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Abstract

A significant degree of uncertainty is associated with interannual sea sur-
face height (SSH) forecasts. This thesis investigates the physical origins
of this uncertainty, by examining the contributions of atmospherically-
modulated and ocean intrinsic processes to interannual SSH dynamics and
its associated interannual predictability. The analysis is based on several
numerical simulations at eddy-permitting resolution, ranging in complex-
ity from barotropic and baroclinic models, with idealised geometries and
forcings, to a state-of-the-art coupled climate model. Using the output of
these various simulations, I diagnosed the relevant dynamical responses of
sea level variability and statistically estimated the associated predictabil-
ity timescales. The three main results can be summarized as follows. (1)
New insights into the mechanisms by which eddy-fluxes of momentum and
buoyancy, in mid-latitude jet regions, act to modulate interannual intrinsic
ocean variability. This includes the identification of interannual equato-
ward migrations of anomalous baroclinic eddy-driven jets arising due to a
meridional asymmetry in the Eady growth rate. (2) In idealised models,
the components of SSH variability associated with the intrinsic dynamical
mechanisms related to eddy momentum fluxes only display predictability
on sub-annual timescales. However, the aforementioned buoyancy-driven
mechanism introduces multi-year predictability. (3) In the coupled cli-
mate model, the dynamical response to external forcing, modulated by
modes of atmospheric variability, is shown to be predictable on interannual
timescales (1-2 years) and contributes to predictable SSH signals along the
US east coast and in the vicinity of the Gulf Stream. This demonstrates
that the chaotic variability introduced by mesoscale eddies does not com-
pletely obscure signals of interannual SSH predictability. These results
highlight the importance of ocean-atmosphere interactions in interannual
SSH forecasts, and demonstrate the relevance of mesoscale eddies in mod-
ulating interannual variability in mid-latitude ocean jets.
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lies taken at the latitude (d) coinciding with the time-mean jet position
(Section 1) and (e) in the gyre interior (Section 2) marked in Figure
3.2 b. The dashed red lines show the 95%-confidence intervals of the
power spectra, calculated using an inverse chi-squared distribution. . 61

4.2 (a) The cumulative percentage of variance explained by the leading 100
EOFs. (b-c) The leading two EOFs of SSH, the quantity in brackets
corresponds to the fraction of the variance each explains. Time series of
the jet’s: (d) meridional position and (e) zonal transport. (f-g) Power
spectra of the first two principal components. The cross-correlations
of: (h) the first principal component and the jet’s meridional position,
(i) the second principal component and the zonal velocity in the jet,
(j) the first and second principal components, (k) the jet’s meridional
position and the zonal velocity in the jet. The blue lines are the upper
and lower 95% confidence bounds for a normal distribution, N(0,1/L)
with a standard deviation of 1/

√
(L), where L is the number of time

means used in the analysis. . . . . . . . . . . . . . . . . . . . . . . . 63
4.3 Time periods of ultra-idealised barotropic Rossby wave basin modes

as a function of the integer number N , calculated using equations 2.10
and 4.2, for several different velocities of the zonal mean flow, U (m/s).
Only time periods of westward propagating waves are shown. . . . . 65

4.4 Composite means, of the 5 day mean fields of: (a) SSH, (b) u and (c)
v taken when the jet is in a southward jet position, and (d) SSH (e)
u and (f) v when the jet is in a northward jet position. Meridional
(zonal) averages of the composites of, (g) SSH, (h) u and (i) v, ((j)
SSH, (k) u and (l) v) at both northward and southward jet positions.
The black and grey contours in panels b and c (panels e and f), are
5cm contours of SSH taken in the southward (northward) jet positions. 67

4.5 Composite means, of the 5-day mean fields of: (a) SSH, (b) u and (c)
v taken when the jet is in a strong state, and (d) SSH (e) u and (f)
v when the jet is in a weak state. Meridional (zonal) averages of the
composites of, (g) SSH, (h) u and (i) v, ((j) SSH, (k) u and (l) v) at
both strong and weak jet states. . . . . . . . . . . . . . . . . . . . . . 68



List of Figures vii

4.6 Averages of the zonal [meridional] momentum equation in the (a)[(c)]
meridional and (b)[(d)] zonal directions. The dashed (solid) lines indi-
cate when the jet is shifted northward (southward). . . . . . . . . . . 70

4.7 a) Averages of the zonal [meridional] momentum equation in the (a)[(c)]
meridional and (b)[(d)] zonal directions.The dashed (solid) lines indi-
cate when the jet transport is strong (weak). . . . . . . . . . . . . . 71

4.8 Composite means of the (a)[(b)] eddy potential vorticity forcing, (e)[(f)]
eddy tendencies in the zonal momentum equation, (i)[(j)] eddy tenden-
cies in the meridional momentum equation, when the jet is in a north-
ward [southward] jet position. Meridional [zonal] averages of the dis-
played composites of (c)[(d)] eddy potential vorticity forcing, (g)[(h)]
eddy tendencies in the zonal momentum equation, (k)[(l)] eddy ten-
dencies in the meridional momentum equation. The grey contours are
20cm contours of SSH. . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.9 Composite means of the (a)[(b)] eddy potential vorticity forcing, (e)[(f)]
eddy tendencies in the zonal momentum equation, (i)[(j)] eddy tenden-
cies in the meridional momentum equation, when the jet is in a strong
[weak] transport state. Meridional [zonal] averages of the displayed
composites of (c)[(d)] eddy potential vorticity forcing, (g)[(h)] eddy
tendencies in the zonal momentum equation, (k)[(l)] eddy tendencies
in the meridional momentum equation. The grey contours are 20cm
contours of SSH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.10 Time mean (a) zonal velocity [m/s] and (b) SSH [m]. (c) Standard
deviation of SSH [m] (composed from 10-day time means). Time mean
(d) meridional velocity [m/s] and (e) Temperature [C◦]. Velocity com-
ponents and temperature are computed at a depth of 150m. . . . . . 76

4.11 Time series created using 80 years of SSH anomaly data taken at loca-
tions: (a) A, (c) B, (e) C, (g) D marked in Figure 4.10a. Power spectra
of the time series at the locations marked: (b) A, (d) B, (f) C, (h) D.
The dashed red lines show the 95%-confidence intervals calculated us-
ing an inverse chi-squared distribution. . . . . . . . . . . . . . . . . . 77

4.12 (a) The percentage of variance explained by each of the EOFs. The (b)
first, (c) second and (d) third EOFs of SSH. The power spectra of the
(e) first, (f) second and (g) third principal components. The dashed
red lines show the 95%-confidence intervals calculated using an inverse
chi-squared distribution. . . . . . . . . . . . . . . . . . . . . . . . . . 78
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Chapter 1

Introduction

Global mean sea level is estimated to be rising at a rate of 3.2± 0.4 mm year−1, and

this rate has increased significantly since 1900 (Fig. 1.1 and Church and White, 2011).

The impact of global sea level rise on coastal regions promises to be a major challenge

in the 21st century (Church et al., 2010). This threat is particularly significant when

one considers the large global populations that are already vulnerable to coastal

flooding and those that are projected to be at risk. By 2080, up to an additional

50 million people per year will experience coastal flooding (Nicholls, 2004). The

predicted economic implications of such flooding are considerable; without adaption,

the annual losses due to coastal flooding in 2100 are expected to be 0.3-9.3% of the

global gross domestic product (Hinkel et al., 2014). Such losses are unlikely to be

tolerated, but the costs of adaption are also substantial, with estimated global annual

costs of coastal protection in 2100 of 12-71 billion US dollars (Hinkel et al., 2014).

Global sea level rise over the past century is primarily due to a combination of

thermal expansion and glacial melting (Fig. 1.2). However, future changes in sea level

are not projected to be uniform over the globe (Fig. 1.3a), as regional sea level trends

can be several orders of magnitude larger than the global mean value, and can even

be of a different sign (Stammer et al., 2013). These regional differences are due to

variations in ocean currents, surface winds, ocean heat uptake and salinity (Sterlini

et al., 2016). At the end of the 21st century, sea level rise in some coastal regions

around the North Atlantic Ocean, is expected to be 30% higher than the global mean

1
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Figure 1.1: Estimates of global average sea level: firstly, generated with coastal and
island tide gauge sea-level data from 1860-2009 (blue) with the one standard deviation
uncertainty shaded, and secondly, the estimates from Church and White (2006), again
estimated using tide gauge data (red) with the one standard deviation uncertainty
in dashed. The satellite altimetry measurements since 1993 are also shown in black
(Figure from Church and White, 2011).

(Slangen et al., 2014). This variation is already noticeable along the US east coast,

where the current rate of sea level rise is larger than the global mean rate (Yin et al.,

2009; Sallenger et al., 2012).

There is still a considerable amount of uncertainty associated with regional sea

level changes on interannual (timescales> 1 year and< 10 years) to decadal timescales

(> 10 years). This is demonstrated in Figure 1.3b, which shows that current climate

simulations have a large spread in their sea level projections, particularly in the North

Atlantic. This uncertainty is related to a combination of both the climate system’s

natural variability, and its response to anthropogenic forcings. Moreover, there are

additional uncertainties which are not taken into account for in current projections,

as many climate models incorporate low resolution ocean models and therefore don’t
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Figure 1.2: Estimates of the contributions of different terms to the rate of global mean
sea level rise. The blue values are for all the contributions from 1961-2003, whereas
the brown values are from 1993-2003. The bars represent the 90% error range (Figure
from Bindoff et al., 2007).

include the effects related to mesoscale eddies. Over the next few decades, it is likely

that the uncertainty in regional sea level change will be dominated by variations

caused by natural climate variability (Hu and Deser, 2013). Therefore, further re-

search is required to potentially constrain such uncertainty. Moreover, futher work

is needed to improve our understanding of interannual sea level predictability (the

extent to which future states of a system may be predicted based on knowledge of

current and past states of the system (AMS, 2012)).

1.1 Sea Surface Height Variability

Sea surface height (SSH) is influenced by numerous forcings, dynamical processes and

displays complex spatial and temporal variability. A simple framework based on the

hydrostatic and Boussinesq approximations, can be used to identify the mechanisms

responsible for variations in SSH. Following Gill and Niller (1973), sea level anomalies,
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Figure 1.3: a) The ensemble mean projections of the time averaged dynamic and steric
sea level changes (the figure includes the globally averaged steric sea level increase
of 0.18± 0.05m), for 2081–2100 relative to 1986–2005, from 21 Coupled Model Inter-
comparison Project Phase 5 (CMIP5) models using Representative Concentration
Pathways (RCP) 4.5; b) the root mean square deviation of the individual models,
relative to the ensemble mean (Figure from Church et al., 2013).

η′ can be expressed as the sum of three terms,

η′ = η′a + η′b + η′s = − p′a
gρ0

+
p′b
gρ0

− 1

ρ0

∫ 0

−H
ρ′(T, S, p)dz, (1.1)

where z is depth, p′b is the anomalous pressure at the bottom of the ocean (z = −H),

p′a is the anomalous atmospheric surface pressure (at z = η), g is the acceleration due

to gravity, ρ0 the reference density and ρ′(T, S, p) is the density deviation from the

reference density, which is a function of temperature T , salinity S and pressure p. The

three terms on the right-hand side of equation 1.1, are the barometric term η′a = − p′a
gρ0

,

the water density related steric term, η′s = − 1
ρ0

∫ 0

−H ρ
′(T, S, p)dz and η′b =

p′b
gρ0

, which

depends on bottom pressure and gravity.
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The barometric term is related to changes in the atmospheric pressure. This

effect is not considered in this thesis, as this response is isostatic on interannual

timescales (Meyssignac et al., 2017). The contribution from the bottom pressure

arises due to water mass redistribution, in response to changes in the atmospheric

forcings (Meyssignac et al., 2017). This is the dominant component of SSH variability

on short timescales (periods <1 month). However on interannual timescales, it is

generally smaller than the variations due to density changes (Meyssignac et al., 2017).

The steric component arises due to variations in buoyancy forcing at the ocean’s

surface and the redistribution of salinity and heat by ocean processes (advection and

mixing) in response to variations in the external wind forcings (Meyssignac et al.,

2017). Density changes that result from thermal expansion are called thermosteric,

and those that are due to variations in the salinity of the water are termed halosteric

(Church et al., 2010). Globally, the thermosteric component is the primary driver for

the observed trends in regional sea level patterns, shown in Fig. 1.3a (Lombard et al.,

2005; Cazenave and Llovel, 2010). The halosteric component has a more modest

impact on such trends; however, it can be significant in specific regions, including the

North Atlantic (Gregory and Lowe, 2000; Bouttes et al., 2013; Church et al., 2013).

The thermosteric component is the most significant contributor to interannual steric

SSH variability, and over most of the ocean is dominated by changes in buoyancy

fluxes and heat advection.

1.2 Interannual Variability of Sea Surface Height

in the North Atlantic

In the North Atlantic, the SSH adjusts on interannual timescales in response to both

the applied atmospheric forcings (wind stress and buoyancy forcings), and the varia-

tions due to intrinsic ocean processes (that are generated in the absence of variability

in the atmospheric forcings). Within the North Atlantic the relative contributions
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of the different forcings and adjustment processes, to the interannual variability, are

regionally dependent (Cabanes et al., 2006).

Many dynamical mechanisms drive the oceans adjustment to changes in the wind

forcing on interannual timescales. These include wind stress curl anomalies acting

locally on the ocean through Ekman transport and adjusting both the height of the

thermocline and the sea level. Moreover, it is the wind forcing which drives the large-

scale ocean gyres, and therefore variations in the wind stress could cause large-scale

SSH adjustments (Cabanes et al., 2006). In the North Atlantic, the adjustments

related to changes in the wind forcings are also seen to be correlated with the largest

mode of atmospheric variability, the North Atlantic Oscillation (NAO) (Häkkinen

et al., 2011). However, it is uncertain how important such correlations are as others

have argued that much of the interannual SSH variability is set by the baroclinic

response to stochastic wind forcing, and is less dependent on the low-frequency modes

of atmospheric variability (Frankignoul et al., 1997).

In large parts of the North Atlantic, the adjustments of steric SSH to surface heat

fluxes, is the largest contributor to interannual SSH variability(Cabanes et al., 2006).

The forcing provided by freshwater fluxes also merits consideration due to the recent

sizeable freshwater influx from Greenland. This could potentially have a substantial

effect on North Atlantic steric SSH variability (Bamber et al., 2012). In the North

West Atlantic interannual SSH variability is thought to be primarily buoyancy driven,

and possibly related to fluctuations in the Atlantic meridional overturning circulation

(AMOC) (Roberts et al., 2016).

Intrinsic nonlinear ocean variability may also play a crucial role in driving inter-

annual variability. This effect is particularly relevant in eddy active regions, where

instabilities generate mesoscale eddies on scales of 10-100km. These eddies can inter-

act with the mean flow to drive variability on interannual timescales. Penduff et al.

(2011) demonstrated in a series of Ocean General Circulation Model (OGCM) exper-

iments, that intrinsic mechanisms contribute 60%-80% of the total interannual sea
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Dynamical mechanisms and components Driver Time scale References

Remotely forced baroclinic Rossby waves Wind Stress Months to decades
(Frankignoul et al., 1997)

(Cabanes et al., 2006)
(Qiu and Chen, 2006)

Boundary forced Rossby waves Perturbations at eastern boundary Months to decades
(Cabanes et al., 2006)
(Qiu and Chen, 2005)

Kelvin Waves Wind stress Months to years
(Enfield and Allen, 1980)
Forget and Ponte (2015)

Time dependent Sverdrup balance Zonal integral of wind stress curl Months to years
(Qiu, 2002)

(Stammer, 2008)
(Cabanes et al., 2006)

Steric (advection) Advection of temperature/salinity anomalies Years to decades
(Cabanes et al., 2006)

(Polkova and Stammer, 2015)

Buoyancy forced circulation changes
Heat and freshwater fluxes in regions
of water mass formation

Years to decades (Häkkinen et al., 2011)

Barotropic adjustments
Wind stress and mass fluxes,
steric changes over sloping topography

Days to years (Fukumori et al., 1998)

Locally forced Ekman pumping Local wind stress curl Months to years
(Häkkinen, 2001)

(Cabanes et al., 2006)
(Köhl, 2014)

Steric (local) Local air-sea buoyancy fluxes Months to decades
(Gill and Niller, 1973)
(Cabanes et al., 2006)

(Piecuch and Pontre, 2011)

Unforced (intrinsic) eddies Barotropic and baroclinic instability Days to years
(Cabanes et al., 2006)
(Sérazin et al., 2015)

Mixing Temperature and salinity gradients Years to decades (Piecuch and Pontre, 2011)

Table 1.1: Dynamical mechanisms and components which contribute to interannual
SSH variability, closely based on a table by Roberts et al. (2016).

level anomaly variance, along the path of the Gulf Stream and in the North Atlantic

subpolar gyre. Several other studies have looked at such variability in idealised eddy-

resolving models (Spall, 1996; Dijkstra and Ghil, 2005; Berloff et al., 2007). However,

it is still uncertain which timescales of the intrinsically generated variability are pre-

dictable.

A summary of the processes and drivers, which are known to contribute to the

variability of sea level on interannual timescales are detailed in Table 1.1. These

include: Rossby wave propagation, barotropic and baroclinic instabilities, ocean-

atmosphere interactions, topographic interactions and nonlinear eddy-mean flow in-

teractions (Pierini et al., 2014).

There are also other processes which influence SSH variability in the North At-

lantic, but which do not act on interannual timescales. For example, geodynamical
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effects are known to act on centennial timescales. Such effects occur when the earth

below-melting land ice, undergoes a deformational response, with an uplift in the near

field and subsidence in the far field, resulting in variations of the relative sea level

(Church et al., 2010). As the ice melts, there are also changes in the gravitational

attraction between the land ice and the sea (Cazenave and Llovel, 2010). The mag-

nitude of these effects are specific to each ice mass, therefore the resulting impact on

sea level has a distinct pattern (Mitrovica et al., 2009). Gravity and inertio-gravity

waves are not considered in this thesis because the frequencies on which they act are

deemed to be unimportant on interannual and decadal timescales.

