2 model to allow the generation, or nucleation, of jets after the initial
zonostrophic instability. Indeed, we noted in Chapter 4 that zonal jets in the DNS models have a stronger
propensity to merge (as 8 decreases) rather than nucleate (as 8 increases). It would seem that this property
is captured to the extreme by the CE2 system.

Aside from the hysteresis behaviour which permits the existence of different numbers of jets at any
particular value of 8, these experiments also demonstrate that the system has the capacity to transition
between migrating and non-migrating regimes as parameters are varied. This means that a symmetry
between the jet velocity profile and the eddy momentum flux convergence profile can be spontaneously
broken or restored. On a related note, the system also allows changes in the direction of migration, visible
for example in Figure 6.9(b) at about ¢ ~ 200,000, and also changes in the translation speed. These
transitions can occur over a variety of different time scales, both as § increases and decreases, and they
are not necessarily associated with merging events. We hypothesise that these properties arise due to the
persistent time-dependency of the CE2 solutions, where even weak fluctuations can generate substantial

time evolution in the configuration of the jets.
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Figure 6.9 Hysteresis observed as the parameter £ is linearly varied in time over the range 0 <8 <5 in the CE2
model. 3 is linearly increased in figure (a) and linearly decreased in figure (b), where the direction of time is reversed.
The parameters used in both plots were: y = 0.003, & = 1073, kp=16,N=128,0<Rg < 2.
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6.5.2 Existence of multiple stable attractors

It was demonstrated by Farrell and Ioannou (2007), and later proven by Parker and Krommes (2013),
that quasilinear statistical closure models exhibit non-unique solutions in terms of jet numbers, where the
number of jets in the statistically steady state depends on the initial conditions. Our simulations confirm
and go beyond this result, demonstrating that the type of behaviour associated with these jets is also
non-unique. To some degree, this is evident by the existence of zonal jet migration in the CE2 model,
where, by latitudinally reflecting the initial conditions about y = 0, we can obtain solutions exhibiting both
northward and southward directions of translation. We can also deduce, therefore, that the sum of these
initial conditions must give rise to a non-migrating state, which implies that the occurrence of jet migration
for a particular set of parameters must be associated with at least three possible solutions.

In order to further explore the existence of multiple stable attractors, we have initialised the CE2
equations with different sets of initial conditions, corresponding to different sets of initial perturbations to

the U(y) variable, for a given set of external parameters. Specifically, if these perturbations are given by

Uw,0)= > Ok, 00", (6.27)

kyl<kimax

with Fourier amplitudes U (ky,0) satisfying U (ky,0) = U *(=k,,0), then we have specified that U (ky,0) =
Aeing"y, where A € R is a small amplitude, Oky is a random number and n € N allows for variation between
initial conditions, in addition to acting as an index. Thus, initial conditions with n = 0 (i.e. real Fourier
coeflicients) give rise to a solution that is latitudinally-symmetric about y = 0 (and will never migrate),
while n = £1, n = £2, etc, (i.e. complex Fourier coefficients) correspond to pairs of solutions that are
latitudinally asymmetric about y = 0, where one solution is the mirror image of the other.

Figure 6.10 shows the results for n € {0, +1, +2} for a particular set of external parameters which are
held fixed. For initial conditions with n = 0, we observe a solution in which a configuration of six jets is
latitudinally symmetric about y = 0, n = £1 gives rise to solutions in which five jets migrate north or south,
while n = +2 shows solutions in which four jets migrate north or south, albeit at a slower speed and with a
different configuration of spacings and relative strengths. Whilst larger values of # did not reveal any new
regimes, these solutions may not be an exhaustive set. Interestingly, the n = 0 initial condition was highly
unstable in the numerical integration, where exponentially small numerical truncation errors grew in size
such that the system became asymmetric about y = 0. The only way to prevent this from occurring was to
numerically impose the symmetry at each time step. Nevertheless, these results clearly demonstrate the
existence of multiple stable attractors in the CE2 system, which may be related to the natural tendency of

fluctuating zonal jets in more complex systems to undergo spontaneous transitions between states.
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Figure 6.10 The existence of multiple stable attractors in the CE2 model. Each simulation was integrated forwards in
time with initial conditions satisfying (a) n =0, (b)yn=1, (c) n = -1, (d) n = 2, (e) n = —2. The parameters used in all
cases were: 8=3.7, u=0.002, ¢ = 1073, kr=16, N =128, Rg =2.14.
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6.5.3 The dynamics of unforced regime transitions

A particularly intriguing property of the CE2 equations that we wish to discuss is their capacity to transition
between different regimes in the absence of external influences, such as the variation in time of parameters.
This is a property that we believe to be another consequence of the persistent time-dependency of the
solutions. Rather than trying to establish an exhaustive list of transition types, we instead provide a couple
of examples which overlap with our previous discussions from the DNS models and which also offer the
potential for new insights into the properties of regime transitions.

One type of transition in the CE2 equations involves a reduction in the number of jets, i.e. merging
behaviour. An example of this transition is shown in Figure 6.11(a), in which the merged state, in this
particular case, involves a quasi-steady jet associated with small-amplitude fluctuations. The latitude-time
plot of the zonal mean zonal flow reveals that the transition is latitudinally asymmetric about the two
jets, just as we observed in the QL model in Chapter 4, providing further evidence that the quasilinear
approximation does not have the facility of capturing the north-south symmetry property of jet mergers in
the NL model. It does, however, reproduce the tendency of the merged state to be associated with a larger
zmf index, and also more clearly highlights the manner in which the zmf index temporarily drops prior to
the jets merging - a feature that was less easily distinguishable in the stochastic DNS systems. A second
type of transition permits the system to shift from one stable attractor to another, as exemplified in Figure
6.11(b). Here, we observe four migrating jets that gradually transition to a new state that is associated with
a slower speed of translation and a lower zmf index, thereby proving that the translation speed associated
with the slow type of migration is not unique for a given set of parameters and a given number of jets.

Both of these examples reveal very interesting patterns of evolution prior to the transition. In the case
of the merging behaviour, the jets gradually approach each other over a very long time scale of order 10uz.
The second transition, showing a change in translation speed, is preceded by an even longer time scale of
evolution of order 100uz, shown in the zmf index in the inset in Figure 6.11(b). This raises doubts about the
universality of the analogy of stochastically-driven transitions between multiple potential wells. It could be
argued, therefore, that regime transitions fall under two classes: fast transitions that are stochastically driven
and which occur spontaneously on time scales that are commensurate with the damping time scale, and
slow transitions that result from very long time scale evolutions of the system. Whilst the CE2 equations do

not have the capacity to capture the former type of transition, they are able to reproduce the latter.
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Figure 6.11 Unforced regime transitions in the CE2 model. (a) A pair of migrating jets merge to form a single
non-migrating jet (parameters: 8= 0.7, u = 0.0007, £ = 107>, kr =16, N =128, Rg = 2.36). (b) Four migrating jets
transition to a new speed of translation (parameters: §=4.2, u = 0.002, € = 1079, kf=16, N =128, Rg = 2.17).
Plotted are (top) latitude-time plots of the zonal mean zonal velocity, U(y, ), and (bottom) the evolution of the zmf
index, where we note that the total energy, E, remains constant in each case.
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6.6 A further look at zonal jet migration

In this final section, we take a closer look at the phenomenon of zonal jet migration which has been
observed in a significant number of CE2 simulations. As mentioned in Chapter 4, we identified two types
of migration in the NL model: fast migration, associated with symmetric jet configurations, and slow
migration, in which the jets organised themselves asymmetrically in terms of their relative spacings and
strengths. Both types existed in the NL model (and indeed the GQL models), where in Chapter 5 we
associated the fast type with the coexistence of long waves, or zonons. However, the QL model only
exhibited the slow type of migration, and very few robust examples were found. The CE2 system, therefore,
provides an ideal opportunity to learn more about this phenomenom in the context of a quasilinear system.

Whilst we do not observe any particular patterns of occurrence in parameter space, just as we did
for the fast type of migration in the NL model in Chapter 4, we do observe migration in many different
configurations of jets. Examples in which between one and four jets migrate north are presented in Figure
6.12, showing the zonal mean zonal flow evolution in addition to the jet velocity profiles and corresponding
eddy momentum flux convergence profiles. With the exception of the single jet regime, the multiple-jet
regimes all involve asymmetries in the jet spacings and, where possible, the jet strengths. These examples
are not exhaustive in terms of the possible jet configurations, but they do represent the generic properties.

In each of the multiple-jet regimes, there is a strong correlation between the velocity profiles and eddy
momentum flux convergence profiles, with very little latitudinal asymmetry visible about the jet cores and
no visible latitudinal offset between these profiles. This is in contrast to the stronger asymmetries associated
with the profiles of the fast type of jet migration, discussed in detail in Chapter 5. The exception here is the
single jet regime in Figure 6.12(a), where the eddy momentum flux convergence profile is slightly offset to
the north of the velocity profile, and both are strongly north-south asymmetric, with stronger forcing on the
northern jet flank. The reason for this difference is not clear.

These findings suggest, at least for the multiple-jet regimes, that the type of migration behaviour

observed in the CE2 model is predominantly associated with slower translation speeds, V, than the fast
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Figure 6.12 Zonal jet migration in the CE2 model. From left to right we show a latitude-time plot of the zonal
mean zonal velocity field U(y,?), the time-averaged jet velocity profile U(y) and the time-averaged eddy momentum
flux convergence v’’. (a) A single migrating jet with parameters 8 = 0.4, u = 0.0004, £ = 107>, k=16, N =128,
Rpg = 2.57; (b) Two migrating jets with parameters 8 = 3.0, u = 0.0015, & = 1079, kf=16, N =128, Rg = 2.26; (c)
Three migrating jets with parameters 8 = 2.3, = 0.0005, £ = 107, kr =16, N =128, Rg = 2.89; (d) Four migrating
jets with parameters 8 = 2.2, u=0.003, € = 1073, k=16, N =128, Rg=1.84.
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Figure 6.13 A comparison between jet translation speeds, V, for simulations run using the CE2 model (circles
coloured by kj.,) and the NL model (grey circles). (a) The translation speed plotted against uLgy, with the NL
relationship V' = 0.80uLg;, shown using a black line. (b) The translation speed plotted against (1Lgp)(LgiK jer), With
the NL relationship V' = (uLgy)(Lgnk jer) shown using a black line.

type of migration in the NL model. The natural way to test this hypothesis is to compare the translation
speed data from our CE2 simulations with the data that we analysed in Chapter 5 from the NL model.
Consequently, we have computed V for a selection of 53 CE2 simulations in which the solutions revealed
between one and six migrating jets. These data points are compared in Figure 6.13 with the two expressions,

V =~ 0.80uLgy and V ~ (ULgp) (Lrik jer), (6.28)

which were empirically derived in Chapter 5, relating the unique translation speeds associated with the fast
type of migration to the system parameters. Each point represents a single simulation, coloured according
to the number of jets within the domain. Those simulations from the NL model (with N = 256) are shown
in grey, and the black lines denote the respective scalings, indicated at the top of each plot.

In both plots, it is immediately apparent that virtually all multiple-jet (k.; > 2) data points from the CE2
simulations lie significantly below those from the NL model, with migration speeds being up to two orders
of magnitude slower than those predicted by expressions (6.28). In addition, the CE2 migration speeds are
not necessarily unique for a given set of parameters, as we demonstrated in Section 6.5, implying that they
are not linked to the external parameters. These findings indicate that the symmetry-breaking mechanism
that permits jet migration in the CE2 model, which may be associated with the slow type of migration that
was observed on a few occasions in the QL model, is different to that discussed in Chapter 5. Once again,
the exception lies with the single jet regimes, which do show a tendency to adhere to the fast migration
speeds, particularly when the second expression, V ~ (uLgy) (Lgpk jer), 18 used in Figure 6.13(b). This may
be related to the fact that single-jet configurations cannot exhibit asymmetries in the relative spacings or
strengths of jets - a property that was associated with the slow migration behaviour observed in the DNS
models. At the present time, these differences between single and multiple-jet regimes remain a mystery.