1.3 Predictability of Interannual Sea Surface Height

Although the predictability of several oceanic fields in the North Atlantic has been

previously examined in the literature (Wunsch, 2013), few studies have investigated

the predictability of interannual SSH. Of those which have, many are global studies or

are focused in the Pacific (Xue and Leetmaa, 2000; Chowdhury et al., 2007; Qiu and

Chen, 2010; Wang et al., 2013). Only a few studies have addressed the predictability

of the aforementioned intrinsic variability, and it is still uncertain how this variability

impacts SSH predictability (Giannakis and Majda, 2012; Wang et al., 2013).

Studies by Nonaka et al. (2016) and Roberts et al. (2016) focused on interannual

SSH variability in eddy-resolving and eddy-permitting ocean models. Nonaka et al.

(2016) investigated the associated predictability of mid-latitude ocean currents, using

an ensemble of eddy-resolving (∼ 1/10◦) ocean general circulation model (OGCM) ex-

periments, finding a lack of predictability in the jet regions due to the contributions

from the mesoscale eddies. Roberts et al. (2016) examined interannual SSH pre-

dictability using the eddy-permitting (∼ 1/4◦), Hadley Centre Global Environment

Model version 3 (HadGEM3), and found predictive skill in tropics on timescales of

years, but again with a lack of skill in jet regions.
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Other studies, have used low resolution OGCMs (1◦-2◦) to investigate dynamic

and steric SSH predictability (Schneider and Griffies, 1999; Miles et al., 2014; Polkova

and Stammer, 2015). Polkova and Stammer (2015) found predictive skill in interan-

nual steric SSH predictions in the subtropics on 2-5 years. Such skill was related

to adjustments due to baroclinic Rossby waves. Skill was also found in the North

Atlantic subpolar gyre on timescales of 2-5 years, which was related to changes due

to movement of spiciness along isopycnals. Sea level predictability has also been di-

agnosed in models on longer timescales. Schneider and Griffies (1999) found SSH

predictability in the North Atlantic on times of up to 17 years, using an ensemble of

coupled climate model runs.

1.4 Thesis Aims

This thesis investigates the interannual variability and predictability of SSH anomalies

in the North Atlantic in the presence of eddies. A hierarchy of numerical simulations

and several different methods for evaluating predictability are used to examine the

dynamical mechanisms which influence interannual SSH predictability.

The specific aims of this thesis are:

• to examine the role of mesoscale eddies in driving interannual SSH

variability;

• to quantify the predictability of SSH due to the sensitivity in ocean

initial conditions and surface forcings in the presence of resolved ed-

dies;

• to investigate the relative contributions of the intrinsic and externally

forced SSH components, to both the total interannual SSH variability

and any associated predictability.

The thesis is organised as follows. Chapter 2 provides a discussion of the dynamical

mechanisms related to interannual SSH variability, and discusses the definitions and
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methods relevant to evaluating any related predictability. These include methods for

assessing predictability, related to both the initial and boundary conditions of the

different models considered. Chapter 3 introduces the idealized ocean-only models

and momentum budgets, which are used extensively in the results chapters.

Chapter 4 addresses the intrinsic variability present in both barotropic and baro-

clinic double gyre experiments. Interannual variability is found in the jet region in

the barotropic double gyre, and in all areas in the baroclinic experiment. In the

barotropic model, this variability corresponds to interannual variations in both the

jet position and transport. A momentum budget decomposition indicates the po-

tential for the eddies to control the latitudinal position of the jet. In the baroclinic

model, there is an interannual meridional migration of zonal velocity anomalies; the

migration is attributed to variations in the eddy heat fluxes.

Chapter 5 consists of an evaluation of predictability related to intrinsic mecha-

nisms, in the barotropic and baroclinic models. In both models, even though inter-

annual variability is present, the predictions only give skill on time scales of a month

to one year in most of the model’s domain. However, the meridional migrations of

the zonal velocity anomalies in the baroclinic model display predictability on longer

time scales (4-5 years). An investigation of the influences of variations in the exter-

nal atmospheric forcings on forecast skill, in the baroclinic double gyre model is also

presented. These experiments examine a relationship between the baroclinic pressure

gradients and SSH variability time in the jet. A short study is also performed which

probes the potential for a time-dependent Sverdrup balance to influence gyre scale

SSH predictability.

Chapter 6 examines the role of eddies on SSH predictability in a fully coupled

Atmosphere-Ocean Global Circulation Model (AOGCM). Forecasts of SSH are found

to be particularly sensitive to perturbations at the detachment point of the Gulf

Stream. Moreover, linear predictability occurs on timescales of 1-2 years. Large-scale

predictable components, which display predictability on times in the range of 26-28
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months are also presented. These SSH components are found to lag changes in the

wind stress by 15 months. Finally, Chapter 7 consists of a discussion of future work

and presents the conclusions of the thesis.



Chapter 2

Background and Theory

2.1 Ocean Dynamics

This section will briefly review the dynamical mechanisms which shape the mean SSH

field, as well as those relevant to generating interannual SSH variability (detailed in

Table 1.1). Based on the work discussed in Section 1.2, it is hypothesised that the

mechanisms of SSH variability can be broadly separated by both geographical regions

within the North Atlantic and driving mechanisms.

Firstly, I will discuss the processes which are responsible for large-scale mean SSH.

Secondly, the adjustments related to variations in the external wind and buoyancy

forcings are considered. Finally, as it is hypothesised that intrinsic ocean processes

will play a substantial role in the interannual variability in the Gulf Stream, the

relevant eddy-mean flow interactions will be reviewed.

2.1.1 Mean Sea Surface Height

Figure 2.1a shows the time-mean SSH in the North Atlantic from 21 years of satel-

lite altimeter data between 1 Jan 1993 – 31 May 2014 (AVISO, 2012). The major

features are wind-driven gyres, namely the Subpolar (northern and cyclonic) and the

Subtropical (southern and anticyclonic) gyres. The SSH gradients are related to the

underlying ocean currents; on timescales longer than several days and spatial scales

larger than several kilometers, the majority of the ocean, including the ocean gyres,

is to a good approximation in geostrophic balance (the Rossby number is sufficiently

12
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a) b)

c) d) Geostrophic zonal velocity [m/s]Geostrophic meridional velocity [m/s]

Figure 2.1: Values calculated from monthly averaged altimetry data (AVISO, 2012):
a) mean SSH, b) standard deviation of SSH, c) the mean meridional geostrophic
velocity, d) the mean zonal geostrophic velocity.

small). The horizontal geostrophic velocities are given as a balance of the pressure

gradient and the Coriolis force such that

vg =
1

fρ0

∂p

∂x
and ug = − 1

fρ0

∂p

∂y
, (2.1)

where x and y refer to distances directed eastward and northward in Cartesian co-

ordinates. The Coriolis parameter, f = 2Ωsin(φ) is approximated using the mid-

latitude beta plane approximation f(y) = f0 + βy, where f0 = 2Ωsin(φ0) and

β = 2(Ω/a)cosφ0, where φ is the latitude, φ0 is a chosen reference latitude, Ω is

the angular velocity of the Earth, and a is the radius of the Earth. These geostrophic

velocities can be related to the gradient of SSH through the hydrostatic approxima-
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tion,
∂p

∂z
= −gρ, (2.2)

where z is the vertical co-ordinate, resulting in,

vg =
g

f

∂η

∂x
and ug = − g

f

∂η

∂y
, (2.3)

where η is the SSH and g is gravity. Thus, another major feature of the mean field is

that the geostrophic flow, calculated from the time mean altimeter data, is intensified

along both the western boundary and Gulf Stream path (Figure 2.1, panels c and

d). The region with the largest SSH variability (Figure 2.1b) is also situated in the

western boundary current regions.

Figure 2.2: Sverdrup balance in the northern hemisphere, where westerlies and trade
winds generate Ekman pumping and suction which results in Sverdrup balance (Fig-
ure from Talley et al., 2011).

The large scale gyre structures were first explained by Sverdrup (1947), through

a consideration of the mid-ocean vorticity balance. The geostrophic equations (2.1),
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can be combined to give the vorticity equation (Talley et al., 2011):

f
(∂ug
∂x

+
∂vg
∂y

)
+ βvg = 0, (2.4)

then using the continuity equation,

∇ · u =
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (2.5)

where w is the vertical velocity, results in,

βvg = f
∂w

∂z
. (2.6)

Finally, by vertically integrating from the bottom of the ocean (assuming w is negli-

gible at the sea floor) to the surface (assuming the vertical velocity is due to Ekman

pumping/suction), we obtain

βVg = fwEk, (2.7)

where Vg is the vertically integrated meridional transport and the Ekman pumping

is,

wEk =

[
∂

∂x
(
τ y

ρf
)− ∂

∂y
(
τx

ρf
)

]
= ∇× τ

ρf
, (2.8)

where (τx, τ y) are the components of the surface wind stress, τ . This results in the

Sverdrup balance,

βVg = f∇× τ

ρf
, (2.9)

which is shown schematically in Figure 2.2. This balance relates the meridional

transport in the gyre interior to the wind stress curl. In the ocean interior, where the

inertial and frictional terms can be neglected there is a balance between the advection

of planetary vorticity and the input of vorticity by the curl of the wind stress.

Stommel (1948) and Munk (1950) proposed the first explanations of western inten-

sification which included frictional effects. As the ocean flow is bounded, dissipative

effects cannot be neglected, and therefore a boundary layer must be included. Only

at the western boundary is the creation of a frictional curl that opposes that of the

wind stress possible, therefore only a western boundary layer is physically realisable

(Vallis, 2006).
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2.1.2 Wind and Buoyancy Forced Sea Surface Height Vari-
ability

The external wind forcings can impact interannual SSH variability through several

mechanisms, detailed in Table 1.1. Wind stress curl anomalies can interact locally

with the ocean by establishing Ekman transports. Convergence and divergence of

the Ekman transports adjust both the height of the thermocline and the SSH, as

shown in Figure 2.2. Only a small proportion of interannual SSH variability can

be related directly to Ekman pumping, as a more substantial response is seen in

the oceans non-local adjustment to the wind (Cabanes et al., 2006). Variations in

the time-dependent barotropic Sverdrup balance can explain 20-50% of the observed

interannual variability in the North Atlantic, between latitudes of 40◦-50◦N (Cabanes

et al., 2006). This response is related to large-scale patterns of variability in the wind

stress curl, which correlate with low-frequency weather phenomena such as the NAO

(Cabanes et al., 2006; Häkkinen et al., 2011). Such SSH patterns can be attributed to

wind-driven variations, leading to changes in the relative strength of the subtropical

and subpolar gyres. The subtropical gyre is a region where interannual SSH variability

is primarily governed by changes in the wind-driven, surface momentum fluxes (Wang

et al., 2015; Roberts et al., 2016).

Interannual SSH variability is also dependent on variations in heat and freshwater

fluxes. In the east of the North Atlantic and in the subpolar gyre, interannual vari-

ability is dominated by the local adjustments to surface heat fluxes (Cabanes et al.,

2006; Wang et al., 2015). The steric components of SSH also adjust on interannual

timescales, to changes in the buoyancy forcings, both locally and through advection

(Cabanes et al., 2006; Köhl, 2014; Polkova and Stammer, 2015). In the North West

Atlantic, interannual SSH variability is thought to be primarily buoyancy driven and

is related to fluctuations in the Atlantic meridional overturning circulation (AMOC)

(Roberts et al., 2016). The link between SSH along the US east coast and the strength

of the AMOC has been established both in observations and in eddy-permitting ocean



Chapter 2. Background and Theory 17

models (Bingham and Hughes, 2009).

2.1.3 Wave Adjustment Mechanisms

Changes in the wind and buoyancy forcings also result in dynamical adjustments

of the large-scale ocean circulation, driven by large-scale planetary waves. Rossby

and Kelvin waves act, both independently and in combination, to change interannual

oceanic adjustments.

Rossby waves have been shown to cause SSH variability on interannual timescales

(Frankignoul et al., 1997; Cabanes et al., 2006; Qiu and Chen, 2006). The dispersion

relations for barotropic Rossby waves, with uniform zonal background flow, is given

by

ω = Uk − βk

k2 + l2
, (2.10)

where ω is the angular frequency, k and l are the zonal and meridional wave numbers

respectively and U is the zonal velocity of the mean flow. In the baroclinic case, the

dispersion relation is

ω = Uk − βk

k2 + l2 + (1/Ln)2
, (2.11)

where the baroclinic Rossby deformation radius is,

Ln =
NHl

nπf0

, n = 0, 1, 2... (2.12)

for the first n baroclinic modes, where N is the Brunt-Väisälä frequency and Hl is

the scale height of the flow. The baroclinic Rossby deformation radius varies from

about 10km at high latitudes to 200km in the tropics. As a result, the Rossby wave

phase velocities vary as a function of latitude, with Rossby waves at mid-latitudes

propagating on interannual to decadal timescales. However, both observational and

model studies suggest that large scale Rossby waves are unable to cross the North

Atlantic at mid to high latitudes. This is because there is a critical latitude (≈20◦)

whereby large-scale baroclinic Rossby basin modes, which emanate from the eastern

boundary succumb to instabilities and fail to cross the ocean basin (Isachsen et al.,
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2007). Also as it theoretically takes interannaul to decadal timescales for baroclinic

Rossby waves to cross the ocean basin, they may succumb to dissipation (Osychny

and Cornillon, 2004).

Kelvin waves also respond to changes in the wind stress. In observations, they have

been seen to be responsible for SSH variability on monthly timescales, in equatorial

and coastal regions (Enfield and Allen, 1980; Forget and Ponte, 2015). They are a

type of low-frequency gravity wave which is trapped to the coast or the equator. In

the Northern hemisphere, they propagate anticlockwise around the basin, and under

the shallow water approximation have a dispersion relation,

ω = +
√
gHm, (2.13)

where m is the along boundary wavenumber. Away from the boundary, they decay

with an e-folding length scale equal to the Rossby radius of deformation. Kelvin

waves can be further subdivided into surface (barotropic) and internal (baroclinic)

waves. The surface waves penetrate the whole water column, whereas, the internal

waves are often found in layers with large density gradients. Therefore, the wave

amplitude of internal waves is small at the surface compared to that due to surface

waves. Internal Kelvin waves also exhibit a slower phase speed of O(1)ms−1 compared

to the ≈ 200ms−1 speed found for the surface waves (Wang, 2015).

Kelvin and long Rossby waves can also act in combination and have been linked

to interannual basin-scale adjustment processes. Several studies have looked at the

adjustment of the ocean in abrupt climate change scenarios, where there is an increase

in SSH in the polar regions of the North Atlantic, or similarly there is a spin down of

the thermohaline circulation (Hsieh and Bryan, 1996; Johnson and Marshall, 2002).

This increase would be initially propagated around the basin by Kelvin waves on a

timescale of months (Johnson and Marshall, 2002). Subsequently, long Rossby waves

emanating from the eastern boundary can communicate the rise to the rest of the

basin on timescales of months-years (Hsieh and Bryan, 1996; Johnson and Marshall,

2002). Johnson and Marshall (2002) formulated an equation which can be used to
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calculate the time-varying circulation in the entire basin, using only the thermocline

depth on the eastern boundary.

The frequencies of SSH variability also have a strong dependence on the underlying

bathymetry (Cabanes et al., 2006; Hughes and Williams, 2010). There is an observed

transition in variability between regions on the coastal shelf, compared to the ocean

basin. As on the shelf, there is more high-frequency variability, which is likely due to

an increased response to wind forcing. In addition to this change, the coastal shelf

is hypothesised to act as a low pass filter to signals propagating from the basin to

the coast (Huthnance, 1989). This means that only low-frequency components of

SSH variability propagating from the ocean interior can reach the coastal regions.

Furthermore, the observed contrast in SSH variability between the coastal and ocean

basin regions, is indicative that SSH anomalies may possess different predictable

timescales in the two regions.

2.1.4 Interannual Variability of Double-Gyres

Double-gyre systems in high forcing, low dissipation regimes have been shown to dis-

play interannual variability. The variability manifests itself in changes in the merid-

ional position and strength of the jet (McCalpin and Haidvogel, 1996; Jiang et al.,

1995; Dijkstra and Ghil, 2005; Berloff et al., 2007). This behaviour has been stud-

ied extensively, using a dynamical systems framework to determine the bifurcations

of states corresponding to the meridional position of mid-latitude jets (Jiang et al.,

1995; Simonnet and Dijkstra, 2002; Dijkstra and Ghil, 2005). These studies propose

mechanisms whereby the intrinsic interannual variability is steered by unstable low

dimensional attractors. Figure 2.3 shows two stable solutions present in a double

gyre quasi-geostrophic model at a certain wind forcing. The variability related to

the meridional jet position is seen to fluctuate as the magnitude of the steady wind

forcing applied is changed (or equivalently as the Reynolds number changes). It re-

mains uncertain what causes the transitions in the jet strength and position. One
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possible mechanism was proposed by McCalpin and Haidvogel (1996), who examined

a reduced gravity quasi-geostrophic double gyre model, which displayed interannual

variability in the strength of the jet. They concluded that the variability was on a

timescale relating to eddies impinging on the western boundary currents.

a) b)

Figure 2.3: Patterns of a quasi-geostrophic model’s layer’s thickness, for two stable
steady state solutions, occurring for the same wind forcing and illustrating different
positions of the double-gyre’s confluence point (Figure from Jiang et al., 1995).

Intrinsic processes in double gyre systems are also hypothesised to be partly re-

sponsible for the observed interannual variability in mode water formation (for exam-

ple the variability discussed in Talley and Raymer (1982)). Using an isopycnic model,

Hazeleger and Drijfhout (2000) suggested that low frequency modes of intrinsic vari-

ability evolve due to interactions with the mean flow and that these modes play a role

in mode water formation. Studies in eddy-resolving OGCMs have investigated such

effects and confirmed that intrinsic processes play an influential role in the variabil-

ity of the mode water’s volume, temperature and age in both the Pacific and North

Atlantic (Douglass et al., 2012, 2013).