Nevertheless, these results serve to highlight that, at the most basic level, the phenomenon of zonal
jet migration does not require the co-existence of jets with long waves, or zonons, that arise in zonally
asymmetric systems, at least in second-order closure models. Whether or not fast and slow types of zonal jet
migration are distinct types of behaviour, or whether they lie on a spectrum, with the fast type of migration
sitting firmly at one extremum, is yet to be determined. It is clear, however, that zonons do play a role
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in organising the eddy field, along with the spatial distribution of the jets, in such a way that enhances
modes of variability such as migration. On the other hand, the slow type of migration, which appears in
quasilinear systems and therefore cannot depend on these zonons, is observed to be significantly less robust
in the DNS models than the CE2 model, where it occurs with reasonably high probability. We attribute
this to the fact that the organisational role played by the zonons is absent in the slow type (at least in the
quasilinear systems), therefore the jets are more easily disturbed by naturally occurring fluctuations in the
DNS systems. Whilst migrating states in the CE2 model do not require the additional organisational effect
of the zonons to be robust to the effects of fluctuations, their associated translation speeds are compromised

by the lack of this additional mechanism.

6.7 Discussion

Our focus in this chapter has been the continuation of our study of zonal jet variability using a form of DSS
known as CE2 that uses a second order closure scheme. The CE2 model encompasses a pair of relatively
simple deterministic equations governing the coupled evolution of the first two cumulants, notably the mean
and the two-point correlation function. The fact that it offers potentially simple solutions along with the
possibility for analytical exploration motivates the choice for going to this next order in model reduction.
By studying the capabilities and limitations of the CE2 equations, along with the direct comparison of
results from the DNS systems, we have sought new insights into the dynamical behaviours of zonal jets.

The CE2 equations, constructed using a zonal averaging operator in the definitions of the statistical
quantities, are mathematically equivalent to the QL model, with the additional assumption of ergodicity
and the replacement of a single realisation of the eddy field with its statistical properties. Thus, the CE2
model captures the fluctuation-free dynamics of the statistical mean state, leading to a predictive theory
of the turbulent dynamics. Encouragingly, we found good agreement between the numerical properties
of the QL and CE2 solutions, including the numbers of jets within the domain along with their various
configurations of spacings and strengths, which were always asymmetric.

In some sense, the CE2 solutions can be interpreted as being equivalent to the QL solutions, except
for the lack of random fluctuations that arise from the stochastic forcing. Indeed, they reproduce a rich
assortment of behaviours in the zonostrophic regime, including quasi-steady, merging and (slow) migration
behaviours, along with the existence of multiple stable attractors that arise from different initial conditions.
A crucial difference, however, is the observation that the CE2 model does not permit the nucleation of
new jets after the initial zonostrophic instability, which demonstrates that jet nucleations must arise from
stochastically-driven fluctuations. This naturally leads to hysteresis behaviour as parameters are varied and
bears some resemblance to the stronger propensity of jets to merge rather than nucleate in DNS systems.

An interesting property of the CE2 equations is the fact that they always exhibit time dependency,
suggesting that the idea of using the solutions from the CE2 model as a guide to the QL model is perhaps
misguided. This unsteadiness is manifest in different ways; sometimes it is very weak, whilst on other
occasions it gives rise to very low frequency periodic oscillations of the entire system of jets - a behaviour
that has no analogue in the DNS models. As a consequence, the CE2 equations have the capacity to permit
transitions between different attractors, despite the lack of random fluctuations, however, it is not clear
whether these transitions have any direct correspondence to those found in the DNS models. If they do, then
the fact that they are preceded by very slow time scales of evolution leads us to argue that regime transitions



118 Direct statistical simulation of zonal jet dynamics

in general can be categorised according to two different types: fast transitions that are stochastically driven,
and slow transitions that result from long time scale evolutions (and therefore do not conform to the analogy
of stochastic potential wells). The CE2 model captures the latter type, which includes merging behaviour,
but not the former, which includes nucleating behaviour.

We completed our study with a further investigation of the phenomenon of zonal jet migration in the
CE2 model. Analysis of a large number of simulations determined that jet migration in the CE2 system (at
least for multiple-jet regimes) corresponds to a slow and asymmetric type of migration that bears some
resemblance to that observed in the DNS models, including the QL model, although direct correspondence
is yet to be determined. Translation speeds were not found to be unique for a given set of parameters,
and they bore no correspondence with the speeds of the fast and symmetric type of migration discussed
in Chapter 5, being up to two orders of magnitude slower. Nevertheless, these results raise doubts about
the necessity of zonons for the existence of zonal jet migration behaviour, since the mechanism of zonon
generation is not accommodated in conventional second-order closure theories.

The source of the slow type of migration in the CE2 system, which requires that the velocity and eddy
momentum flux convergence profiles be appropriately organised, is not yet clear. It is conceivable that it
originates from fastest growing modes about the zonostrophic instability threshold that possess a non-zero
imaginary part, and are therefore latitudinally-unstable. Whilst the existence of such fastest growing modes
is yet to be determined, Ruiz et al. (2016) demonstrated that modes with a non-zero imaginary part exist for
a simpler forcing distribution, but made no reference to whether these modes were the fastest growing ones
(a key point when considering zonostrophic instability). For these reasons, it would be interesting if jet
migration could be demonstrated close to marginal stability, but the behaviour has so far only been observed
far from the stability threshold at larger zonostrophy. Whatever the mechanism, it is clear, however, that the
existence of zonons enhances the phenomenon of zonal jet migration due to their organisational role of the
eddy field. This concludes our study of the dynamics of beta-plane turbulence, leaving open the additional

question regarding the role that zonons play in other types of zonal jet variability.



Chapter 7

Introduction to stratified turbulence

7.1 Motivation

Geophysical and astrophysical fluid flows are strongly influenced and characterised by the effects of
important ingredients such as rotation and stratification. In this second part of the thesis, we turn our
attention towards this latter effect, meaning that there is a vertical gradient in the background equilibrium
fluid density. Statically stable stratified flows, where the background density gradient decreases (at least
on average) upwards in a gravitational field, are ubiquitous. Geophysical examples include planetary
atmospheres, oceans and lakes, while such flows also occur on astrophysical scales in stellar interiors.

A key physical process in stratified flows is the effect of a restoring buoyancy force which induces
internal wave motions when fluid parcels are vertically perturbed from their equilibrium position. Fur-
thermore, such naturally occurring flows are rarely at rest, therefore it is generic that the fluid will also
have a spatially and temporally varying background velocity distribution that is expected to interact with
the stratification. In many cases, the flow becomes turbulent due to dynamical instabilities, leading to the
phenomenom of stratified turbulence, a term that was coined by Lilly (1983) to describe three-dimensional
turbulence where motion in the vertical is constrained by stable stratification.

This interaction between turbulence and stratification is a major source of vertical transport in geophys-
ical flows (Ferrari and Wunsch, 2009; Ivey et al., 2008) as well as stellar interiors (Spiegel and Zahn, 1992;
Zahn, 1974, 1992). In the geophysical literature, stratified turbulence exhibits a wide range of dynamical,
and often counter-intuitive, behaviours, not least because it leads to complex, and still controversial,
irreversible energetic exchange pathways between the kinetic, potential and internal energy reservoirs.
Understanding and modelling these pathways, in particular the efficiency of mixing (associated with the
irreversible conversion of Kinetic energy into potential energy) is of great importance for the large-scale
descriptions of geophysical flows, such as weather forecasts, ocean circulation simulation or indeed climate
models, as well as astrophysical flows that regulate stellar evolution. Nevertheless, small-scale mixing
processes, which play a significant role in the large-scale transport of angular momentum and chemical
elements, cannot be directly resolved in GCMs and stellar evolution models. Understanding their properties
is therefore crucial for the development of appropriate parameterisations.

In this chapter, we first describe the current understanding of stratified turbulence in geophysical flows,
in which the diffusivities of heat and momentum are commensurate. This is followed by an explanation as
to why these results are not directly applicable in the limit of strong thermal diffusion (which applies to

astrophysical flows such as stellar interiors) and therefore why they need to be revisited.
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7.2 Stratified turbulence in geophysical flows

7.2.1 A framework of idealised models of stratified flows

In the context of stratified flows, there has been a substantial amount of research examining the transition
to turbulence, and its subsequent properties (including turbulent mixing) with a focus on the relevance
to atmospheric and oceanic flows (see e.g. Ivey et al., 2008). The simplest idealised (yet commonly
considered) situation incorporates three fundamental modelling assumptions. These stipulate that the
fluid velocity is incompressible, i.e. V-u = 0, that the density differences within the flow are sufficiently
small such that the Boussinesq approximation applies, and that the density variations within the fluid are
associated with a single stratifying agent, avoiding the occurrence of double diffusive phenomena. As we

shall explain, this gives rise to a system that can be described by the set of equations

9 1
M w-Vut —Vp=wWlu+ag(T -Toe, +F, (7.1)
ot £0
T
or +u-VT = kV?T, (1.2)
ot
Vou=0, (7.3)

where u is a three-dimensional velocity field, T is the temperature field and F is a body force. Without loss

of generality, the density field, p, may be assumed to be a function of temperature, T, alone, such that

(b=po) _
PO

—a(T -Ty), (7.4)

where pg and Ty are reference densities and temperatures and « is the thermal expansion coefficient. This
implies that, since the temperature satisfies the advection-diffusion equation (7.2), the density fluctuations
must also satisfy the same equation.

Both irreversible mixing and turbulent viscous dissipation, leading respectively to irreversible changes
in the potential and internal energy of the flow, rely inherently on the action of diffusive processes. Under the
three simplifying assumptions described above, the stratified fluid under consideration is asssociated with
two relevant diffusivities: the kinematic viscosity, v, quantifying the diffusivity of momentum in equation
(7.1), and «, quantifying the diffusivity of density in equation (7.2). Together with these diffusivities, there
are at least three additional dimensional parameters required to describe a stratified flow. These include a
characteristic velocity scale, U, a characteristic length scale, L., and a characteristic buoyancy frequency,

N,, associated with the background buoyancy frequency profile, Ny(z), which is defined as

g dpp _ dT}
—_ = ag—

Ni(z)=- .
b(Z) po dz g dz

(7.5)
Here, g is the acceleration due to gravity, and pj, and T, are background profiles of density and temperature,
respectively. We note that the Boussinesq approximation requires that the total variation of a background
scalar quantity g,(z) satisfies the condition L.|dg/dz| < qo.

This idealised system can be described by a set of three non-dimensional parameters. Natural choices
include a Reynolds number, Re, quantifying the relative magnitude of inertia to momentum diffusion by
viscosity, a Péclet number, Pe, quantifying the relative magnitude of inertia to the diffusion of the density,
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and a Froude number, Fr, quantifying the relative magnitude of the inertia to the stratification. In terms of

the original parameters, these are constructed as

Re

U.L U.L U
= << < (7.6)
v

Pe= —““=PrRe, and Fr= s
K N.L.

where Pr = v/« is the Prandtl number. For consistency with the existing literature, we note that for vertically
sheared flows, the Froude number is related to a bulk Richardson number, Ri, as
NZ2L2
Ri=—£=Fr7, (1.7)
Uz
where the limit Ri < 1 implies that stratification effects are unimportant. We also note that we have
restricted our attention to a regime where the scales of motion are sufficiently small and fast such that the

effects of rotation can be ignored, otherwise an additional parameter is necessary.

7.2.2 Stratified turbulence and general scaling arguments

Before proceeding, it is helpful to briefly review some concepts from the theory of three-dimensional
turbulence, which behaves in a profoundly different way from that in two-dimensions, largely due to the
presence of vortex stretching mechanisms. According to the spectral theory of Kolmogorov (1941), energy
and enstrophy both cascade from large scales down to small scales, where they are ultimately dissipated by
viscosity. The theory considers an isotropic, homogeneous (and unstratified) fluid that is stirred at scales
that are sufficiently larger than the dissipation scale, such that there exist a range of intermediate scales
which are effectively independent from the details of the forcing or dissipation, i.e. the locality hypothesis.
If we consider that the rate of production of energy due to the stirring is given by &, then in a steady state,
this should also equal the rate of cascade of energy from large to small scales, in addition to the rate at
which energy is dissipated by viscous processes. Consequently, on the grounds of dimensional arguments,
Kolmogorov (1941) predicted an inertial range on the assumption that the energy spectrum should depend
only on the local isotropic wavenumber, k = (k2 + k; + kzz)l/ 2, and the energy cascade rate, &. The associated

energy spectrum, &(k), for wavenumbers smaller than the forcing scale was predicted to be
Ek) = Ke* Pk, (7.8)

where K is a constant; this is the famous ‘Kolmogorov -5/3 spectrum’.