Several recent studies, have examined the effects eddies have on driving interan-

nual variability in jet systems, in both idealised models (Spall, 1996; Berloff et al.,

2007; Waterman, 2009), global eddy-resolving models (1/12◦) (Sérazin et al., 2015)
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and observations(Qiu, 2000). Berloff et al. (2007) examined variability in a quasi-

geostrophic, baroclinic, eddy-resolving, double gyre system model. They concluded

that the intrinsic interannual variability originates from the presence of mesoscale

eddies and their interactions with the mean flow, via a competition between the jet

rectification processes and the inter-gyre transport of potential vorticity anomalies.

It remains to be seen if such mechanisms exist in more complex models. Moreover,

the specific eddy-mean flow interactions anticipated to drive meridional jet shifts are

poorly understood.

2.1.5 Eddy-Mean Flow Interactions

Altimetry measurements show that the interannual SSH variability in the North At-

lantic and Pacific is largely located in the vicinity of the western boundary current

extension regions (Fu, 2004; Cabanes et al., 2006; Qiu and Chen, 2010; Hughes and

Williams, 2010). For example, in the North Atlantic the Gulf Stream displays inter-

annual variability in both its position and transport (Sasaki and Schneider, 2011). It

is hypothesized that such variability may be driven intrinsically through eddy-mean

flow interactions. Eddies (defined in this discussion as variations from a time mean)

can impact the mean flow of the system through their fluxes of both momentum and

vorticity. These eddy-mean flow interactions can act to accelerate the mean flow, as

well as impacting the position of the jet through variable momentum convergences.

Such interannual variability has been in seen in several idealised studies (Spall, 1996;

Qiu, 2000; Berloff et al., 2007). Figure 2.4 demonstrates an eddy-wave-mean flow in-

teraction which is hypothesized to be important in generating interannual variability

in the jet’s transport and position. It has several key stages:

• Instabilities in the jet (both baroclinic and barotropic) generate Rossby waves.

• Rossby waves propagate away from the jet.

• The direction of momentum flux is in the opposite direction, towards the jet.
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• The eddy momentum flux acts to drive the jet and maybe change its latitudinal

position.

Figure 2.4: Schematic illustrating a conceptual model of eddy momentum flux driven
by Rossby waves, and eddy mean flow interactions (Figure from Vallis, 2006).

The mechanism of momentum flux convergences can be elucidated through con-

sideration of the following derivation, which follows Vallis (2006). Stirring in the

mid-latitudes generates Rossby waves, which propagate away, break and dissipate. If

the waves are approximated as being quasi-linear and are assumed not to interact,

then just away from the source region they have the form:

ψ = Re
(
Cei(kx+ly−ωt)) , (2.14)

where ψ is a stream function (u = −∂ψ/∂y and v = ∂ψ/∂x), C is constant, ω = kc

and the waves obey the barotropic Rossby wave dispersion relation (equation 2.10).

Thus the meridional component of the group velocity is given by,

cyg =
∂ω

∂l
=

2βkl

(k2 + l2)2
, (2.15)

assuming no zonal shear. The direction of the group velocity is away from the source

region (radiation condition), as the Rossby waves must transport energy away from

the disturbance. Therefore north of the source kl is positive and southwards kl is
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negative. This is possible as there are two possible values of l, for each k using

equation 2.10:

l = ±
(

β

U − c
− k2

)1/2

. (2.16)

The velocity variations due to the Rossby waves are given by

u
′
= −Re

(
Cilei(kx+ly−ωt)) , v

′
= Re

(
Cikei(kx+ly−ωt)) , (2.17)

and the associated momentum flux is

u′v′ = −1

2
C2kl. (2.18)

Since the sign of kl is known, the momentum flux north of the disturbance is directed

southward, while the momentum flux south of the disturbance is northward. This

momentum convergence causes an eastward flow in the region of stirring and westward

flow on either side, which leads to the formation of banana-shaped eddies. Therefore

variations in these momentum fluxes around the jet, may cause changes in both the

jet’s position and transport.

Since it is hypothesised that the interannual SSH variability in the jet regions may

be driven by eddies and that such effects will act locally in the jet region, we review

the impact of eddies on the mean field of ocean jets. Recirculation gyres flank ocean

jets, greatly increasing their transport (Hogg, 1992). The occurrence of these gyres

has been related to eddies driving the mean flow (Haidvogel and Rhines, 1983; Jayne

et al., 1996; Waterman, 2009). Waterman and Jayne (2011) examined the eddy-mean

flow interactions, in the recirculation gyres of a barotropic model. The dynamics in

the model were governed by the barotropic vorticity equation such that

∂q

∂t
+∇ · (ūq) +∇ · u′q′ = F +D, (2.19)

where q is the potential vorticity (PV), u is the velocity field, F is the forcing on the

system, and D is the dissipation. Here any field X is decomposed into components

representing the time mean (X) and fluctuations from the mean flow (X ′) i.e. X =
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X + X ′. Thus, the divergence of eddy potential vorticity flux or ‘eddy potential

vorticity forcing’ term is given by −∇ · u′q′, and is shown in Figure 2.5a. The mean

eddy forcing has two major effects on the jet. In the upstream region, eddies act

to stabilise the jet and reduce the potential vorticity gradient between the gyres.

Whereas in the downstream region, where the flow becomes barotropically unstable,

the eddies act to drive transport in the recirculation gyres. The eddy forcing term

displays a large amount of variability. It is therefore likely that this variability in the

eddy forcing, acts to drive intrinsic interannual variability in the jet region (Berloff

et al., 2007).

Figure 2.5: Barotropic simulation: a) Eddy potential vorticity forcing (filled con-
tours), light (dark) gray indicates positive (negative) values. Black contours show
the time-mean stream function. The × denotes the location where the jet becomes
barotropically unstable. b) The time-mean circulation driven by linear dynamics
forced by the above eddy forcing. Two-layer baroclinic simulation: (panels c and e)
eddy potential vorticity forcings for the upper and lower layer, respectively. (panels
d and f) The time mean circulation driven by linear dynamics forced by the vorticity
fields in panels c and e. The time-mean circulations, driven by linear dynamics, forced
by the eddy vorticity forcing fields directly above each panel. Black contours indi-
cate positive values of the eddy-driven stream functions, and gray contours indicate
negative values. The × symbol denotes the locations of the maximum time-mean
eddy-driven transport (Figure from Waterman and Jayne, 2011).

Waterman and Jayne (2011) also used a quasigeostrophic model in a two-layer
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set-up to investigate the effects due to baroclinicity. In a similar manner to the

barotropic case, Figure 2.5c demonstrates that in the downstream region the eddies

act to drive the recirculation gyres, indicating this region is governed by barotropic

behaviour (Waterman and Jayne, 2011). In the stable upstream region, there is a

difference in the action of the eddies, relative to the barotropic case, with the eddies

acting to accelerate the jet in the upper layer but to decelerate it in the lower layer

(Waterman and Jayne, 2011).

In addition to these variations in momentum forcings, several model and observation-

based studies have reported the presence of jets migrating in meridional directions on

interannual timescales (Chan et al., 2007; Chemke and Kaspi, 2015). These studies

pursue similar approaches to their assessment of the dynamical mechanism behind

such variability. They deduce any asymmetries in the dominant terms in the eddy

momentum budget. This analysis is carried out by approximating the system as be-

ing quasi-geostrophic. Chemke and Kaspi (2015) found the most significant terms

to be related to the eddy momentum flux convergence, which was asymmetric along

the jet. However, Chan et al. (2007) found this not to be the case in their ocean

model, finding no asymmetries in the eddy momentum flux convergence. Instead,

asymmetries were found in the eddy heat fluxes. In both models, the reason behind

the asymmetries was seen to be due to asymmetries in the baroclinicity around the

migrating jets. These asymmetries occurred for different reasons, which were uncov-

ered by analysing the spatial variation in each of the terms contributing to the Eady

growth rate. Chemke and Kaspi (2015) found the most significant asymmetry on ei-

ther side of the jet was due to the Coriolis parameter. Conversely, Chan et al. (2007)

attributed the asymmetry to a difference in the static stability, due to variations in

the depth-averaged temperature.
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2.2 Review of Predictability: Theory and Evalua-

tion

Since Lorenz (1963) first realised that chaotic dynamics could limit predictability of

the weather and climate, there has been much interest in quantifying the predictability

of processes in both the atmosphere and the ocean. If the climate possesses any

predictability on decadal scales, it will be likely due to the influence of the long

timescale processes of the ocean rather than the comparatively short atmospheric

processes (Wunsch and Heimbach, 2013). The North Atlantic is one region where a

significant amount of variability is observed on interannual to decadal timescales (Latif

et al., 2006). As a result, there has been substantial community interest in evaluating

interannual to decadal predictability in the North Atlantic (Sutton and Allen, 1997;

Wunsch, 2013; Meehl et al., 2014). The predictability of several variables in the

North Atlantic has been assessed on these timescales, with many studies examining

sea surface temperature and volume transports, and a few studies examining SSH

(Griffies and Bryan, 1997; Wunsch, 2013; Meehl et al., 2014; Polkova and Stammer,

2015).

To obtain a reliable result for the predictable timescales of the system, one must

check that the results are not overly sensitive to the measure used. In recent times

there has been growing interest in measures based on information theory (Schneider

and Griffies, 1999; Kleeman, 2002; DelSole, 2004). In addition to these measures,

techniques based on non-normal mode stability theory can give an increased under-

standing of dynamical systems by identifying initial conditions that will give rise

to the most substantial growth of initial perturbations (Farrell and Ioannou, 1996).

These techniques can potentially provide insight into which mechanisms set the pre-

dictability, on interannual timescales, of SSH in both idealised and more complex

model studies.
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2.2.1 Definition of Predictability

Three main factors lead to uncertainty in predictions. The first of these are uncertain-

ties in the initial state of the system. Since the Earth’s climate is a chaotic system,

slightly different initial conditions can lead to very divergent predictions (Lorenz,

1993). This feature was famously discovered by Lorenz (1963) and is reproduced in

Figure 2.6. Here panels a and b show widely diverging evolutions of states which

possess similar initial conditions. This feature is also seen in Figure 2.6c, where a

small set of similar initial conditions propagates into a wide range of final states.

The second reason for the uncertainty is due to model error; models are imperfect

representations of the real world, and have inevitable errors when representing pro-

cesses on the model’s truncation scale (Palmer and Hagedorn, 2006). Finally, there is

uncertainty due to changes in the prescribed external climate forcings, such as future

variations in wind stress and buoyancy forcings, due to greenhouse gas emissions.

As predictions in weather and climate are intrinsically uncertain, they should be

thought of as consisting of equations whose prognostic variables are probability den-

sities ρ(X, t), where X is some climate variable and t denotes time (Palmer and Hage-

dorn, 2006). X is deemed predictable if the forecast probability density is sufficiently

different from a climatological estimate. This difference needs careful examination

depending on the desired purpose of the predictions. Figure 2.7a shows an example

where there is a clear difference between the climatological and forecast distributions,

meaning the forecast probability distribution is predictable. In Figure 2.7b the predic-

tions may be indistinguishable from the climatology until some threshold Xcrit, where

they are then separable. A measure of the difference between the forecast and cli-

matological distributions is, therefore, a plausible measure of predictability (DelSole

and Tippett, 2007). Thus, predictability is defined as the capability to make skillful

forecasts, where skill is measured as an improvement over a chosen benchmark.

A further distinction can be made about the type of predictability that is be-

ing assessed. On interannual and longer timescales, predictability can be thought of



Chapter 2. Background and Theory 28

Figure 2.6: The evolution of three probabilistic predictions initialized at different
points on the Lorenz (1963) attractor. a) Is a case with high predictability, with a
transition to a different regime. b) As this initial state evolves this is firstly a region
of high predictability followed by uncertainty in the future regime. c) The forecasts
for this initial state, which as at a transtion point between regimes, rapidly becomes
very uncertain (Figure from Palmer and Hagedorn, 2006).

as to depend on both the internal variability present and the external forcings ap-

plied (both anthropogenic and natural components such as volcanoes) (Collins et al.,

2006). Thus, predictability studies can be divided into two main types. The first

type of predictability study examines how uncertainties in the initial conditions affect

predictions at later times (Lorenz, 1975). The second type of predictability study

addresses the predictability of the response to a change in boundary conditions of the

system (Lorenz, 1975). Both types of predictability studies are featured in this the-

sis, and both require the use of a model and a quantitative measure of predictability.
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Figure 2.7: Two different scenarios of potential forecast and climatological probability
distributions of a variable X. a) Demonstrates a scenario where the forecasts are
predictable. b) Shows a forecast which is unpredictable unless X exceeds some critical
value XCrit (Palmer and Hagedorn, 2006).

Figure 2.8 illustrates the timescales on which different types of predictability study

are most relevant.

Figure 2.8: Schematic illustrating progression from initial value problems with daily
weather forecasts at one end, and multidecadal to century projections as a forced
boundary condition problem at the other, with seasonal and decadal prediction in
between (Figure from Meehl et al., 2009).



Chapter 2. Background and Theory 30

2.2.2 Statistical Models

Traditionally, to generate the probability distributions necessary to evaluate pre-

dictability, an ensemble of model runs are carried out with the prediction model.

Depending on the model used, and the size of the ensemble, this process can be

very computationally expensive. However, recent studies which make use of statis-

tical forecast models, those which simplify the dynamics of the system based on the

historical record or an extended model control run, have been used to examine pre-

dictability (Penland and Sardeshmukh, 1995; Newman, 2007; Hawkins et al., 2011;

Zanna, 2012). Such models have the advantage of being less computationally ex-

pensive than the full numerical models, as well as providing information about the

predictability of the systems underlying dynamics. This thesis will make use of a

hierarchy of numerical models, and several statistical models.

2.2.2.1 Climatology and Persistence Forecasts

In order to create a benchmark for the other statistical forecast techniques lagged

correlation forecasts are made (Lorenz, 1963),

x(t0 + τ) = β(τ)x(t0), (2.20)

where β is the auto-correlation of the time series at a point in space, x is time series

of the quantity being predicted and τ is the lag time of the forecast. This is a type

of ‘damped persistence’ forecast which may provide forecasts better than climatology

(β=0) and persistence (β=1) forecasts.

2.2.2.2 EOF Decomposition and Linear Inverse Models

Linear Inverse Modeling (Penland, 1989, LIM) has previously been used to evaluate

predictability in sea surface temperature, in both models and observations (e.g., Pen-

land, 1989; Hawkins et al., 2011; Zanna, 2012). The method models the evolution of

the desired fields as a linear process forced by white noise. In doing so, the linear

inverse model (LIM) gives information about the predictability of the fluctuations
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in the system. To enable this calculation, we construct a reduced state space based

on the empirical orthogonal functions (EOFs) of SSH anomalies and their related

principal components (PCs).

EOFs were first used to decompose space-time fields in the 1940s and 1950s

(Obukhov, 1947; Fukuoka, 1951; Lorenz, 1956). This method can be thought of

decomposing a time-varying system into a series of orthogonal spatial modes of vari-

ability. Before this method is applied the data is first arranged into a matrix where

each row is a spatial map, and each column is a time series at a certain point (Bjorns-

son and Venegas, 1997),

F =


x11 . . . . . . x1p
...

...
...

...
xn1 . . . . . . xnp

 . (2.21)

The covariance matrix of F is found (Bjornsson and Venegas, 1997),

R = FTF, (2.22)

then the eigenvalue problem,

RD = DΛ, (2.23)

is solved where Λ is a diagonal matrix containing the eigenvalues λi of R and the

column vectors of D, di are the corresponding eigenvectors. These eigenvectors can

be regarded as a map, and are known as the EOFs of the system. D has the property

that DTD = DDT = I, meaning the EOFs are orthogonal. Each EOF represents

a map of a standing oscillation; the times series on which this map varies, i.e. the

principal component time series, can be found using (Bjornsson and Venegas, 1997)

Pi = Fdi, (2.24)

where i is the number of the eigenvector. Therefore, the original data is expressed as

(Bjornsson and Venegas, 1997)

F =

p∑
j=1

Pj(EOFj). (2.25)
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The techniques diagnose not only spatial patterns of variability, but also the time

series by with which they vary and the amount of variance each mode explains.

The evolution of the PCs of SSH anomalies is approximated by a linear model

(Penland and Sardeshmukh, 1995). To derive this a dynamical system is represented

in the form,
dχ

dt
= αχ+ n(χ) + f , (2.26)

where χ is a state vector, α a linear system matrix, n is the nonlinear term and f

is the external forcing term. The components of χ represent the values of all the

system variables in some vector space. As a simplification to this we examine the

trial subsystem of a linear system driven by Gaussian white noise by re-expressing

equation 2.26 as,
dP

dt
= AP(t) + ξ. (2.27)

where P is the vector of n-PCs, ξ is a stochastic forcing term, and A is a linear

matrix defining the temporal evolution of the n-PCs. Here A is a submatrix of α

and ξ contains both the nonlinear and external forcing terms. Both sources of noise

are therefore assumed to act similarly in this model. Even though the linear inverse

model does explicitly include nonlinear effects, it still contains dynamical information

about the eddy-mean flow interactions via the linearized operator A, and through the

addition of a stochastic noise term. Forecasts, P̂, are then generated using the model

such that

P̂(t+ τ) = B(τ)P(t), (2.28)

where τ is the forecast lead time and B is the forecast propagator,

B(τ) = exp(Aτ) =

[
C(τ0)C(0)−1

]τ/τ0
, (2.29)

where the covariance matrices at lag-τ0 and lag-0 given by

C(τ0) = 〈P(t+ τ0)PT (t)〉,

C(0) = 〈P(t)PT (t)〉.
(2.30)
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Here 〈〉 indicates an average over all times. Predictability can then be evaluated by

examining the difference between the probability distribution of the predictions and

that of the climatology. For LIM to be applied, the system being examined has to

possess several characteristics (Penland and Sardeshmukh, 1995):

• it can be described by Gaussian statistics;

• A is independent of the time lag, τ0, used to calculate it;

• all real parts of the eigenvalues of A must be negative and therefore decay.