The presence of stratification, however, constrains vertical motions due to the buoyancy force, which
induces anisotropy into the system, analogously to the S-effect in two-dimensional turbulence. The seminal
papers by Dougherty (1961) and Ozmidov (1965) suggested that there exists a length scale constructed
from & and the characteristic buoyancy frequency, N, that should define the largest scale that can remain

isotropic in the presence of stratification. This is the well-known Ozmidov scale,

Lo = (%)1/2, (7.9)

which is also thought to be associated with the maximum length scale at which eddies can overturn before
being inhibited by buoyancy. Another important length scale, known as the Kolmogorov scale, is associated
with the smallest size of turbulent eddies. This emerges by equating the dissipation time scale due to
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-1 2/3

viscosity, 7, = k~2v~!, with the eddy turnover time, 7, = £~!/3k~2/3, giving

V3 1/4
L, = (—) , (7.10)
E

where L, = k;!. This is the only length scale that can be deduced from & and the kinematic viscosity, v.
Using these scales, a common approach to assessing the importance of turbulence in stratified flows is

to consider a dimensionless quantity which is derived from their ratio:

4/3
LO &
Rep, =|— =— 7.11
ep (Ly) N (7.11)

This is known as the buoyancy Reynolds number, and acts as a measure of the isotropic cascade range.

7.2.3 Towards an understanding of the sustainment of stratified turbulence

Atmospheric and oceanic flows are often very strongly stratified, as discussed in detail in Riley and Lelong
(2000) and Brethouwer et al. (2007), in the specific sense that if both L. and U, are identified with typical
scales of horizontal motions, then Fr < 1 (or equivalently, Ri > 1). Given that a necessary condition for
a vertically-sheared flow to overcome the tendency to remain stratified, and thus transition to turbulence,
requires Ri < O(1), this would imply that such flows remain laminar. On the contrary, turbulence is observed
in the atmosphere and the ocean, at least in spatio-temporally varying patches (Portwood et al., 2016),
which has profound implications for understanding the dynamics of stratified flows.

In a bid towards understanding the dynamics of strongly stratified turbulent flows, Brethouwer et al.
(2007), following Billant and Chomaz (2001), demonstrated that when both Re > 1 and Fr <« 1, several
different flow regimes are possible. Each regime can be understood as a distinct dominant balance between
various terms in the Navier-Stokes equations, dependent on their relative sizes. Of central significance
to these balances, however, are two additional geophysically-motivated parameter choices. The first is
motivated by the expectation (and empirical observation) that strong stratification leads to anisotropy in the
flow, so that the characteristic vertical length scales, L,, are expected to be very different from characteristic
horizontal length scales, L, = L.. The second relies on the fact that the Prandtl number is of order unity or
larger in geophysical flows, with Pr ~ O(1) for gases and Pr ~ O(10) for fresh water.

With these two further choices, Brethouwer et al. (2007) discussed three particular regimes which we
shall proceed to describe. The first, which was originally considered by Lilly (1983) and later discussed
by Riley and Lelong (2000), considers the limit in which L,/L. > Fr while L,/L. > Re™ /2, Together
with the original assumption that Re > 1 and Fr < 1, these scalings imply that all terms involving vertical
derivatives are insignificant in the Navier-Stokes equations, and so the governing equations reduce to the
evolution equations for an incompressible and inviscid two-dimensional horizontal velocity field, uy,(x,y,1).
Furthermore, since Pr > O(1), the diffusive terms in the density equation can also be ignored, and quasi-two
dimensional (although possibly layerwise) flow evolution is expected in this regime.

The other two regimes discussed in detail by Brethouwer et al. (2007) exploit the insight of Billant
and Chomaz (2001) that the vertical length scale should not be externally imposed, but should emerge as a
property of the flow dynamics. In that respect, a key parameter is the buoyancy Reynolds number, defined
here as Re;, = ReFr?, noting that & = U2 /L, in expression (7.11). When Re;, < O(1), a viscously-affected
regime is expected, where horizontal advection is balanced by viscous diffusion, specifically associated
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with vertical shearing. This regime, which is much more likely to be relevant in experiments or simulations
rather than in geophysical applications, has L,/L. ~ Re~'/2, and does not exhibit a conventional turbulent
cascade, but rather exhibits the effects of viscosity (and density diffusion) even at large horizontal scales.
Conversely, Brethouwer et al. (2007) showed that when Rep, > 1, viscous effects (and density diffusion)
are insignificant and the remaining terms (including the advection by the vertical velocity) become self-
similar with respect to zN./U,, with z being the vertical coordinate aligned with gravity. This suggests
strongly that L, ~ U./N,, or equivalently that the Froude number based on the vertical scale L,, defined as

U

Fr,= ——,
LN,

(7.12)
should be of order one, so L, < L.. Such a vertical layer scale has been commonly observed in a wide
variety of sufficiently high Reynolds number stratified flows (e.g Billant and Chomaz, 2000; Brethouwer
et al., 2007; Godeferd and Staquet, 2003; Holford and Linden, 1999; Lucas et al., 2017; Oglethorpe et al.,
2013; Park et al., 1994; Zhou and Diamessis, 2019) and appears to be a generic property of high Re; and
high Pr stratified turbulence. This regime is characterised not only by anisotropic length scales but also by
anisotropy in the velocity field, and hence the associated turbulence, leading Falder et al. (2016) to refer to
this flow regime as the ‘layered anisotropic stratified turbulence’ (LAST) regime.

The vertical layering on the scale L, is key to understanding how turbulence can be maintained in the
LAST regime despite the fact that Fr < 1. Indeed, these ‘layers’ in the density distribution consist of
relatively weakly stratified wider regions separated by relatively thinner ‘interfaces’ with substantially
enhanced density gradient. As such, local values of the buoyancy frequency can vary widely from the
characteristic value N.. When the local vertical shear is sufficiently strong compared to the local density

gradient, then the gradient Richardson number Ri,, which is defined as

Ri. = —9_0ploz

i,= — , (7.13)
I Po |(9uh/o'?z|2

can drop to values low enough for shear instabilities to be able to develop. If, in addition, the Reynolds
number is sufficiently large for inertial effects to be dominant, this allows for the possibility of turbulence
through the breakdown of shear instabilities, albeit with both spatial and temporal intermittency.

It is crucial to appreciate that this LAST regime relies inherently on the assumption that Pr > O(1),
since high Reynolds number then implies high Péclet number (i.e. weak thermal diffusion), so localised
turbulent events can erode the stratification and in turn participate in the formation or maintenance of the
layers. Whilst these assumptions are appropriate for the atmosphere and the ocean, they certainly do not
apply in the astrophysical context, where Pr < 1 (see Section 7.3). As we proceed to demonstrate, density
layering is prohibited in that case, suggesting that LAST dynamics cannot occur. This raises the interesting

question of whether analogous or fundamentally different regimes exist when Pr <« 1.

7.3 Stratified shear instabilities in astrophysical flows

Whilst turbulent mixing in geophysical (atmospheric and oceanic) GCMs has received much attention, it is
usually either neglected or poorly parameterised in stellar evolution models. However, there is growing
theoretical and observational evidence that such mixing is present and can affect the life cycle of a star,
participating in the transport of both angular momentum and chemical elements. Inspired by the work
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Figure 7.1 The Sun’s differential rotation, adapted from Schou et al. (1998). Colours represent the inferred rotation
period in units of days, computed from 144 days of observations. The radiative zone rotates with approximately
uniform angular velocity, while the angular velocity in the convective zone increases from the poles to the equator.
This gives rise to an abrupt transition between these zones, known as the solar tachocline, which is characterised by
both horizontal and vertical shear.

of Jean-Paul Zahn (Zahn, 1974, 1992), shear instabilities are conjectured to provide one such source of
turbulent mixing in stars, with the origin of the shear attributed to the star’s differential rotation. Indeed,
the advent of helio- and astero-seismology have enabled the internal structure of the sun and Red Giant
Branch (RGB) stars to be probed, revealing, for example, the existence of a solar tachocline (see Figure
7.1) which constitutes an abrupt transition between the differentially rotating outer convection zone and
the uniformly rotating radiative inner zone. This region is associated with both strong radial (vertical) and

horizontal shear, and it is also stably (and strongly) stratified.

When modelling astrophysical fluids, it is important to note that several key differences exist between
these flows and their geophysical counterparts. For example, the fluid from which stars are made is a plasma
comprised of photons, ions, and free electrons, giving rise to a Prandtl number which is much smaller
than one, ranging between 10~ and 107 in typical stellar radiative zones (see Garaud et al., 2015b). The
microphysical explanation for this difference is that heat can be transported by photons efficiently while
momentum transport usually requires collisions between ions (which comprise most of the mass), so v <
and therefore Pr <« 1. This crucially introduces the possibility of a new regime of flow dynamics where

Re > 1 while Pe = PrRe <« 1, which is never realised in geophysical flows.

Another key difference is that astrophysical fluids are also not incompressible. However, under a set
of assumptions that are almost always satisfied sufficiently far below the surface of stars, the Spiegel-
Veronis-Boussinesq approximation (Spiegel and Veronis, 1960) can be used to reduce the governing
equations to a form that is almost equivalent to that used for geophysical flows. In particular, V-u ~ 0,
(0—po)/po =~ —a(T —T)y), and the temperature equation (7.2) becomes

oT
2w T+ =T, (7.14)
ot cp

where c), is the specific heat at constant pressure. In comparison with (7.2), the new term wg/c, accounts
for compressional heating (or cooling) as the parcel of fluid contracts (or expands) to adjust to the ambient
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pressure as it moves downwards (or upwards) in a gravitational field. As a result, the background buoyancy
frequency profile, Np(z), is modified from expression (7.5) to incorporate this new term,
Ty g

d
Nl%(Z) = a’g(d—z + C—), (715)
p

from which a new characteristic buoyancy frequency, N., can be defined.

Due to these properties, there exist a couple of important consequences which are relevant to the study
of stratified turbulence in astrophysical flows. Firstly, as previously mentioned, thermal dissipation greatly
mitigates and modifies the effect of stratification in comparison to flows with Pr > O(1). In particular, as
demonstrated by Lignieres (1999) (see also Spiegel, 1962; Thual, 1992), a dominant balance emerges in

the temperature equation whereby

dT,
w(—b+i) ~ kV2T, (7.16)
dz ¢

(at least to leading order in Pe~!), showing that temperature fluctuations and vertical velocity fluctuations
are slaved to one another. Mass conservation, combined with appropriate boundary conditions, then
generally implies that the horizontal average of T should be zero. Physically, this implies that due to the
very rapid diffusion of the temperature fluctuations (and hence density), these perturbations cannot modify
the background state. Thus, density layering is inhibited which means that the local buoyancy frequency

remains close to the background value, Ny(z), everywhere.

Another important consequence is that the Péclet and Froude (or Richardson) numbers are no longer
independent control parameters for the system dynamics, but always appear together as Pe/Fr? or RiPe
(Lignieres, 1999). Zahn (1974) argued that, as a result, the threshold for vertical shear instability should be
RiPe < Re/Re. where Re, is the critical Reynolds number for instability in unstratified, unbounded shear
flows. This criterion, which is now commonly written as Ri Pr < Kz, was recently confirmed using direct
numerical simulations, giving Kz ~ 0.007 (see Garaud et al., 2017; Prat et al., 2016; Prat and Lignicres,
2013, 2014). With the aforementioned estimates for Pr, we see that shear-induced turbulence in low Pe
vertical shear flows is therefore likely for Ri up to O(10?) or higher. On the other hand, for astrophysical
flows with Ri Pr > Kz, or for horizontally-sheared flows, one may naturally ask whether any pathway to

turbulence exists, since the density layering that is central to the LAST regime is not possible here.

We conclude this section with a review of the most commonly used model of shear-induced mixing in
stars, proposed by Zahn (1992), who considered successively both vertically-sheared flows and horizontally-
sheared flows. For a vertically-sheared flow with a characteristic shearing rate S ., he argued, based on
work by Townsend (1958) and Dudis (1974), that the largest unstable vertical scale in the flow would
satisfy RiPe; ~ O(1), where Ri = Nf. /S 3 and Pe,; = S .I2/k is an eddy-scale Péclet number. This defines the

characteristic Zahn scale, Iz, as

Scl% K KSC
Ri ~0(1 Iz ~ ~ 1= 7.17
i— H = Iz */Risc N2 (7.17)

from which he proposed a simple expression for a turbulent diffusion coefficient on dimensional grounds:

K
Dy ~ S oI5 ~ 7 (7.18)



126 Introduction to stratified turbulence

The relevance of the Zahn scale to the dynamics of low Péclet number stratified turbulence in vertically-
sheared flows was confirmed by Garaud et al. (2017) using direct numerical simulations. They also verified
the applicability of the turbulent diffusion coefficient (7.18), provided that [z is much smaller than the
domain scale, and Ri Pr < Kz (see also Prat et al., 2016; Prat and Lignieres, 2013, 2014).