As the operator A needs to be independent of the τ0 used to determine it. The

tau test test, as described in Penland and Sardeshmukh (1995), is used to select a

suitable τ0. This test consists of examining the Euclidean norm of A as a function

of the τ0s used to construct it. The τ0 selected is in the range where there are only

small changes (< 10%) changes in |A|. As suggested in Penland and Sardeshmukh

(1995), the behaviour of |Aλ| as a function of τ0 (where λ is a typical state vector i.e.

one where the components are proportional to the square root of the SSH variance

explained by the corresponding EOF), is also examined and in the cases discussed

in this thesis, there is strong agreement between these two tests. Finally, to prevent

overfitting of the linear models, the data used in each experiment is separated into a

training and a verification data set. The linear model is constructed using the training

data set. This model is then used to make predictions for the verification set, and

the skill of these predictions is then used to evaluate the system’s predictability.

2.2.3 Non-Normal Mode Analysis and Optimal Initial Con-
ditions

The characteristics of the trained linear model can be used to infer information about

a system’s sensitivity to initial conditions. In a series of papers, Farrell and co-authors

developed a methodology, generalised linear stability theory, to investigate the tran-

sient behaviour resulting from initial perturbations to its mean state (Farrell and
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Ioannou, 1996). This methodology has been used to examine a range of geophysical

problems including: Couette flow (Farrell, 1982), atmospheric forecast error growth

(Farrell, 1990), quasi-geostrophic turbulence (Farrell and Ioannou, 1995), the El Niño

Southern Oscillation (Penland and Sardeshmukh, 1995), Gulf Stream dynamics (Far-

rell and Moore, 1992) and the Atlantic meridional overturning circulation (Zanna and

Tziperman, 2005, 2008; Hawkins and Sutton, 2009).

This analysis investigates the transient growth in linearly-stable fluid dynamical

systems. It may appear counter-intuitive that there can exist disturbances which

lead to growth in a stable system. However, when the operator A is non-normal, i.e.

AAT 6= ATA, it is possible for the eigenmodes of the system to interact and give

a large amplification of variance at a finite-time (Farrell and Ioannou, 1996). The

solutions to
dP

dt
= AP(t), (2.31)

can be written in terms of the eigenvectors, ei as

x(t) =
∑
i

eiai expλit, (2.32)

where λi are the eigenvalues of A and ai is a complex constant. An example of two

decaying modes (λ < 0) undergoing a growth is illustrated in Figure 2.9. Panel a,

shows the initial state, where the the unit sphere is dotted. Panel b shows that at

time t there is an overall growth, because one normal mode decays more rapidly than

the other. The SSH anomaly growth at time τ by non-normal eigenmode interference

is given by

µ(τ) =
P(τ)TP(τ)

P(0)TP(0)
. (2.33)

The longest timescale on which this growth occurs can be thought of as an optimistic

upper bound on the predictability of linear events without forcing.
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a)

b)

Figure 2.9: The temporal evolution of a system (equation 2.32) consisting of two
modes where λ1 is << than λ2: a) at its initial state, and (b) at time t (Figure from
Sarachik and Cane, 2010).

2.2.4 Measures of Predictability

As illustrated in Figure 2.7, a predictability measure compares the climatological

probability distribution with the forecast distribution. There are several ways to do

this, and some possible measures are now discussed.

2.2.4.1 Relative Root Mean Square Error

The most common measure of predictability is to assess the mean square error of a

perfect model forecast (Schneider and Griffies, 1999). Meaning that model output is

used as a substitute for observations with the aim of predicting the subsequent model

output. This approach assumes the model has a realistic representation of the actual

climate system (Hawkins et al., 2011).

The relative root mean square error, RMSERelative can be used compare the pre-
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dictions to the climatological forecasts (Hawkins et al., 2011):

RMSERelative =
RMSEpred
RMSEclim

(2.34)

where RMSEclim is the root mean square error of the climatology over the forecast

period and RMSEpred is the root mean square error of the predicted field. A value

greater than unity indicates that the model’s forecasts are inferior to those generated

using the climatology, whereas, a value less than unity demonstrates forecast skill

superior to climatology. The reason for choosing this metric is because it is well

grounded in the literature, and therefore will enable a useful comparison with a newer

less well-established metric.

2.2.4.2 Average Predictability Time

In designing a predictability measure, it is beneficial for the measure to obey two

underlying principles (DelSole and Tippett, 2007). Firstly, the variable is shown to

be unpredictable if its forecast distribution is the same as its climatological distri-

bution. Secondly, the measure should be invariant to linear transformations of the

variables. One proposed measure that meets these criteria is average predictability

time (APT) (DelSole and Tippett, 2009a). This index of predictability was based on

the Mahalanobis signal (DelSole and Tippett, 2007),

S(τ) =
1

k
tr[(Σ∞ −Στ )Σ

−1
∞ ], (2.35)

where k is a constant related to the number of principal components used in the

analysis, tr is the trace of the matrix, Στ is the covariance matrix of the forecast

error at lead time τ , Σ∞ is covariance matrix of the forecast distribution at long lead

times. Here, S(τ) has a value of 1 when the system is completely predictable, and

a value of 0 when the forecast covariance matrix is the same as the climatological

covariance matrix, meaning the system is unpredictable. This method has been used

before to examine the predictability of several geophysical fields, including the upper
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ocean temperature and the AMOC (Branstator et al., 2012; Branstator and Teng,

2014).

The APT can be defined by integrating the Mahalanobis signal over all lead times

(DelSole and Tippett, 2009a), leading to

APT = 2
∞∑
τ=1

S(τ). (2.36)

The factor of two makes APT agree with the e-folding time in the univariate case.

In one dimension, APT resembles a root mean square error and is given by (DelSole

and Tippett, 2009b)

APT = 2
∞∑
τ=1

σ2
∞ − σ2

τ

σ2
∞

= 2
∞∑
τ=1

(
1− σ2

τ

σ2
∞

)
. (2.37)

Since APT is the integral of predictability over all times, it is independent of the

chosen lead time. This measure can also be used to define predictable components

by finding the projection vectors q that maximize APT. In which case, the com-

ponent qTP, with P being the principal component state vector, has forecast and

climatological variances given by σ2
τ = qTΣτq and σ2

∞ = qTΣ∞q respectively.

In this thesis, the APT of the whole system and of the leading predictable com-

ponents are calculated using the method contained in DelSole and Tippett (2009b).

Firstly, to prevent overfitting, the data is separated into training and verification

data sets. Forecasts are then generated by forming linear regression models from the

training data (DelSole and Tippett, 2009b), i.e. the projections P̂L(t+ τ), are given

by

P̂L(t+ τ) = C(τ)C(0)−1P(t). (2.38)

Using such models and in the case of a zero mean stationary process, meaning C(0) =

Σ∞, the forecast error covariance matrix is given by

Στ = C(0)−C(τ)C(0)−1C(τ)T . (2.39)
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These values for Σ∞ and Στ can be substituted into equation 2.36 to calculate the

APT of the entire system. In order to maximize APT in equation (2.37), the prob-

lem reduces to solving the generalized eigenvalue problem (See DelSole and Tippett

(2009b) for a full derivation),

Gq = λC(0)q (2.40)

where

G =
∞∑
τ=1

C(τ)C(0)−1C(τ)T . (2.41)

The projection vectors q are uncorrelated with each other because G and Σ∞ are

symmetric. The spatial patterns, p, associated with the projection vectors q are

found by using

p = 〈PPTq〉 = Σ∞q; (2.42)

these spatial patterns can be projected back onto the EOFs and are referred to as the

predictable components. The predictable components of the system are calculated

using only the training data set. To prevent overfitting and calculate APT of each

predictable component, the projection vector, q, calculated from the training data is

applied to verification data set. Thus, the squared multiple correlation between the

component time series and the verification data is

R2
τ =

qTC(τ)C(0)−1C(τ)Tq

qTC(0)q
, (2.43)

where q is calculated from the training data set and the correlations are calculated

from the verification set. Therefore, R2
τ can be interpreted as the variance of the

predictable component time series, which is explained by a linear regression prediction

at time lag τ . The predictability time of each component, APTp, is then calculated

as,

APTp = 2
∞∑
τ=1

R2
τ . (2.44)

However, two significant difficulties arise when calculating APT using equation 2.40

and a finite time series; (1) the time lag co-variances can’t be estimated at large
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lags, as the series is finite; (2) there is the danger of over-fitting if the dimensions of

state space exceed the number of samples. The first issue is addressed by calculating

the APT using a truncated weighted sum, with a lag window, known as the Parzen

window, (DelSole and Tippett, 2009b)

APT = 2
M∑
τ=1

yτS(τ), (2.45)

where,

yτ =

{
1− 6( τ

M
)2 + 6( τ

M
)3, if 0 ≤ τ ≤ M/2,

2(1− τ
M

)2, if M/2 ≤ τ ≤ M,
(2.46)

and M is the defined truncation time. To overcome the second difficulty the APT is

calculated in EOF space.

To validate the predictable components and ensure the statistical significance of

the calculated APT, two significance tests are employed. Firstly, as R2
τ can be in-

terpreted as a multivariate generalization of the correlation coefficient, and therefore

its statistical significance can be calculated using standard methods such as the stu-

dent’s t-test (Jia and DelSole, 2011). Secondly, the statistical significance of the APT

is evaluated relative to the null hypothesis that the principal component time series

are unpredictable, as in Jia and DelSole (2011). This is done by carrying out several

Monte Carlo experiments: for Ns spatial distributions and Nt time steps, we gener-

ate 2NsNt random numbers from a Gaussian distribution with zero mean and unit

variance. These distributions are substituted into equation 2.40 and the eigenvalues

of the problem are calculated. This is repeated 100 times, and the 95th percentile of

each eigenvalue is selected. If the APT value calculated from the training data for

each component exceeds the eigenvalue’s 95th percentile, the hypothesis that there is

no predictability is rejected (Jia and DelSole, 2011).
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Model Details and Momentum
Budget Decompositions

Idealised double-gyre simulations are commonly used as simplifications of the North

Atlantic Ocean circulation. Several studies have used such double gyre systems, in

conjunction with steady applied wind forcings, to examine intrinsic interannual vari-

ability of the ocean circulation (that which is generated in the absence of time varying

atmospheric forcings) (Dijkstra and Ghil, 2005; Berloff et al., 2007). These studies

have hypothesized that the observed variability may be driven by interactions between

nonlinear elements of the wind-gyre circulation dynamics: the mesoscale eddies, the

western boundary currents, and the recirculation gyres. However, the majority of

idealised modelling studies investigating intrinsic interannual variability have used

quasi-geostrophic models (Dijkstra and Ghil, 2005; Berloff et al., 2007). The studies

comprising the first part of this thesis investigate the intrinsic effects present, using

both a barotropic shallow water model and a primitive equation model in idealised

geometry. The baroclinic model will possess several dynamical mechanisms, which are

thought to act on interannual timescales including: baroclinic Rossby waves, buoy-

ancy forced circulation changes and mixing due to temperature gradients (Roberts

et al., 2016). These mechanisms are relevant to interannual predictability, which is

likely due to the steric components of SSH (Polkova and Stammer, 2015).

The later parts of this thesis will examine how perturbations to the applied wind

and buoyancy forcings alter the variability and predictability of the idealised models.

40
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The final main results chapter will examine the SSH variability and predictability

in a state-of-the-art Atmosphere-Ocean Global Circulation Model (AOGCM), which

will be described in Chapter 6.

This chapter will introduce the idealised models used in this thesis. Moreover, it

will present the Reynolds decomposed forms of the model equations, which underpin

the momentum and buoyancy budget analysis used in several of the later results

chapters.

3.1 Barotropic Double Gyre

3.1.1 Barotropic Model Features

The first model used to represent the North Atlantic is a barotropic, flat bottom,

double gyre, which solves the shallow water equations on a beta plane. The model

is a modified version of the MITgcm (Massachusetts Institute of Technology General

Circulation Model) which was described by Marshall et al. (1997a). All the parameters

used in this model are contained in Table 3.1. The equations are solved in Cartesian

coordinates, x, y, z, in the zonal, meridional and vertical directions. The currents are

given by, u = (uh, w) which corresponds to the velocity field (u, v, w). The operator

∇ is equal to (∇h,
∂
∂z

) = ( ∂
∂x
, ∂
∂y
, ∂
∂z

).

Figure 3.1: Schematic of the shallow water model.

The model solves the zonal,

∂u

∂t
+ (uh · ∇h)u− fv = −g ∂η

∂x
+

τx
ρ0h
− Cdrag

h
u
√
u2 + v2 + Ah∇2

hu, (3.1)



Chapter 3. Model Details and Momentum Budget Decompositions 42

and meridional,

∂v

∂t
+ (uh · ∇h)v + fu = −g∂η

∂y
− Cdrag

h
v
√
u2 + v2 + Ah∇2

hv, (3.2)

momentum equations. Here η is the sea surface height, H is the mean free surface

height, with h equal to H + η, as illustrated in Figure 3.1. τx is the zonal wind

stress, Cdrag is a coefficient controlling the magnitude of the bottom drag, g is the

acceleration due to gravity and Ah is the horizontal eddy viscosity coefficient. As it

is a barotropic model the density of the fluid, ρ0, is constant. The system is said to

be shallow, as the depth H is much smaller than the horizontal scale of the fluid.

A small aspect ratio of the system implies that vertical velocities are much smaller

than horizontal velocities. The Coriolis parameter, f = 2Ωsin(φ) is approximated

through the mid-latitude beta plane equation as f(y) = f0 + βy (as discussed in

section 2.1.1), with f0 ≈ 2Ωsin(φ0) and β = 2(Ω/a)cosφ0, where φ is latitude , φ0 is a

chosen reference latitude and Ω is the angular velocity of the Earth, a is the radius of

the Earth. Hydrostatic balance is also assumed as the vertical momentum equation

such that
∂p

∂z
= −ρ0g. (3.3)

where p is pressure. The solutions also obey the mass continuity equation which can

be derived by vertically integrating the incompressibility condition:

∇ · u =
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (3.4)

resulting in,
∂h

∂t
+∇h · (uhh) = 0. (3.5)

Finally, the applied wind forcing for the barotropic experiment is,

τx(y) = A sin(
πy

Ly
) and τy = 0, (3.6)

where A is the magnitude of the wind forcing and Ly is the meridional extent of the

domain.
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Definition Parameter Value
Horizontal eddy viscosity Ah 30 m2/s

Reference density ρ0 999.8 kgm−3

Wind amplitude A 0.2 Nm−2

Quadratic Bottom Drag Coefficient Cdrag 1× 10−3

Coriolis parameter at φ0 f0 1× 10−4 s−1

Rossby parameter β 2× 10−11 m−1s−1

Gravitational acceleration g 9.81 ms−2

Ocean depth H 3000 m
Number of zonal grid points Nx 512

Number of meridional grid points Ny 512
Zonal domain extent Lx 3840 km

Meridional domain extent Ly 3840 km
Model time step τs 300 s

Table 3.1: The parameters used in the barotropic model.

The equations are solved in a square domain of size Lx×Ly of 3840km×3840km,

with Nx × Ny gridpoints. The basin is 3000m deep with a horizontal resolution of

7.5km×7.5km, so as to resolve mid-latitudes eddies. No-slip boundary conditions are

imposed on the domain’s lateral boundaries. The model is spun up for 50 years and

run for a further 150 years. Figure 3.2a shows the steady wind stress profile applied

across the basin. Figure 3.2b shows the time-mean SSH, with a double gyre structure

and an eastward jet extension, as expected from Sverdrup balance. The standard

deviation of the SSH is shown in Figure 3.2c, with the largest variance located in

the jet region, as observed in mid-latitudes jet regions in the North Atlantic and the

Pacific oceans (Fu, 2004).

3.1.2 The Reynolds Decomposed Shallow Water Equations

To explore the role of eddies in driving interannual variability, we examine their effects

on the mean flow, by diagnosing the Reynolds stresses (as briefly introduced above in

Section 2.1.5). Reynolds decomposition relies on the ability to describe a state variable

(X) as a combination of a mean quantity (X̄) and perturbations around the mean

(X ′) i.e. X = X̄ + X ′. The mean can be defined using an ensemble average, which
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Figure 3.2: a) Steady zonal wind stress profile. b) Time mean SSH, η, and c) Standard
deviation of SSH, η, calculated using 150 years of model output after spin up.

in practice can be a spatial or temporal average. In this thesis temporal averages are

used, and thus the time-averaged part of the flow is constructed as

X = lim
T→∞

1

T

∫ t+T

t

X(t)dt. (3.7)

The limit of the integral in Equation 3.7 needs to be larger than the timescales of the

resolved fluctuations. Meaning, if T is sufficiently long then the mean should filter

out the eddies, and the deviation from the mean will correspond to these eddies. We

will discuss how we chose T in later results chapters. A derivation of the Reynolds

averaged form of the shallow water equations is presented in Appendix 3.A. The

resultant zonal and meridional Reynolds averaged momentum equations are

∂ū

∂t
= −∇h · (ūhū)− u

h

Dh

Dt
− g ∂η̄

∂x
+ fv̄ −∇h · (u′hu′)−

u′

h

Dh′

Dt

+
τx
ρh
− Cdrag

h
u
√
u2 + v2 + Ah∇2

hū,

(3.8)

and

∂v̄

∂t
= −∇h · (ūhv̄)− v

h

Dh

Dt
− g∂η̄

∂y
− fū−∇h · (u′hv′)−

v′

h

Dh′

Dt

−Cdrag
h

v
√
u2 + v2 + Ah∇2

hv̄.

(3.9)
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3.2 Baroclinic Double Gyre

The baroclinic model solves the implicit free surface form of the hydrostatic primitive

equations (HPEs). The equations are solved on a spherical polar grid and their

derivation is now presented.