In the horizontally-sheared case, Zahn (1992) postulated (following an argument attributed to Schatzman
and Baglin, 1991), that while the turbulence would be mostly two-dimensional on the large scales owing
to the strong stratification, it could become three-dimensional below a scale L. where thermal dissipation
becomes important. By definition, this is the Zahn scale, given by (7.17), where S, = U./L. (and U, is the
characteristic velocity of eddies on scale L.). Since Pr < 1, this scale is also unaffected by viscosity, so
one would expect a turbulent cascade with a well-defined kinetic energy transfer rate of order U?2/L.. If, in
addition, dissipative irreversible conversions into the potential energy reservoir (associated with mixing)

are negligible, then & = U2 /L., where & is the viscous energy dissipation rate. Solving for L. and U, yields

kel/3\*"® 3
LC~( N2 ) and U~ L., (7.19)

from which a turbulent diffusion coeflicient can then be constructed as

KE

Do ~ UcLe ~ N_Cz (7.20)

These scalings for low Péclet (and Prandtl) number horizontal shear instabilities have never been verified.

7.4 Research questions

Understanding the pathways and transition to turbulence in stars is of central importance in the development
of stellar evolution models. Due to the presence of strong radial and horizontal differential rotation, shear
instabilities are thought to play a significant role, however, the majority of theoretical studies have focussed
purely on the effect of vertical shear. The fact that vertical shear instabilities directly generate vertical fluid
motion makes them natural choices as a source of vertical mixing, nevertheless, they do have a tendency to
be suppressed by stratification (Garaud et al., 2015a). This study aims to address these ideas for the case of
stratified horizontal shear instabilities, where we aim to test the Zahn (1992) model. In addition, we are
also interested in testing the assumption that all energy dissipation is exclusively viscous, since there is
growing evidence (Garanaik and Venayagamoorthy, 2019; Maffioli et al., 2016) for geophysical flows with
Pr > O(1) that non-trivial irreversible mixing converting kinetic energy into potential energy continues to
occur even in the limit Fr — 0 of extremely strong stratification.

In Chapter 8 we study the simplest possible model of a stratified horizontal shear flow, focussing on the
limit of strong thermal diffusion, or equivalently, small Péclet number. This limit is motivated by the fact
that whilst Re is very large in stars such that the global-scale Péclet number is large, there must necessarily
exist a length scale, L., below which the flow behaves diffusively (Zahn, 1992), and for which the limit
is relevant. In addition, studying high Pe flows with Pr < 1 is numerically challenging since it requires
large values of Re. Thus, understanding the behaviour of low Pe flows is a first step towards this more
challenging goal, and may provide a way of creating a model for mixing at small scales. Consequently, we
seek to identify separate dynamical regimes along with a set of scaling laws that explain the numerical data.



Chapter 8

The dynamics of stratified horizontal shear
flows at low Péclet number

8.1 Introduction

In this Chapter, following the hypothesis of Zahn (1992), we explore the contribution of horizontal shear
instabilities to turbulent mixing processes in stellar interiors. This study, which was initiated as a project at
the Woods Hole Oceanographic Institute GFD summer programme in 2018, has recently been published
(Cope et al., 2020). After presenting the model set-up, we begin by summarising the results of a linear
stability analysis of the problem, where we seek to identify possible mechanisms for the transition to
turbulence in the limit of strong thermal diffusion. The subsequent nonlinear evolution is studied numerically
using direct numerical simulations, allowing for the identification of separate dynamical regimes, each with
their own characteristic properties. These are then systematically reviewed, where we study the dominant

balances for each regime and derive pertinent scaling laws that are then compared with the numerical data.

8.2 Mathematical formulation

8.2.1 Mathematical model

Seeking the simplest possible model, and neglecting the effects of rotation and magnetism, we consider
an incompressible, body-forced, stably stratified flow with streamwise velocity field aligned with the
x-axis. In accordance with the Spiegel-Veronis-Boussinesq approximation (Spiegel and Veronis, 1960),
we assume that the basic state comprises a linearised temperature distribution, 7(z), given by T(z) =
To +z(dTp/dz), where Ty is a reference temperature, along with a body-forced laminar velocity field,
uz(y). The total temperature field, T, includes perturbations 7”(x, y, z, ) away from the basic state such that
T =Tp(z)+T'(x,y,z,1). As discussed in Chapter 7, the density fluctuations, p’, and temperature fluctuations,
T’, are related by the linearised equation of state
p_’ =—aT’, 8.1
PO
where py is a reference density and a = —pal(ap/ 0T) is the coefficient of thermal expansion. The three-

dimensional velocity field is given by u(x,y,z,7) = ue, +ve, +we,. For numerical efficiency and mathemati-
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A

Figure 8.1 Schematics of the basic state set-up showing (a) the linearised background temperature distribution 75(z)
and (b) the laminar Kolmogorov velocity profile uz (y) driven by a monochromatic sinusoidal body force.

cal simplicity, we impose triply-periodic boundary conditions on the body force, F, and the variables 7" and
u such that (x,y,z) € [0,L,) X [0,L,) x [0, L;). A suitable candidate for the applied force is a monochromatic

sinusoidal forcing with spanwise wavenumber k, = 1 driving a horizontal Kolmogorov flow,

F o sin(ZLﬂ)ex. (8.2)
y
This choice of forcing is computationally straightforward to implement and was selected following the
work of Lucas et al. (2017), who studied horizontally-sheared stratified flows in the geophysical regime
with Pr = 1. Monochromatic Kolmogorov forcing was also used by Balmforth and Young (2002) to study
vertically-sheared stratified flows at high Pr, and by Garaud et al. (2015a) and Garaud and Kulenthirarajah
(2016) for vertically-sheared stratified flows at low Pr (and in the low Pe limit). It has the advantage of
being linearly unstable, in contrast with other setups such as the shearing box that only have finite amplitude

instabilities. Figure 8.1 illustrates the basic laminar state in this idealised system.