3.2.1 Spherical Polar Coordinates

The model set up makes use of spherical polar coordinates, latitude φ, longitude λ

and r the distance from the Earth’s center, as shown in Figure 3.3. The zonal, u, and

meridional, v, velocities are given by

u = rcos φ
Dλ

Dt
, (3.10)

and

v = r
Dφ

Dt
. (3.11)

The vertical velocity, w, which is directed away from the sphere’s center is given by

w =
Dr

Dt
. (3.12)

These definitions lead to the 3D velocity vector

u = (rcosφ
Dλ

Dt
, r
Dφ

Dt
,
Dr

Dt
) = (uh, w) = (u, v, w). (3.13)

Furthermore, the gradient operator

∇ ≡

(
1

rcosφ

∂

∂λ
,
1

r

∂

∂φ
,
∂

∂r

)
, (3.14)

can be used in to derive the incompressibility condition in spherical polar coordinates:

∇ · u =
1

rcos φ

(
∂u

∂λ
+

∂

∂φ
(vcos φ)

)
+

1

r2

∂ (r2w)

∂r
= 0. (3.15)
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Figure 3.3: Spherical polar coordinates: longitude, λ, latitude, φ, and the distance
from the center, r and Ω is the earth’s rotation rate (Figure from Marshall et al.,
1997b).

3.2.2 Hydrostatic Primitive Equations

The general form of the hydrostatic primitive equations for a Boussinesq fluid, are

as detailed in Marshall et al. (1997b). Three main approximations are used in their

derivation:

• the hydrostatic approximation;

• the traditional approximation; and

• the thin shell approximation.

At any time the state of the ocean is characterized by several fields: the currents u,

the potential temperature θ, salinity S, pressure p and density ρ. The HPEs govern

the evolution of these fields and consist of, the zonal

∂u

∂t
= −(u · ∇)u+

uv tanφ

a
+ fv − 1

acosφ

∂p

∂λ
+ Fλ +Dλ. (3.16)
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and meridional

∂v

∂t
= −(u · ∇)v − u2tanφ

a
− fu− 1

a

∂p

∂φ
+ Fφ +Dφ (3.17)

momentum equations, the conservation of both heat

∂θ

∂t
= −∇ · (uθ) + Fθ (3.18)

and salinity
∂S

∂t
= −∇ · (uS) + FS, (3.19)

and an equation of state which governs the density of the fluid

ρ = ρ(θ, S, p), (3.20)

which depends on heat, salinity and pressure. In these equations p = δp/ρ0 where δp

is the deviation of the pressure from a resting hydrostatically balanced ocean. The

Coriolis parameter is not approximated i.e. f = 2Ωsin(φ). The radius of the Earth

is given by the constant a. The system is also solved for an incompressible fluid

(obeying equation 3.15), assuming hydrostatic balance,

∂p

∂z
= −g δρ

ρ0

. (3.21)

3.2.3 Baroclinic Model Features

The baroclinic model is based on an idealised set-up of the MITgcm (Marshall et al.

1997) and solves modified versions of the HPEs. The equations solved are based on

those in Section 3.2.2 with an implicit free surface and the following representations

of the forcing, dissipation and pressure terms. Potential temperature, θ, is included

as an active tracer. However, the treatment of salinity is explicitly switched off in

this model. The other relevant model parameters are contained within Table 3.2.

The applied zonal forcing, Fλ, is set to zero in the ocean’s interior (denoted by

the suffice i),

Fλ|i = 0, (3.22)
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Definition Parameter Value
Smagorinsky eddy viscosity ASmagC 3.5

Vertical eddy viscosity Az 1× 10−5 m/s2

Reference density ρ0 999.8 kgm−3

Wind amplitude A 0.2 Nm−2

Quadratic Bottom Drag Coefficient Cdrag 3× 10−3

Gravitational acceleration g 9.81 ms−2

Horizontal diffusivity of tracers Kh 100 m2/s
Vertical diffusivity of tracers Kz 1× 10−5 m2/s

SST Restoring timescales τT 1 month
Thermal Expansion coefficient αθ 2× 10−4◦C−1

Ocean depth H 4000 m
Number of zonal grid points Nx 360

Number of meridional grid points Ny 360
Zonal domain extent Lx 60 ◦

Meridional domain extent Ly 60 ◦

Radius of Earth a 6.37× 103 km
Tracer and momentum time step τs 300 s

Reference temperature θref

layers: 1-15 [20C◦]

16-35[10C◦]

36-44 [5C◦]

Layer Thickness ∆z

1-5 [10m]

6-10[15m]

11-15 [25m]

16-25[30m]

26-35[45m]

26-40[100m]

41-42[250m]

43-44[1000m]

Table 3.2: The parameters used in the baroclinic model.
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but non-zero at the surface (denoted by the suffice s) and given by,

Fλ|s =
τx

ρ0δzs
, (3.23)

where the steady wind forcing is given by

τx(y) = A sech2(y − Lyn
2

)− C, (3.24)

δzs is the depth of the model’s surface vertical layer, Lyn is 40◦, y is defined in the

meridional distance in degrees, from 10◦N and C is a constant of value 0.75Nm−2.

The zonal dissipation in the ocean’s interior has the form,

Dλ|i = ASmag∇4u+ Az
∂2u

∂z2
. (3.25)

The viscosity coefficient, ASmag is calculated online using the Smagorinsky eddy vis-

cosity scheme (Smagorinsky, 1963) (using equation 12 in Griffies and Hallberg (2000):

ASmag = (
ASmagC

π
)2 ∆4

8
|D|, where ASmagC is a user defined non-dimensional value, ∆

is the grid spacing and D is a deformation rate). The non-dimensional value used to

calculate this coefficient, ASmagC (C in equation 12 of Griffies and Hallberg (2000)),

is chosen based on the work by (Griffies and Hallberg, 2000). This viscosity scheme

depends on the resolved motions of the model. A range of different viscosity schemes

were trialled prior to selecting the Smagorinsky scheme. However, the Smargorinsky

scheme viscosity is chosen because it prevents the model becoming over-dissipated,

which would obscure the eddy effects. Moreover, it produces a numerically stable

model, with a suitably turbulent jet. In the bottom layer (denoted by the suffice b),

there is an additional dissipation term, given by a quadratic bottom friction:

Dλ|b = −Cdrag
δzb

u
√
u2 + v2, (3.26)

where δzb is the depth of the bottom layer. In order to simplify the analysis there is

no meridional forcing in any layer,

Fφ = 0. (3.27)
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In a similar manner to the zonal case, the meridional dissipation term in the ocean

interior is given by,

Dφ|i = ASmag∇4
hv + Az

∂2v

∂z2
, (3.28)

with an additional quadratic bottom drag present in the lower layer,

Dφ|b = −Cdrag
δzb

v
√
u2 + v2. (3.29)

The equation of state used in the model is linear

ρ = ρ0(1− αθ(θ − θref )), (3.30)

where θref is predefined reference temperature dependent only in depth. The pressure

field, p, is separated into a barotropic part due to variations in sea-surface height,

η, and a hydrostatic part due to variations in density, integrated through the water

column

p =
δp

ρ0

= gη +

∫ 0

−z
−αθ(θ − θref )dz. (3.31)

The implicit free surface is calculated by,

∂η

∂t
+
∂(Hû)

∂λ
+

(∂Hv̂)

∂φ
= 0, (3.32)

where H is the ocean depth and the hats indicate a vertical integration through the

whole water column. Finally, the temperature forcing and dissipation is given by,

Fθ = Kh∇2
hθ +Kz

∂2θ

∂z2
+ FT , (3.33)

where the term FT is a surface restoring term for temperature with a timescale of one

month.

As the model represents a Boussinesq fluid it neglects the contributions of vari-

ations in density to the continuity equation. This means in practice that the SSH

in the model will show the steric height gradients but not the overall global steric

height expansion or contraction. This simplification is suitable in this thesis, as it is

the steric height gradients, not any offsets, which influence the SSH variability. The
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model domain extends between -10◦ to 50◦ in latitude, with 60◦ in longitude, and

a depth of 4000 m. It has 44 layers and a horizontal resolution of 1/6◦. It obeys

no slip boundary conditions along the sides of the domain. At the surface it relaxes

to a temperature profile that varies linearly with latitude (Fig. 3.4d). The steady

zonal wind stress profile is at a maximum at 30◦N and is flat in the equatorial region

(Fig. 3.4 e). The baroclinic model was firstly spun up for 100 years at 1/3 ◦resolution.

Then an initial condition (zonal velocity, meridional velocity, SSH and temperature)

was taken and interpolated to the 1/6 ◦grid and the model restarted. This model

was spun up for a further 100 years. After this, the model was run for a further 100

years, and it is output from this period which is analysed. No drift was detected in

this period in either the domain integrated SSH and kinetic energy. Moreover, time

series of temperature, SSH and velocity did not exhibit drifts in the vicinity of the

jet where the majority of the interannual variability was detected. The variability,

shown in Fig. 3.4 c, is largely located in the jet region.

In the particular viscosity regime of the model, it was difficult to establish a

zonal jet with the required characteristics (several 100km in length and with an

average zonal velocity of 1-2 m/s). In addition to this the required profile needed

to have zero wind stress curl at the boundaries of the domain. Several different

viscosity parameterisations (including Laplacian viscosity and biharmonic viscosity)

and wind stress profiles were trialled (including the classic sinusoidal profile). After

these preliminary experiments the combination of the sech2 wind stress profile and

biharmonic viscosity was selected as it generated the appropriate jet characteristics.

However, one drawback was present as due to the narrow wind stress profile the gyres

were smaller than desired.

3.2.4 The Reynolds Decomposed Hydrostatic Primitive Equa-
tions

The derivation of the Reynolds decomposed HPEs is included in Appendix 3.B. The

approach, used to decompose the state variables into mean and eddy components, is
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a) b) c)

d) e) f)

Figure 3.4: a) Time mean SSH (η) averaged over 100 years; b) surface restoring of
temperature profile; c) standard deviation of SSH (η) calculated using 100 years of 10-
day means; d) profile of steady, zonal wind stress and e) its curl; f) surface restoring
of temperature profile and the profile of the steady, zonal wind stress. The equatorial
region is not shown in these subplots.

the same as that adopted in Section 3.1.2. The resultant equations are: the Reynolds

decomposed zonal

∂ū

∂t︸︷︷︸
Ua

=

Ub︷ ︸︸ ︷
− 1

acosφ

∂ūū

∂λ
−1

a

∂v̄ū

∂φ︸ ︷︷ ︸
Uc

Ud︷ ︸︸ ︷
−∂w̄ū
∂z
− g

acosφ

∂η̄

∂λ︸ ︷︷ ︸
Ue

+
g

acosφ

∂
∫ 0

z
αθ(θ̄ − θref )dz

∂λ︸ ︷︷ ︸
Uf

+fv̄︸︷︷︸
Ug

Uh︷ ︸︸ ︷
− 1

acosφ

∂u′u′

∂λ
−1

a

∂v′u′

∂φ︸ ︷︷ ︸
Ui

Uj︷ ︸︸ ︷
−∂w

′u′

∂z
+Fλ +Dλ︸ ︷︷ ︸

Uk

Ul︷ ︸︸ ︷
+uvtanφ,

(3.34)
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and meridional

∂v̄

∂t︸︷︷︸
Va

=

Vb︷ ︸︸ ︷
− 1

acosφ

∂ūv̄

∂λ
−1

a

∂v̄v̄

∂φ︸ ︷︷ ︸
Vc

Vd︷ ︸︸ ︷
−∂w̄v̄
∂z
−g
a

∂η̄

∂φ︸ ︷︷ ︸
Ve

+
g

a

∂
∫ 0

z
αθ(θ̄ − θref )dz

∂φ︸ ︷︷ ︸
Vf

−fū︸︷︷︸
Vg

Vh︷ ︸︸ ︷
− 1

acosφ

∂u′v′

∂λ
−1

a

∂v′v′

∂φ︸ ︷︷ ︸
Vi

Vj︷ ︸︸ ︷
−∂w

′v′

∂z
+Fφ +Dφ︸ ︷︷ ︸

Vk

Vl︷ ︸︸ ︷
+
u2tanφ

a
,

(3.35)

momentum equations, and the Reynolds decomposed temperature equation

∂θ

∂t︸︷︷︸
Ta

=

Tb︷ ︸︸ ︷
− 1

acosφ

∂uθ

∂λ
−1

a

∂vθ

∂φ︸ ︷︷ ︸
Tc

Td︷ ︸︸ ︷
−∂wθ
∂z
− 1

acosφ

∂u′θ′

∂λ︸ ︷︷ ︸
Te

Tf︷ ︸︸ ︷
−1

a

∂v′θ′

∂φ
−∂w

′θ′

∂z︸ ︷︷ ︸
Tg

Th︷ ︸︸ ︷
+kh∇2

hθ+kz
∂2θ

∂z2︸ ︷︷ ︸
Ti

.

(3.36)

The over and under bracketed terms include the preceding sign in their definitions.

3.A Appendix: Derivation of the Reynolds De-

composed Shallow Water Equations

The mean and eddy components of the state variables are defined as in Section 3.1.2.

The zonal velocity, the meridional velocity and SSH can be deconstructed as,

u = u+ u′ and v = v + v′, and η = η + η′, (3A.37)

where u′, v′ and η′ denote fluctuations relative to the mean flow with u′ = v′ = η′ = 0.

Equations 3A.37 are substituted into equation 3.1 resulting in the zonal momentum

equation for the mean and eddy component as

∂(u+ u′)

∂t
+ ((uh + u′h) · ∇h)(u+ u′)− f(v + v′) =

− g∂(η + η′)

∂x
− Cdrag

h
(u+ u′)|uh|+ Ah∇2

h(u+ u′) +
τx
ρh
, (3A.38)
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and similarly for the meridional momentum equation. The advection terms can be

expressed as

(u′h · ∇h)u
′ = u′

∂u′

∂x
+ v′

∂u′

∂y
, (3A.39)

=
1

2

∂(u′u′)

∂x
+
∂(v′u′)

∂y
− u′∂v

′

∂y
, (3A.40)

Then using the three dimensional incompressibility condition (equation 3.4) leading

to

−u′∂w
′

∂z
− u′∂v

′

∂y
= u′

∂u′

∂x
, (3A.41)

we obtain

(u′h · ∇h)u
′ =

∂(u′u′)

∂x
+
∂(v′u′)

∂y
+ u′

∂w′

∂z
. (3A.42)

By using similar operations for terms related to the mean flow such that

(uh · ∇h)u = u
∂u

∂x
+ v

∂u

∂y
, (3A.43)

=
∂(uu)

∂x
+
∂(v u)

∂y
+ u

∂w

∂z
. (3A.44)

Finally, we can time-average equation 3A.38 to obtain

∂ū

∂t
= −∇h · (uhū)− u∂w

∂z
− g ∂η̄

∂x
+ fv̄ −∇h · (u′hu′)− u′

∂w′

∂z

+
τx
ρh
− Cdrag

h
u
√
u2 + v2 + Ah∇2

hū,

(3A.45)

and similarly, when repeating the operations for equation 3.2,

∂v

∂t
= −∇h · (ūhv̄)− v∂w

∂z
− g∂η̄

∂y
− fū−∇h · (u′hv′)− v′

∂w′

∂z

−Cdrag
h

v
√
u2 + v2 + Ah∇2

hv̄.

(3A.46)

It is then possible to re-express the vertical velocities through the use of the

boundary conditions and by integrating in the vertical direction and using no-normal

flow at the bottom: ∫ η

−H

∂w

∂z
dz = w(η) + w(−H) =

Dη

Dt
(3A.47)
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Thus, by vertically integrating equations 3A.45 and 3A.46, and noting the indepen-

dence of several terms to z, we obtain

∂ū

∂t
= −∇h · (ūhū)− u

h

Dh

Dt
− g ∂η̄

∂x
+ fv̄ −∇h · (u′hu′)−

u′

h

Dh′

Dt

+
τx
ρh
− Cdrag

h
u
√
u2 + v2 + Ah∇2

hū,

(3A.48)

and

∂v̄

∂t
= −∇h · (ūhv̄)− v

h

Dh

Dt
− g∂η̄

∂y
− fū−∇h · (u′hv′)−

v′

h

Dh′

Dt

−Cdrag
h

v
√
u2 + v2 + Ah∇2

hv̄,

(3A.49)

where the overbar in these two equations now represents both a time-mean and ver-

tical integral.

3.B Appendix: Derivation of the Reynolds De-

composed Hydrostatic Primitive Equations

The HPE equations are decomposed using a similar methodology as that in employed

for the barotropic model. An example of how the Reynolds stresses are derived is

now explained using the zonal momentum equation. The nonlinear terms in the

equations are related to the advection operator, in order to find the Reynolds stresses

the advection term in the zonal baroclinic momentum equation is time averaged and

rearranged as,

(u · ∇)u = (u · ∇)u+ (u′ · ∇)u′. (3B.50)

The first term on the right-hand side (rhs) is

(u · ∇)u =
u

rcosφ

∂u

∂λ
+
v

r

∂u

∂φ
+ w

∂u

∂r
. (3B.51)

In order to find the related Reynolds stresses this is combined with the incompress-

ibility condition multiplied by the mean zonal velocity:

u∇ · u =
u

rcosφ

(
∂u

∂λ
+

∂

∂φ
(vcosφ)

)
+
u

r2

∂r2w

∂r
= 0. (3B.52)



Chapter 3. Model Details and Momentum Budget Decompositions 56

This addition leads to

(u · ∇)u+ u∇ · u = w
∂u

∂r
+
u

r2

∂r2w

∂r
+

u

rcosφ

∂vcosφ

∂φ
+
v

r

∂u

∂φ
+

1

rcosφ

∂ūū

∂λ
(3B.53)

which on rearrangement this is

1

rcosφ

∂ūū

∂λ
+
∂w̄ū

∂r
+ 2

ūw̄

r
+

1

r

∂v̄ū

∂φ
− ūv̄tanφ

r
(3B.54)

The underlined terms are removed due to both the traditional and the hydrostatic

approximations, and the time average of equation 3B.54 results in the first part of

the decomposed advection operator. The eddy terms on the rhs of equation 3B.50

are found in the same manner:

(u′ · ∇)u′ =
1

rcosφ

∂u′u′

∂λ
+
∂w′u′

∂r
+ 2

u′w′

r
+

1

r

∂v′u′

∂φ
− u′v′tanφ

r
. (3B.55)

These procedures are repeated for the meridional momentum and heat equations

resulting in the Reynolds decomposed equations. After the thin shell approximation

is applied and defining pressure as in equation 3.31, the Reynolds decomposed zonal,

∂ū

∂t︸︷︷︸
Ua

=

Ub︷ ︸︸ ︷
− 1

acosφ

∂ūū

∂λ
−1

a

∂v̄ū

∂φ︸ ︷︷ ︸
Uc

Ud︷ ︸︸ ︷
−∂w̄ū
∂z
− g

acosφ

∂η̄

∂λ︸ ︷︷ ︸
Ue

+
g

acosφ

∂
∫ 0

z
αθ(θ̄ − θref )dz

∂λ︸ ︷︷ ︸
Uf

+fv̄︸︷︷︸
Ug

Uh︷ ︸︸ ︷
− 1

acosφ

∂u′u′

∂λ
−1

a

∂v′u′

∂φ︸ ︷︷ ︸
Ui

Uj︷ ︸︸ ︷
−∂w

′u′

∂z
+Fλ +Dλ︸ ︷︷ ︸

Uk

Ul︷ ︸︸ ︷
+uvtanφ,

(3B.56)

and meridional,

∂v̄

∂t︸︷︷︸
Va

=

Vb︷ ︸︸ ︷
− 1

acosφ

∂ūv̄

∂λ
−1

a
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−g
a
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Ve
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a
,

(3B.57)
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momentum equations are derived. Finally, the Reynolds decomposed temperature

equation is

∂θ

∂t︸︷︷︸
Ta

=

Tb︷ ︸︸ ︷
− 1

acosφ

∂uθ

∂λ
−1

a

∂vθ

∂φ︸ ︷︷ ︸
Tc

Td︷ ︸︸ ︷
−∂wθ
∂z
− 1

acosφ

∂u′θ′

∂λ︸ ︷︷ ︸
Te

Tf︷ ︸︸ ︷
−1

a

∂v′θ′

∂φ
−∂w

′θ′

∂z︸ ︷︷ ︸
Tg

Th︷ ︸︸ ︷
+kh∇2

hθ+kz
∂2θ

∂z2︸ ︷︷ ︸
Ti

.