As discussed in Chapter 7, astrophysical flows are not incompressible, however, under the Spiegel-
Veronis-Boussinesq approximation (Spiegel and Veronis, 1960), the governing equations can be reduced to
a form that is virtually equivalent to that used for geophysical systems. For our model setup, these are:

P 1 2
M - Vu+ —Vp=»Wla+agT'e, +ysin| =L ]e,, (8.3)
ot £0 L,
oT’ dT,
VT rw|EL L) =iy, (8.4)
ot dz ¢
Vou=0, (8.5)

where v is the kinematic viscosity, « is the thermal diffusivity, y is the forcing amplitude, p is the pressure,
cp is the specific heat at constant pressure and gravity g acts in the negative z-direction. In this study, we
specify that L, = L, while L, may vary continuously such that the aspect ratio of the domain is given by
A=L,/L,. The case A > 1 corresponds to domains which are longer in the streamwise direction.
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8.2.2 Non-dimensionalisation and model parameters

It is helpful to simplify equations (8.3)-(8.5) by non-dimensionalising the variables. In equilibrium, we
anticipate a balance between the body force and fluid inertia such that u-Vu ~ ysin (Zny/ Ly) e, in the
streamwise direction. For a characteristic length scale L,/2r, this gives a characteristic velocity scale
\/m and a characteristic time scale \/L,/Tn)( Combined with the vertical temperature gradient scale,
dTy,/dz+g/cp, we choose to use the equivalent non-dimensionalisation as in Lucas et al. (2017) to give the

following system of equations, in which all quantities are non-dimensional:

9 1
M 4-Vu+Vp= —V2u+BTe, +sin(y)e,, (8.6)
ot Re
/+u VI 4w = —— V27 (8.7)
ot = RePr ’ '
V-u=0. (8.8)

Consequently, there are three non-dimensional numbers, given by the Reynolds number, Re, the buoyancy
parameter, B, and the Prandtl number, Pr, which determine the dynamics of the system:

Re :=

ﬂ(Ly)% . W9WTyldzrg/eply _ NiLy

%
— , Pr.=—. 8.9
2w d K (8.9)

v 2ry 2my

Here, N, is the dimensional buoyancy frequency defined in expression (7.15), which is now constant by
construction. Note that the buoyancy parameter, B, is related to the Froude number, Fr, as

B=Fr2. (8.10)

It is also convenient to introduce the Péclet number, Pe, which in this system is defined as

Pe := RePr=—|— (8.11)
2r

3
W (L)}

. .
Both sets of parameters, (Re, B, Pr) or (Re, B, Pe), uniquely define the system and will be used in-
terchangeably throughout this study. In all that follows, the domain is a cuboid such that (x,y,z) €
[0,2712) X [0,27) X [0, 277), and variables p, T’ and u have triply-periodic boundary conditions. This system,

defined by equations (8.6), (8.7) and (8.8), will henceforth be referred to as the standard system of equations.

8.2.3 Low-Péclet number approximation

As discussed in Chapter 7, when the thermal diffusion timescale is much shorter than the advective
timescale, a quasi-static regime is established where temperature fluctuations are slaved to the vertical
velocity field. Motivated by astrophysical applications, we consider the standard set of equations (8.6)-(8.8)
in the asymptotic limit of low Péclet number (LPN). This limit was studied by Spiegel (1962) and Thual
(1992) in the context of thermal convection, and more recently by Lignieres (1999) in the context of
stably stratified flows. Lignieres proposed that the standard equations can be approximated by a reduced
set of equations called the low-Péclet number equations (LPN equations hereafter), in which the density
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fluctuations are slaved to the vertical velocity field:

P |
M u-Vu+Vp=—V2u+BT'e, +sin(y)e,, (8.12)
ot Re
L vep 0 (8.13)
w—— =0, .
Pe
Vou=0. (8.14)

These can be derived by assuming a regular asymptotic expansion of 7”7 in powers of the small parameter
Pe,ie. T'=T[+T|Pe+ O(Pé?), and by assuming that the velocity field is of order unity. At lowest order
(Pe™1), we get VzTé =0, implying that 7 = 0 is required to satisfy the boundary conditions, while at the
next order (Pe?), the equations yield w = V2 T~ Pe”'V2T as required.

Noting that (8.13) can be re-written as 7" = PeV 2w, we derive the reduced set of LPN equations:

P 1
a_lzl +u-Vu+Vp = == V2u+ BPeV we, +sin(y)e, (8.15)
e

V-u=0. (8.16)

These equations explicitly demonstrate that under the LPN approximation (and in contrast to the standard
equations), there are only two non-dimensional parameters governing the flow dynamics, notably the
Reynolds number, Re, and the product of the buoyancy parameter and the Péclet number, BPe = PeFr~>.
This combined parameter, which we consider to be a measure of the stratification, can take any value (even
for small Péclet numbers) because B can be arbitrarily large, or equivalently Fr can be arbitrarily small, as
the stratification becomes strong.

There are advantages to studying the LPN equations rather than the standard equations. For example,
this reduced set of equations allows for the derivation of mathematical results such as an energy stability
threshold that explicitly depends on BPe (see Garaud et al., 2015a). Throughout this study, we will discuss
both systems of equations, verifying the validity of the LPN equations where possible.

8.3 Linear stability analysis of a horizontal shear flow

In this section, we catry out a linear stability analysis of both the standard set of equations and the reduced
set of LPN equations, where we seek to demonstrate the instability properties in the LPN limit, in addition

to verifying the validity of the LPN equations.

8.3.1 Standard equations

With initial focus on the standard set of equations (8.6)-(8.8), we begin by considering the stability of
a laminar flow to infinitesimal perturbations. The background flow u;(y), which satisfies the equation

Re~'V?u; +sin(y)e, = 0, has amplitude Re and is given by the expression
u;(y) = Resin(y)e,. (8.17)

Note that if one wishes to consider a basic state with generic amplitude aRe instead of Re, it is straightfor-
ward to apply a rescaling using the method described in Appendix E. For small perturbations u’(x,y,z,1)
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away from this laminar flow, i.e. letting u = uy(y) +u’(x,y,z,1), the linearised perturbation equations are

/ ou’ 1
+ Recos(y)'e, + Resin(y) - + Vp = —V2u’ + BT e, (8.18)
ot Ox Re
/ oT’ |
+Resi +uw = ——V2T’ 8.19
ot esin(y) ox " T RePr ’ (8.19)
Vu' = 0. (8.20)

In this set of partial differential equations, the coefficients are periodic in y but independent of x, z and ¢.

Consequently, and in the conventional fashion, we consider normal mode disturbances of the form
q(x,y,z.1) = gy)e -+, 8.21)

where g € (u’,v',w’,T’, p), o is the growth rate of the disturbance and k, and k, are the perturbation
wavenumbers in the x and z-directions respectively. Note that the geometry of the model