(3B.58)

The physical processes associated with all these tendencies are presented Section

4.3.1, in Tables 4.1, 4.2 and 4.3.



Chapter 4

Intrinsic Sea Surface Height
Variability: from seasonal to
interannual timescales

4.1 Introduction

This study focuses on the emergence of interannual intrinsic variability in western

boundary current (WBC) jet extension regions. Intrinsic here means that the vari-

ability is generated by oceanic dynamical processes, in the presence of an applied

time-independent atmospheric forcing.

As the use of high-resolution ocean models in climate predictions becomes more

common, it is pertinent to examine how the presence of mesoscale eddies influence the

models’ interannual variability. The introduction of eddies will likely have significant

impacts, as studies with OGCM models have already demonstrated that an increase

in model resolution (from 2◦ to 1/4◦) yields an increase in interannual variability

(Penduff et al., 2011). This increase brings model variability closer to that observed

by altimeter measurements, where interannual SSH variability is primarily located

in ocean jets (Fu, 2004; Qiu and Chen, 2005; Thompson and Richards, 2011). In

agreement with these findings, numerous studies utilizing quasi-geostrophic and shal-

low water models, in configurations with idealised geometries and steady or seasonal

forcings, have shown the emergence of interannual intrinsic variability (Jiang et al.,

1995; Spall, 1996; Dewar, 2003; Simonnet et al., 2005; Berloff et al., 2007; Quattroc-
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chi et al., 2012). Moreover, such variability is principally located in mid-latitude jets,

influencing both their strength and position (Jiang et al., 1995; Berloff et al., 2007).

Several studies have proposed mechanisms responsible for driving the intrinsic

interannual variability. These include: using dynamical systems theory to consider

the early bifurcations in forced and dissipative dynamical systems (reviewed by Dijk-

stra and Ghil (2005)), the excitation of basin modes by the applied external forcings

(Cessi and Paparella, 2001), interactions of the deep WBCs with the wind-driven gyres

(Katsman et al., 2001), and the rectification of eastern jets in WBCs by mesoscale

eddies (Berloff et al., 2007). However, only a few studies have addressed the pro-

cesses which generate interannual intrinsic variability in ocean models which solve

the primitive equations (Taguchi et al., 2010; Thompson and Richards, 2011; Sérazin

et al., 2018). Moreover, although mesoscale eddies have been identified as essential

contributors to interannual intrinsic variability (Kwon et al., 2010), the eddy-mean

flow interactions which generate such variability, remain poorly understood phenom-

ena. However, the effects attributed to eddies may not be the sole cause of intrinsic

interannual variability, indeed Huck et al. (2015) demonstrated that in some cases

modes of intrinsic variability may even be robust to the resolution of eddies.

The chapter contains an examination of the dynamical mechanism of SSH intrinsic

variability in two idealised model setups described in Chapter 3. The work presented

aims to:

• Identify any interannual variability present in both barotropic and baroclinic

gyre models and examine the associated dynamical mechanisms.

• Identify the regions where eddy momentum tendencies are important in driving

interannual intrinsic variability.

• Investigate how the addition of buoyancy affects any interannual variability

present.
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The interannual intrinsic variability is shown to be concurrent with several dif-

ferent eddy-mean flow interactions. The barotropic model displays interannual vari-

ability (timescales of 1-2 years) in both the jet’s zonal velocity and its latitudinal

position. These variations occurred due to two different mechanisms, involving eddy

momentum flux convergences. The variability in the jet’s position is attributed to

fluctuations in the transports within the western boundary currents. On the other

hand, the variations in the jet’s transport are shown to be concurrent with eddy-mean

flow interactions, acting to rectify the jet. In the baroclinic model, the effect of eddy

heat fluxes on the stratification in mid-latitude led to the meridional migration of

anomalous jets on interannual timescales (≈ 5 years). This migration is shown to be

due to eddy-jet interactions caused by asymmetries in the eddy heat fluxes, resulting

in the migration of the anomalous jets’ baroclinic zones.

This Chapter is divided into three sections. The first two sections address the

mechanisms by which interannual intrinsic variability is generated in both a barotropic

double gyre model and a baroclinic multi-gyre model. The final section contains a

discussion of the results.

4.2 Interannual Intrinsic Variability in Mid-latitude

Barotropic Jets

Power spectra of SSH taken at several locations in the domain (indicated in Figure

3.2b), are shown in Figure 4.1. The power spectrum of SSH anomalies in the jet

region (location C) exhibits enhanced interannual variability on timescales of 1-3

years. Such power is not present in the spectra taken in subtropical gyre’s interior

(locations A and B), which has white spectral characteristics on multi-year timescales.

These differences are indicative that the dynamical processes present are regionally

dependent. The peaks which occur in all regions at higher frequencies (periods of

less than a year), are potentially related to basin-scale adjustment processes, such as

barotropic Rossby waves.
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Figure 4.1: a-c) Power spectra constructed from 90 years of SSH anomaly data taken
at three different locations marked in Figure 3.2b, showing spectral power (in units of
m2/cpy where, cpy, is cycles per year) as a function of time period in years. Hövmoller
diagrams of SSH anomalies taken at the latitude (d) coinciding with the time-mean
jet position (Section 1) and (e) in the gyre interior (Section 2) marked in Figure
3.2 b. The dashed red lines show the 95%-confidence intervals of the power spectra,
calculated using an inverse chi-squared distribution.

Figure 4.1, panels d and e, shows Hövmoller diagrams at two sections as indicated

in Figure 3.2b, one at the same latitude of the time mean jet (Section 1) and one at

a latitude in the subpolar gyre (Section 2). The Hövmoller taken in the jet (Section

1), displays significant SSH anomalies in the vicinity of the western boundary that

can persist for several years. The timescale of this variability is in agreement with

the large values of spectral power found on interannual timescales (Figure 4.1c).

In Figure 4.1 panels d and e, there are also features which have eastward group

velocities and westward phase speeds. These are hypothesized to be short Rossby
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waves reflected from the western boundary (as discussed by Moore et al. (2002) and

Section 7 of Rhines (1977)). The phase speeds are similar to those hypothesised from

the dispersion relation (equation 2.10). In ocean observations it is difficult to detect

short Rossby waves as mixing acts strongly on short and slow waves.

An empirical orthogonal function (EOF) analysis of 150 years of 5-day mean

SSH model output, is used to determine the spatial patterns and timescales of the

statistical modes of variability present. Figure 4.2a shows that 20 EOFs are needed

to reconstruct about 65% of the variability. Although this is a relatively low figure,

repeat analysis using monthly and 3-monthly means resulted in the same key results

which described in this chapter. Figure 4.2b depicts the leading EOF which consists

of a latitudinal tri-polar pattern in SSH anomalies. Such a tri-polar pattern relates

to meridional shifts in the jet position (Berloff et al., 2007). The second EOF, shown

in Figure 4.2c, displays a dipolar structure, which controls the gradient of SSH across

the jet and therefore the geostrophic transport in the jet.

The interpretations of the leading EOFs and associated principal components

(time series) are confirmed through comparisons with other properties of the system.

Consider two series x(i) and y(i) where i = 0, 1, 2..N−1. The lagged cross correlation

r at time d is defined as,

r(d) =

∑
i(x(i)− x)(y(i− d)− y)√∑

i(x(i)− x)2
√∑

i(y(i− d)− y)2
, (4.1)

where x and y are means of the corresponding series. The meridional jet position,

defined as the meridional location of the maximum value of the zonally integrated

zonal velocity, strongly correlates with the first principal component at zero lag times

(Figure 4.2h). It also displays significant correlation at both lead and lag times

of 3-6 months. Moreover, the transport in the jet, defined as the maximum value

of the zonally averaged zonal velocity, correlates strongly with the second principal

component at zero time lag (Figure 4.2i). This zonal velocity is seen to vary between

≈ 0.3-0.55 m/s, and the jet moves meridionally between ≈ 1850km and 2000km, a

distance which spans 20 model gridboxes.
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Figure 4.2j shows that the leading two principal components are not strongly cor-

related at any lag time. At only a few times are any of the correlations significant, and

at these times they are very weakly correlated. This is indicative that the barotropic

jet transport is not related to the meridional jet position, which is confirmed in panel

k. The lack of any substantial and significant correlations indicate that smaller scale

processes local to the jet, may be acting to influence its strength.

While the raw time series of jet’s meridional position and transport (panels d and

e) appear to exhibit interannual variability in both the jet’s meridional position and

transport, the power spectra of the two principal components associated with the

EOFs are white on interannual timescales (Figure 4.2f and g). This indicates that

they may, therefore, be unpredictable on interannual timescales.

4.2.1 Barotropic Rossby Wave Basin Modes

The Hövmoller plots in Figure 4.1 show the presence of westward propagating waves

in basin interior, away from the western boundary. Both the Hövmoller plots and the

power spectra (Figures 4.1) show that these waves act with periods of approximately

0.1-0.2 years. All the power spectra in Figure 4.1 show a peak in spectral power

on a timescale of 0.1-0.2 years, and peaks on timescales of less than 0.1 years. It is

hypothesised that such peaks are the result of the presence of barotropic basin modes.

Such modes have been previously detected in reduced gravity models and arise due

to basin-wide resonances of Rossby waves, which span the basin an integral number

of times (Cessi and Paparella, 2001). Such waves have zonal wave numbers

k =
2πN

Lx
, (4.2)

which depend on the width of the basin (where N is an integer number and Lx is the

length of the basin (3840 km)).

An ultra-simplified calculation, whereby a constant mean flow and a single Rossby

wave crossing time are assumed is used to estimate the time periods of the barotropic

basin modes. This approach is relevant in quasi-geostrophic systems which have
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Figure 4.3: Time periods of ultra-idealised barotropic Rossby wave basin modes as a
function of the integer number N , calculated using equations 2.10 and 4.2, for several
different velocities of the zonal mean flow, U (m/s). Only time periods of westward
propagating waves are shown.

a constant basin width, however, is not applicable to systems with more complex

geometries such as those discussed by Primeau (2002). The barotropic basin mode

time periods are calculated using equation 2.10 with various constant mean flow

velocities, and are shown in Figure 4.3. In the gyre regions the mean zonal flow is

approximately zero, and the Rossby basin modes with the longest wavelengths act on

timescales of 0.1-0.2 years, in agreement with the peak shown in Figure 4.1a.

The spectra which are taken in the jet region, Figure 4.1c, contains spectral power

on interannual frequencies (periods longer than 1 year), which is not present in the

gyre regions. One possible cause of this behaviour is that in the jet region the Rossby

waves can be Doppler shifted by the mean flow, which can result in waves having

longer time periods in the vicinity of the jet (months-years). The interannual variabil-

ity does not possess any sharp peaked features and therefore cannot be attributed to

a specific combination of the basin modes and zonal mean flow velocities. Therefore,
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further investigation is required to establish the origin of the interannual variability

in the jet.

4.2.2 Influence of Transport on the Jet’s Position and Strength

Although the interannual variability in jet position is not seen to correlate with varia-

tions in transport in the jet, it might be related to non-local changes in the transport

at different times. To investigate these changes, the SSH, and the zonal (u) and

meridional (v) velocities are used to create composites of times when the meridional

jet position, defined by the meridional location of the zonally integrated zonal veloc-

ity, is northward or southward of certain thresholds. If the jet latitude is north of

1980km (southward 1860 km), it is referred to as being in the northward (southward)

state. The mean jet meridional position is at 1920 km. The most notable differ-

ences between northward and southward jet states are apparent when diagnosing the

meridional velocities, as shown in Figure 4.4. A comparison between the meridional

averages of v at the two different jet positions (Figure 4.4 i), shows a reversal in

sign, in not only the western boundary currents but also between the regions south

of the recirculation gyres. The composites in panels b and e exhibit differences in

zonal transport north and south of the recirculation gyres. Such a difference could

correspond an eddy being shed and advected around the recirculation gyres. This

difference is also noticeable in both the meridional and zonal averages of SSH (Figure

4.4 g and j). The zonal velocity averages do not undergo any major variations in mag-

nitude as the jet shifts position. Therefore it is the relative differences in the subpolar

and subtropical boundary currents and recirculation gyres which govern the variabil-

ity in the jet’s meridional position. In this model set up, it is hypothesised that the

variations in the strength of the western boundary currents, are a result of changes in

the relative gyre strengths due to the eddy components, and eddy-boundary current

interactions, as in McCalpin and Haidvogel (1996).

Figure 4.5 analyses the variations in the strength of the jet. The jet’s state is
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Figure 4.4: Composite means, of the 5 day mean fields of: (a) SSH, (b) u and (c) v
taken when the jet is in a southward jet position, and (d) SSH (e) u and (f) v when the
jet is in a northward jet position. Meridional (zonal) averages of the composites of,
(g) SSH, (h) u and (i) v, ((j) SSH, (k) u and (l) v) at both northward and southward
jet positions. The black and grey contours in panels b and c (panels e and f), are
5cm contours of SSH taken in the southward (northward) jet positions.

characterised by its maximum zonally averaged zonal velocity, with a strong (weak) jet

corresponding to a zonal velocity greater than 0.5 m/s (less than 0.45 m/s). Although

the gap between the two defined states is quite small, Figure 4.2 shows that these

limits are clearly separate the variability extremes present. The zonally averaged u

(Figure 4.5k) is larger in the core and the flank of the jet in the strong jet states

relative to the weak states. A comparison of panels b and e demonstrates that in

the strong states there is an intensification of the jet’s zonal velocity, as well as

intensifications of the zonal return flow in the recirculation gyres. These variations

manifest themselves as ≈ 100km fluctuations in the length of the jet, as seen in the

SSH (panels a and d). There is also a steepening in the gradient of SSH across the

recirculation gyres when the jet is in a strong state (Figure 4.5j) relative to the weak
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state. This variation is due to geostrophy and is a reflection of the variations in

transport. The meridionally averaged v, Figure 4.5i, also demonstrates a change in

the zonal extent of the recirculation gyres.
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Figure 4.5: Composite means, of the 5-day mean fields of: (a) SSH, (b) u and (c) v
taken when the jet is in a strong state, and (d) SSH (e) u and (f) v when the jet is
in a weak state. Meridional (zonal) averages of the composites of, (g) SSH, (h) u and
(i) v, ((j) SSH, (k) u and (l) v) at both strong and weak jet states.

4.2.3 Jet Position and Strength: Momentum Budget Analy-
sis

A budget decomposition is used to infer variations in the momentum tendencies as the

jet changes position and strength. The zonal and meridional momentum equations,

are as given in equations 3.1 and 3.2,

∂u

∂t︸︷︷︸
Ua

=

Ub︷ ︸︸ ︷
−(uh · ∇h)u+fv︸︷︷︸

Uc

Ud︷ ︸︸ ︷
−g ∂η

∂x
+
τ

ρh︸︷︷︸
Ue

Uf︷ ︸︸ ︷
−Cdrag

h
u
√
u2 + v2 + Ah∇2

hu, (3.1 revisited)
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and

∂v

∂t︸︷︷︸
Va

=

Vb︷ ︸︸ ︷
−(uh · ∇h)v−fu︸︷︷︸

Vc

Vd︷ ︸︸ ︷
−g∂η

∂y
−Cdrag

h
v
√
u2 + v2 + Ah∇2

hv︸ ︷︷ ︸
Ve

, (3.2 revisited)

where the variables and parameters as defined in Section 3.1. The under-braced and

over-braced quantities include the preceding signs in their definitions.

Composites of the different tendencies are calculated in the same manner as de-

scribed in the previous section. We then examine the zonal and meridional averages

of these composites in the western part of the domain in an area of the domain where

jet variability is most prominent (0-2000km in the x-direction, at all y values). Figure

4.6 examines the changes in the budget as the jet shifts meridionally. It is difficult to

discern any changes in the momentum budget between the northward (dashed lines)

and southward (solid lines) shifted jet states, apart from some discrepancies in the

meridionally averaged meridional momentum equation (panel c). This panel shows a

balance between the tendency from the Coriolis term and the advective tendencies,

with the tendencies changing their sign depending on the meridional position of the

jet. The balance occurs mainly near to the western boundary, and in and around

the recirculation gyres, which correspond to the regions discussed in the transport

analysis. In the other averages (panels a, b and d), geostrophic balance dominates

the tendencies, with only small contributions from the ageostrophic terms, except in

panel b. In panel b, there is a balance between the steady wind forcing and the differ-

ences between the pressure and Coriolis terms. The lack of any noticeable differences

in the other averages indicates that the main differences between the two states are

contained in the meridional non-linear advective terms.

The composites of the averaged tendencies relevant to the changes in transport

are shown in 4.7. Notably, the variations in transport cause changes in the magnitude

of the zonally averaged meridional geostrophic balance (panel d). The largest notice-

able changes between the two states occurs in the meridionally averaged meridional
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Figure 4.6: Averages of the zonal [meridional] momentum equation in the (a)[(c)]
meridional and (b)[(d)] zonal directions. The dashed (solid) lines indicate when the
jet is shifted northward (southward).

momentum equation (panel c), but these are of small magnitudes. As these varia-

tions are hard to interpret, it motivates an examination of the spatial variations in

the Reynolds stresses.

4.2.4 The Reynolds Decomposed Momentum Budget

To assess the impact of the eddy terms on the interannual variability of the jet position

and transport, a Reynolds decomposition of the zonal and meridional momentum

equations, 3.1 and 3.2, is performed. The derivations of these are detailed in Section

3.1.2 and result in:

∂ū

∂t
= −∇h · (ūhū)− u

h

Dh

Dt
− g ∂η̄

∂x
+ fv̄ −∇h · (u′hu′)−

u′

h

Dh′

Dt

+
τ

ρh
− Cdrag

h
u
√
u2 + v2 + Ah∇2

hū,

(3.8 revisited)
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Figure 4.7: a) Averages of the zonal [meridional] momentum equation in the (a)[(c)]
meridional and (b)[(d)] zonal directions.The dashed (solid) lines indicate when the
jet transport is strong (weak).

and

∂v̄

∂t
= −∇h · (ūhv̄)− v

h

Dh

Dt
− g∂η̄

∂y
− fū−∇h · (u′hv′)−

v′

h

Dh′

Dt

−Cdrag
h

v
√
u2 + v2 + Ah∇2

hv̄.

(3.9 revisited)

To allow for a comparison with the results of Waterman and Jayne (2011), the

divergence of the eddy potential vorticity (PV) flux, or eddy potential vorticity forcing

term is also calculated (Waterman and Hoskins, 2013),

−∇h · uh
′q′ = 2

∂2M

∂x∂y
− ∂2N

∂x2
+
∂2N

∂y2
, (4.3)

where, N = u′v′ and M = 1
2
(u′2 − v′2), and q is the potential vorticity. An

output formed with 3-month means is used to compose the Reynolds stresses, i.e. the

average is defined as a 3 month temporal mean. The timescale of three months is

long enough so as to resolve eddy momentum tendencies but not so long that it would
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act to conceal the intrinsic interannual variability of the system. Repeat experiments

conducted with 5-day and 1-month time means give similar results.

Attempts made to temporally correlate the divergence of the Reynolds stresses

with metrics relating to the position and strength of the jet proved unfruitful, due

to rapidly temporally varying and spatially complex nature of the divergence of the

Reynolds stresses. Thus, an alternative approach is employed, whereby the composite

mean spatial patterns of the terms in the Reynolds decomposed momentum equations

are examined at extreme values of jet strength and position.

To investigate the eddy-mean flow interactions, eddy-driven properties are exam-

ined in the recirculation gyres at different jet states corresponding to northward and

southward positions of the jet (as in Section 4.2.2). Figure 4.8 demonstrates the

variations in the eddy PV forcing term (equation 4.3) and the tendencies related to

the horizontal Reynolds stresses, as the jet shifts meridionally. The eddy PV forcing

terms (panels a and b) act to decelerate the flow near the western boundary, whereas

on the eastward side of the recirculation gyres the eddies act to accelerate the flow

(in agreement with Waterman and Jayne (2011)). The eddy tendency terms in the

zonal momentum equation (panels e and f) act to accelerate the flow zonally near the

western boundary, and decelerate it on the eastward side of the recirculation gyres.

The meridional terms (panels i and j) have different signs in each of the recirculation

gyres. In the subpolar gyre they accelerate the jet northwards, and in the subpolar

gyre, they act to accelerate the jet southwards. In the recirculation gyres’ upstream

regions, near to the western boundary, these terms act to decelerate meridional cur-

rents entering the jet, whereas in the downstream jet regions, the meridional eddy

tendencies are seen to accelerate the meridional velocity acting in the direction of the

mean flow. In the meridional averages of the three terms, the most prominent dif-

ferences occur in the meridional momentum eddy terms (panel k). In the northward

jet position, the eddies act to accelerate the jet core in a net northward direction,

whereas in the southward state the eddies are acting to accelerate the jet core south-
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ward. Near to the western boundary, the eddies have the opposite signs, indicating

a southward acceleration in the northern state and a northward acceleration in the

southern state. This is suggestive that the tendencies of the eddies in the boundary

currents could act to restore the jet’s position.
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Figure 4.8: Composite means of the (a)[(b)] eddy potential vorticity forcing, (e)[(f)]
eddy tendencies in the zonal momentum equation, (i)[(j)] eddy tendencies in the
meridional momentum equation, when the jet is in a northward [southward] jet posi-
tion. Meridional [zonal] averages of the displayed composites of (c)[(d)] eddy potential
vorticity forcing, (g)[(h)] eddy tendencies in the zonal momentum equation, (k)[(l)]
eddy tendencies in the meridional momentum equation. The grey contours are 20cm
contours of SSH.

Similarly, the eddy terms are evaluated for different magnitudes of jet’s zonal

velocity. In the strong jet state, Figure 4.9a, shows a clear example of the eddy

PV forcing observed by Waterman and Jayne (2011). However, the composite in

the weaker jet is less spatially coherent than the pattern in the strong jet state,

indicating that on average the eddies are less effective in accelerating the jet when the

jet has a weaker zonal transport (Figure 4.9b). In the strong jet state, the zonal eddy
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momentum terms act to accelerate the flow in the upstream region, and decelerate

the flow downstream (panel e). There is a decrease in the magnitude of the zonal

acceleration in the core of the jet when the jet is weak (panel f). The most marked

difference is observed in the meridional eddy components (Figure 4.9i,j). In the strong

jet state, the meridional terms act strongly to decelerate the flow in the recirculation

gyres, in the upstream region of the jet. In the weak jet state, the deceleration has a

smaller magnitude, as the downstream acceleration is more prominent relative to that

upstream. The eddy terms are acting to force the mean flow in significantly different

ways as the transport varies. Therefore Figure 4.9 demonstrates an example of the

eddies acting locally in the recirculation gyres to drive the jet transport.
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Figure 4.9: Composite means of the (a)[(b)] eddy potential vorticity forcing, (e)[(f)]
eddy tendencies in the zonal momentum equation, (i)[(j)] eddy tendencies in the
meridional momentum equation, when the jet is in a strong [weak] transport state.
Meridional [zonal] averages of the displayed composites of (c)[(d)] eddy potential
vorticity forcing, (g)[(h)] eddy tendencies in the zonal momentum equation, (k)[(l)]
eddy tendencies in the meridional momentum equation. The grey contours are 20cm
contours of SSH.
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4.3 Interannual Intrinsic Variability in Mid-Latitude

Baroclinic Jets

As discussed in Section 3.2.3, the baroclinic model’s mean state exhibits several fea-

tures that are qualitatively similar to that of the barotropic model and observations.

The mean SSH pattern consists of two large-scale gyres, with intensifications in the

recirculation regions (Figure 4.10b). However, there are also additional gyres present

at higher and lower latitudes. Such structures are common in idealised baroclinic

models and are sensitive to the model’s boundary conditions, but won’t affect the re-

sults presented here (Greatbatch and Nadiga, 2000; Wilson and Williams, 2004). The

largest values of SSH variability are located in the jet’s extension region, as shown

in Figure 4.10c. The mean temperature profile also has a multi-gyre pattern (Figure

4.10e), which is similar to that of the mean SSH. In the mid-latitudes, the meridional

temperature gradient varies depending on longitude, with a steeper gradient near the

west coast, and a flatter gradient in the basin interior.

Several features which are not present in the barotropic model are also evident.

The mean zonal velocity profile at 150m, shown in Figure 4.10a, indicates the presence

of two zonal jets in the basin’s interior. One jet is at 27-28◦N, and the other weaker jet

is situated just northwards at 30◦N. The occurrence of multiple jets is not uncommon

in high-resolution primitive equation models when a broad wind forcing is applied

(Richards et al., 2006; Chan et al., 2007; Thompson and Richards, 2011), and are also

seen in observations (Roden, 2000; Hughes and Ash, 2001; Maximenko et al., 2005).

The presence of multiple jets could have important implications for the interannual

intrinsic variability of the ocean.

Figure 4.11 shows the time series, and the associated power spectra, of SSH anoma-

lies taken at several different locations (indicated in Figure 4.10b). At all locations

the power spectra selected exhibit considerable power on interannual timescales, with

the largest values of power spectral density found in the jet regions (Figure 4.11,

panels d and h). On periods longer than one year, the power spectral density in these
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Figure 4.10: Time mean (a) zonal velocity [m/s] and (b) SSH [m]. (c) Standard
deviation of SSH [m] (composed from 10-day time means). Time mean (d) meridional
velocity [m/s] and (e) Temperature [C◦]. Velocity components and temperature are
computed at a depth of 150m.

regions is up to an order of magnitude larger than those found in the gyre regions.

Multiple profiles of variability are seen to occur in the jet region (Figure 4.11, panels

c and g). In the jet extension region, the time series exhibit a very distinctive, almost

periodic pattern, occurring on timescales of ≈ 5 years (panel c). In the jet region

closer to the western boundary, panel g, the variability is asymmetric with greater

magnitude negative anomalies corresponding to southward deflections of the subpolar

recirculation gyre on interannual timescales (not shown). In the subpolar gyre, pan-

els a and b, the power spectra are reminiscent of that seen in the gyre region of the

barotropic model, with a peak on timescales of ≈ 0.1− 0.2 years with flatter spectra

on times longer than a year. In the subtropical gyre (Figure 4.11, panels e and f)

interannual variability is also present, with a prominent spectral peak occurring on

periods between 5-6 years.

Figure 4.12 shows an EOF analysis of SSH. A similar number of EOFs are required

to reconstruct the variability of the system as in the barotropic case, as approximately

50 EOFs are needed to reconstruct 85% of the variability. The first and third EOF
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Figure 4.11: Time series created using 80 years of SSH anomaly data taken at loca-
tions: (a) A, (c) B, (e) C, (g) D marked in Figure 4.10a. Power spectra of the time
series at the locations marked: (b) A, (d) B, (f) C, (h) D. The dashed red lines show
the 95%-confidence intervals calculated using an inverse chi-squared distribution.
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Figure 4.12: (a) The percentage of variance explained by each of the EOFs. The
(b) first, (c) second and (d) third EOFs of SSH. The power spectra of the (e) first,
(f) second and (g) third principal components. The dashed red lines show the 95%-
confidence intervals calculated using an inverse chi-squared distribution.

patterns are reminiscent of those found in the barotropic model. This first EOF

pattern (panel b) has a dipolar pattern around 12◦E which affects the transport of

the jet, as in the barotropic case. The second EOF pattern (panel c), is associated with

the meandering of the jet. The third EOF pattern (panel d) has a tripole pattern west

of 15◦E, corresponding to a meridional jet shift as in the barotropic system. All three

principal components display similar power spectra, with white profiles on timescales

longer than a year, and a peak at a frequency of approximately 5 years (panels e-g).

These variations, in the jet’s meridional position and transport, captured by the first

and third EOFs, are driven by the barotropic mechanisms previously discussed in

Section 4.2.4. However, the corresponding patterns of eddy momentum convergence,

are more complicated due to the meandering structure of the jet. Eddies are seen to

accelerate and decelerate the mean flow on interannual timescales.

The Hövmoller plots in Figure 4.13, taken along Sections A and B (marked in

Figure 4.10a), examine the differences in variability along the path in the jet. The
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section B [m]section A [m] section A [m/s] section B [m/s]
b)a) c) d)

Figure 4.13: Hövmoller plots of zonal velocity and SSH anomalies taken at two dif-
ferent regions in the model domain (shown in Figure 4.10a).

plots show anomalies, where a field X has decomposed into components representing

a 35 year time mean (X̃) and fluctuations to this mean (Xa), i.e., X = Xa + X̃. In

the downstream jet region (Section B), both the SSH anomalies and the anomalous

zonal velocities exhibit patterns due to interannual equatorward propagation. These

equatorward drifts occur on a timescale of approximately 5 − 6 years, and are not

present in the upstream jet region (Section A). The anomalous meridional migration is

only evident between latitudes of 25◦N - 31◦N. The timescale of this drift is reminiscent

of the variability found in both the time series in Figure 4.11c, and in the power

spectra of principal components (Figure 4.12).

As the zonal velocity anomalies migrate southwards (4.14a), two zonal jets seen

in the zonally averaged monthly mean zonal velocity fields (4.14b), are seen to split

and merge (evident in a comparison of the profiles at T1 and T3). Figure 4.14b
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shows that when the jets have separated, the jet at the higher latitude (29-31◦N)

is more barotropic than the jet at the lower latitude (26-29◦N), as it extends to far

deeper depths (∼ 4000m rather than ∼ 1000m). However, this distinction is not as

apparent when the jets merge, and both jets extend to ∼ 3000m. These anomalous

jets migrate over the latitude range where there is a strong meridional gradient in the

mean temperature (as seen in Figure 4.14c). Panel d shows that on either side of the

positive zonally averaged zonal velocity anomalies there are temperature anomalies

of differing signs. This resultant meridional temperature gradient across the jet is

as expected from thermal wind balance. Therefore there is a baroclinic pressure

gradient, across the anomalous jets, which could be important in the mechanism of

the observed migration.

4.3.1 Interannual Eddy-Jet Interactions

Previous studies have attributed such low-frequency jet migrations to an asymmetric

convergence of eddy momentum fluxes caused by meridional variations of baroclinic

instabilities (Chan et al., 2007; Chemke and Kaspi, 2015). To detect such variations

the Eady growth rate is often diagnosed. In this study The Eady growth rate is

also the chosen measure of baroclinicity due to its simplicity. Although, this measure

was developed for use on an f plane, it can also be used on a beta plane as an

effective measure of the growth rate of the most unstable waves (Lindzen and Farrell,

1980). The across jet differences arise because of meridional variations in either

the Coriolis parameter, the zonal velocity shear, or the static stability (Chan et al.,

2007; Chemke and Kaspi, 2015). Using Reynolds decomposition, we can explore the

dynamical mechanisms responsible for the jet migration on interannual timescales

for both momentum (Figures 4.15 and 4.16 ) and temperature (Figure 4.17a). The

derivation of the Reynolds decomposed HPEs is included in Appendix 3.B and the
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Figure 4.14: (a) Hövmoller plots of zonal velocity anomalies, taken along Section b
(as indicated in Figure 4.10c). (b) Monthly mean zonal velocities (indicated by the
overbar) zonally averaged between longitudes of 16◦-22◦E, taken at times indicated
in panel a. (c) The monthly mean zonally averaged temperature profiles averaged
between longitudes of 16◦-22◦E. (d) The monthly mean zonally averaged tempera-
ture anomalies averaged between longitudes of 16◦-22◦E. The black contours indicate
positive zonally averaged zonal velocity anomalies, with contour intervals of 3cm/s.
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resultant equations are: the Reynolds decomposed zonal
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(3.34 revisited)

and meridional
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(3.35 revisited)

momentum equations, and the Reynolds decomposed temperature equation
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(3.36 revisited)

The over and under bracketed terms include the preceding sign in their definitions.

The physical processes associated with all these tendencies are presented in Tables

4.1, 4.2 and 4.3.

We examine the departures of the tendencies from their time means (where the

eddy terms are denoted by primes (′) and the monthly mean terms by overbars (̄ ) as

described in Section 3.1.2), to isolate the signal related to the meridional migration.

Initially, we concentrate on tendencies with the largest magnitudes to identify those

responsible for the meridional migration. The temporal evolution of the anomalous
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Tendency Related physical interpretation
Ua Tendency of the mean zonal velocity component
Ub Mean zonal advection of zonal momentum
Uc Mean meridional advection of zonal momentum
Ud Mean vertical advection of zonal momentum
Ue Zonal momentum tendency from the barotropic pressure gradient
Uf Zonal momentum tendency from the baroclinic pressure gradient
Ug Zonal momentum tendency from the Coriolis term
Uh Eddy zonal advection of zonal momentum
Ui Eddy meridional advection of zonal momentum
Uj Eddy vertical advection of zonal momentum
Uk Zonal momentum tendency from forcing and dissipation
Ul Zonal momentum tendency from a metric term

Table 4.1: The tendencies in the zonal momentum equation and the physical inter-
pretations to which the are related.

Tendency Related physical interpretation
Va Tendency of the mean meridional velocity component
Vb Mean zonal advection of meridional momentum
Vc Mean meridional advection of meridional momentum
Vd Mean vertical advection of meridional momentum
Ve Meridional momentum tendency from the barotropic pressure gradient
Vf Meridional momentum tendency from the baroclinic pressure gradient
Vg Meridional momentum tendency from the Coriolis term
Vh Eddy zonal advection of meridional momentum
Vi Eddy meridional advection of meridional momentum
Vj Eddy vertical advection of meridional momentum
Vk Meridional momentum tendency from forcing and dissipation
Vl Meridional momentum tendency from a metric term

Table 4.2: The tendencies in the meridional momentum equation and the physical
interpretations to which the are related.
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Tendency Related physical interpretation
Ta Tendency of the mean potential temperature
Tb Mean zonal advection of potential temperature
Tc Mean meridional advection of potential temperature
Td Mean vertical advection of potential temperature
Te Eddy zonal advection of potential temperature
Tf Eddy meridional advection of potential temperature
Tg Eddy vertical advection of potential temperature
Th Horizontal diffusion of potential temperature
Ti Vertical diffusion of potential temperature

Table 4.3: The tendencies in the temperature equation and the physical interpreta-
tions to which the are related.

tendencies in the momentum budget are zonally averaged between 16◦E and 22◦E,

and examined at the location of the observed variability, at a latitude of 28◦N.

The majority of the tendencies in the the zonal momentum equation (equa-

tion 3.34), shown in Figure 4.15a, exhibit variability with a 5 year periods. The

largest terms correspond to those tendencies which are in geostrophic balance. The

next largest terms are those which relate to the baroclinic pressure gradients Uf

(+ g
acosφ

∂
∫ 0
z αθ(θ̄−θref )dz

∂λ
), and the vertical component of the divergence of the Reynolds

stresses, Uj (−∂w′u′

∂z
). Similarly, the largest tendencies in the meridional momen-

tum equation (equation 3.35), shown in Figure 4.16, are the tendencies which are

in geostrophic balance: the tendency related to the baroclinic pressure gradient

(Vf ,+
g
a

∂
∫ 0
z αθ(θ̄−θref )dz

∂φ
), and that due to the vertical Reynolds stress (Vj,−∂w′v′

∂z
).

The temperature budget (equation 3.36), shown in Figure 4.17, is dominated

by the advective terms, as the terms relating to the diffusion of temperature are

several orders of magnitude smaller than the advective terms (not shown). The mean

temperature tendency, Ta (∂θ
∂t

), is also negligible. The terms relating to the zonal,

Tb,e (− 1
acosφ

∂uθ
∂λ
− 1

acosφ
∂u′θ′

∂λ
), and meridional, Tc,f (− 1

a
∂vθ
∂φ
− 1

a
∂v′θ′

∂φ
), heat advection are

seen to balance each other. The terms related to the vertical advection term Td,g,

are also significant and show a balance between the mean, Td (−∂wθ
∂z

), and eddy, Tg

(−∂w′θ′

∂z
), components. This is potentially related to eddy cancellation, a mechanism
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proposed in Doddridge et al. (2016). The small temperature anomaly tendency is due

to the near cancellation of the lateral and vertical temperature gradients, maintained

by both the Eulerian and eddy components.

We will now further investigate how the largest tendencies act to cause an equa-

torward migration of the anomalous jets. As the anomalous zonal jets seem to move

exclusively equatorward, we hypothesise that the migration is due to a meridional

imbalance in the momentum tendencies across the jets. For example, if the tenden-

cies related to the eddy momentum fluxes are the largest terms in the momentum

equations, and if their contributions are more substantial on the poleward flank of

the jet relative to the equatorward flank, the imbalance will lead to the jet moving in

the equatorward direction. An approach motivated by Chemke and Kaspi (2015) is

adopted to identify the presence of any latitudinal variations in the momentum and

temperature tendencies across the northern jet. The northern jet is chosen for this

analysis as it displayed the most significant displacement in the meridional direction.

Due to the lack of zonal symmetry, the jet positions are defined as the maxima of the

zonal average of u between 16◦E and 22◦E in longitude. The northern jet is defined

as the jet at the highest latitude with a zonally averaged u of more than 0.25 m/s.

The tendencies are summed separately over the poleward (Σp) and equatorward (Σe)

flanks of the jet. The meridional width of the jet flanks is defined as the distance

between the maximum of zonally integrated u, and the latitude of the nearest zero or

minimum in zonally integrated u. Such an approach takes into account any merid-

ional migration of the jet and variations in the width of the jet’s flanks. This analysis

is performed with 35 years of monthly mean model output, enough time for there to

be several cycles of the variability. Repeat analysis is also performed with the output

on several different depth layers. The plots presented are for the depth layer spanning

350-380m, but the results appear qualitatively similar for any of the layers in the top

1000m of the model.

Figure 4.18 shows the summed tendencies comprising the zonal momentum equa-



Chapter 4. Intrinsic Sea Surface Height Variability: from seasonal to interannual
timescales 86

a)       

0 3 6 9 12 15 18 21 24 27 30
Time (years)

  

     

-2.5

-1.5

-1

0

0.5

1

-2

-0.5

1.5

2

-1

-0.6

-0.4

0

0.2

0.4

-0.8

-0.2

0.6

0.8

1

          

Figure 4.15: All the anomalous momentum tendencies in the (a) zonal (i.e. Ua
a , U

a
b

etc) momentum equations zonally averaged between 16◦ E and 22◦ E in longitude (all
in m/s2). It also shows the largest magnitude anomalous terms in the (c) zonal mo-
mentum equation excluding those in geostrophic balance. In the zonal equations these
terms are related to the zonal and meridional mean flow advection (Ua

b , (− 1
acosφ

∂ūū
∂λ

)a,

red and Ua
c , (− 1

a
∂v̄ū
∂φ

)a, light green), the thermosteric part of the pressure gradient (Ua
f ,

(+ g
acosφ

∂
∫ 0
z αθ(θ̄−θref )dz

∂λ
)a, yellow) and the vertical eddy momentum flux (Ua

j , (−∂w′u′

∂z
)a,

turquoise). All the time series shown are constructed from the zonally averaged
anomalous terms in the momentum equations at a latitude of 28◦ N.
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Figure 4.16: All the anomalous momentum tendencies in the (a) meridional (i.e.
V a
a , V

a
b etc) momentum equations zonally averaged between 16◦ E and 22◦ E in

longitude (all in m/s2). It also shows the largest magnitude anomalous terms in
the (b) meridional momentum equation excluding those in geostrophic balance. In
the meridional equation the largest magnitude terms are vertical mean and eddy
fluxes (V a

d , (−∂w̄v̄
∂z

)a, black and V a
j , (−∂w′v′

∂z
)a, turquoise), the meridional eddy flux

(V a
i , (− 1

a
∂v′v′

∂φ
)a, brown) and the the thermosteric part of the pressure gradient (V a

f ,

(+ g
a

∂
∫ 0
z αθ(θ̄−θref )dz

∂φ
)a, yellow). All the time series shown are constructed from the

zonally averaged anomalous terms in the momentum equations at a latitude of 28◦ N.
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Figure 4.17: All the anomalous terms in the temperature budget zonally averaged
between 16◦E and 22◦E in longitude, at a latitude of 28◦ N (i.e. T aa , T

a
b etc, all in

units of C◦/s).

tion. Several of the terms are small with no apparent meridional asymmetries. In

agreement with the time series analysis, the largest terms are related to the baroclinic

pressure gradient (panel f), and the sum of the geostrophic terms (panel e). However,

neither of these terms has a clear meridional asymmetry. Most of the tendencies

related to the vertical eddy advection (Uj, panel i), are small and close to zero, but

there are numerous negative extreme values which decelerate the jet on its equator-

ward flank. Figure 4.19 shows the summed tendencies of the meridional momentum

equation. The largest terms again are those related to geostrophic balance. The

ageostrophic components are seen to act to balance the tendency due to the baroclinic

pressure gradient. The tendency due to the baroclinic pressure gradient (panel f) acts

to accelerate the jet exclusively in the equatorward direction on both flanks of the jet.

The tendency associated with the vertical eddy momentum (Vj, panel i), is also seen

to mainly accelerate the jet equatorward, in both the jet’s poleward and equatorward

flanks. The summed temperature tendencies are shown in Figure 4.20. The largest
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Figure 4.18: The sum over the poleward (
∑

p) versus equatorward (
∑

e) flanks of
the northern meridionally migrating jet of each term in the zonal momentum budget
(equation 3.34) [m/s2]. Each dot represents the summations taken of the monthly-
mean tendencies, over 35 years. The black line indicates when the tendency summed
over the poleward flank and that summed over the equatorward flank are equal.The
red ellipses define the 95% confidence interval of the summed quantities.

terms are the those related to the horizontal advection of heat and the vertical eddy

temperature fluxes. The tendency Tg (−∂w′θ′

∂z
) displays an evident asymmetry, which

causes an increase in the heat in the poleward flank of the jet at all times. Such

an increase acts to steepen the meridional temperature gradient across the jet. This

steepening leads to a southward directed acceleration in the meridional momentum

equations, due to the resultant baroclinic pressure gradient (Vf ,+
g
a

∂
∫ 0
z αθ(θ̄−θref )dz

∂φ
).

In summary, the scatter plots do not detect any noticeable sizable asymmetries in

the tendencies related to eddy momentum flux convergence. Instead, it appears that

any asymmetries are due to the vertical eddy temperature fluxes. These temperature

fluxes will influence the tendencies related to the meridional temperature gradients,

which are the largest tendencies in the meridional momentum equation.
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Figure 4.19: The sum over the poleward (
∑

p) versus equatorward (
∑

e) flanks of
the northern meridionally migrating jet of each term in the meridional momentum
budget (equation 3.35)[m/s2]. The red ellipses are as in figure 4.18.
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a)
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a) b) c)       d)

f) g) h)

Figure 4.20: The sum over the poleward (
∑

p) versus equatorward (
∑

e) flanks of the
northern meridionally migrating jet of each term in the temperature budget (equation
3.36) [C◦/s]. The red ellipses are as in figure 4.18.
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Previous studies of meridionally propagating jets have attributed such variability

to imbalances in the eddy momentum fluxes. These imbalances are caused by merid-

ional asymmetries in the Eady growth rate across the migrating jets (Chan et al.,

2007; Chemke and Kaspi, 2015). Chemke and Kaspi (2015) showed such variability

to be due to variations in the Coriolis parameter, whereas, Chan et al. (2007) found

variations in the static stability to be the dominant effect. In the current study,

the positive tendencies due to the vertical eddy heat fluxes on the poleward side of

the jet, may be due to variations in the baroclinicity. To diagnose this, meridional

asymmetries in the Eady growth rate are examined (Eady, 1949)

σ ∝ fUz
N

, (4.4)

where N is the buoyancy frequency given by,

N =

√
g

θ

dθ

dz
, (4.5)

as salinity is not included in the equation of state in this model. Figure 4.21 shows

that the Eady growth rate is slightly larger on the jet’s poleward flank as hypothesised.

However, it is uncertain which of the constituent terms leads to such a meridional

imbalance, as both the summations of the Coriolis parameter and static stability

demonstrate meridional imbalances. Both exhibiting larger values in the jets poleward

flank, than in the equatorward flank. However, this asymmetry is less clear in the

zonal velocity’s vertical shear and thus in the Eady growth rate itself.

A plausible mechanism for the interannual anomalous jet migration is therefore

due to a combination several different effects, and appears to be largely related to

the temperature tendencies, rather than those tendencies due to eddy momentum

convergence. All of the results can be drawn together into the following mechanism,

which is summarized in the schematic in Figure 4.22:

1. There is a small asymmetry in the system’s Eady growth rate across the mi-

gration region, due to meridional differences in both the static stability and the

Coriolis parameter.
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b)a)

c) d)

Figure 4.21: The sum over the poleward (
∑

p) versus equatorward (
∑

e) flanks of the
upper meridionally migrating jet of the (a) Eady growth rate, (b) Coriolis parameter,
(c) Static stability and (d) the vertical shear in the zonal velocity.
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2. The anomalous vertical velocities, shown in Figure 4.23a, indicate that there is

a residual circulation with positive vertical velocity anomalies in the core of the

jet, and sinking on the flanks.

3. The variations in the eddy temperature tendencies terms, most notably in

−∂w′θ′

∂z
, are displaced meridionally from the positions of the temperature anoma-

lies present in the anomalous jets, which are set by the thermal wind (shown in

Figure 4.23b).

4. These eddy heat fluxes, change the position of the anomalous jet’s baroclinic

zone and induce an equatorward migration of the jet. By simultaneously warm-

ing the anomalous zonal jet on its equatorward flank and cooling its core.

5. The migration terminates when there is no longer an asymmetry in the Eady

growth rate around the jet.

The timescale of the shifting is hypothesised to depend on the anomalous vertical

velocities, the related vertical heat advection, and the magnitude of the resultant

meridional temperature gradient.

4.4 Conclusions and Discussion

This chapter addressed the emergence of intrinsic interannual variability in both

barotropic and baroclinic double-gyre models with a steady wind forcing, at eddy

permitting resolutions. The presence of mesoscale eddies can dramatically impact the

proportion of interannual variability present in ocean models (Penduff et al., 2011).

Moreover, such intrinsic variability, has large implications for interannual variability

in the North Atlantic, particularly in the Gulf Stream region (Sérazin et al., 2015).

In the barotropic model, both the position of the jet and its zonal transport are

seen to vary on interannual timescales. The jet’s position varies between approx-

imately 1800-2000km in the meridional direction and its zonally averaged velocity
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Figure 4.22: Schematic of the eddy-jet interactions responsible for the interannual
equatorward migration of the anomalous jets, shown at an initial state (T1) and at
a later time (T2). The asymmetric Eady growth rate means that the vertical eddy
heat fluxes are shifted meridionally relative to those due to thermal wind balance.
This offset causes an equatorward migration of the jet’s baroclinic zone.
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Figure 4.23: (a) The monthly mean vertical velocity anomalies, zonally averaged
between longitudes of 16◦-22◦E. (b) The monthly mean zonally averaged temperature
anomalies averaged between longitudes of 16◦-22◦E. The profiles are taken at the times
indicated in Figure 4.14a. The black contours indicate positive zonally averaged zonal
velocity anomalies, with contour intervals of 3cm/s.

varies between 0.3-0.55m/s. This variability appears to be similar to that described

in numerous other idealised model studies (Jiang et al., 1995; Spall, 1996; Dewar,

2003; Simonnet et al., 2005; Berloff et al., 2007; Quattrocchi et al., 2012). Previously,

two approaches have been used to investigate such variability: an approach based

on dynamical systems theory (Jiang et al., 1995; Simonnet et al., 2005; Dijkstra

and Ghil, 2005; Quattrocchi et al., 2012), and investigations based on examining the

statistics of the dynamical processes present (e.g, Berloff et al., 2007). The present

study adopts an approach which is similar to the latter, however considering the full

momentum and buoyancy budgets (Waterman, 2009) to investigate the eddy-mean

flow interactions, which are hypothesised to drive interannual intrinsic variability.

Analysis of the momentum budget determined that two distinct mechanisms in-

duce variability in the jet transport and position. The transport is driven locally by

Reynolds stress variations in the recirculation gyres; whereas the meridional position

appears to be driven by variations in the strength of the meridional transport in the
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WBCs. This mechanism, associated with the meridional position shift is more difficult

to discern as the main differences between the northward and southward states are

located in the narrow western boundary currents near to the jet’s separation point.

Such variations are hypothesized to be due to a combination of eddy-boundary current

interactions, and variations in the transport of the large-scale gyres (as in McCalpin

and Haidvogel, 1996). This results implies that the predictability timescale of a merid-

ional jet shift will be limited, by either the time taken for inter-gyre potential vorticity

anomalies to (1) propagate around the gyre circulation (approximately 5 months), or

(2) to be advected towards the coast by the recirculation gyres (approximately 1

month). The propagation timescales of inter-gyre potential vorticity anomalies could

also be affected by the strength of the jet and therefore the associated cross-frontal

potential vorticity mixing as discussed by Berloff et al. (2007). Although in this study

no correlation was found between the jet transport and the jet position, perhaps due

to the short zonal jet length.

The baroclinic model displayed several features similar to the barotropic model,

as the largest amount of interannual SSH variability is again located in the jet region.

In the recirculation gyres, the mechanisms of low-frequency variability are similar

to those seen in the barotropic case. However, away from the western boundary in

the basin’s interior, a different form of variability emerged which involved multiple

anomalous zonal jets. The existence of multiple zonal jets has previously been re-

ported in the ocean’s interior in observations (Maximenko et al., 2005) and eddying

models (Thompson and Richards, 2011). In the baroclinic model the anomalous zonal

jets are seen to drift meridionally equatorward on interannual timescales between lati-

tudes of 25◦N - 31◦N. These drifts are also seen in the zonally averaged SSH anomalies

(averaged between longitudes of 16◦-22◦E), with magnitudes of approximately 0.3m.

The jet migration resembled that previously discussed in studies by Chan et al.

(2007) and Chemke and Kaspi (2015), which analysed zonally symmetric configura-

tions of oceanic and atmospheric flows, respectively. However, the mechanism of vari-
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ability is dissimilar to that presented in Chemke and Kaspi (2015), as no significant

across jet eddy momentum flux asymmetries are observed. Instead, the mechanism

is shown to share similar ingredients to that presented by Chan et al. (2007); it is the

tendencies related to eddy temperature fluxes, not those related to the momentum

fluxes, which cause the shift in the position of the anomalous jet’s baroclinic zone

on interannual timescales. This shift could be seen in the larger scale jet features,

causing several jets to merge and separate (as seen in Figure 4.14b), thus causing

interannual variations in the zonal transport and SSH. The model setup used here

and containing gyre structures with strong western boundary currents is distinct to

that used by Chan et al. (2007) which used a re-entering zonal channel mimicking the

Southern Ocean. However, there are some similarities: the Eady growth rate varies

as a function of latitude, there are offsets between the wind stress curl zero line and

the middle of the temperature restoring profile, and the models are on spherical polar

grids with subsequent meridional variations in the Coriolis parameter. Each of these

ingredients introduces potential asymmetries in the system, which can explain why

the anomalous jets migrate solely equatorwards. Chan et al. (2007) primarily related

the asymmetries in the Eady growth rate to meridional variations in static stability.

However, we find that variations in the Coriolis parameter also have a significant

contribution.

In both the barotropic and baroclinic model setups intrinsic mechanisms of ocean

variability drive SSH variability on interannual timescales. Interestingly, neither

model displays any gyre-scale modes of variability. Instead, the interannual variabil-

ity is particularly prevalent in the jet extension regions. This jet-localised intrinsic

variability could have implications on other modes of climate variability, as mid-

latitude ocean jets can influence the atmospheric circulation through variations in

ocean-atmosphere heat fluxes (Kwon et al., 2010; O’Reilly et al., 2017). However, in

both models, the power spectra taken in the jet regions near to the coast have white

profiles on interannual timescales (as in observations as demonstrated by Hughes and
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Williams (2010)), which is indicative that the intrinsic SSH variability is chaotic and

unlikely to be predictable on interannual timescales.

Future studies should consider more dynamically complex models, as it remains

unclear how the addition of bathymetry, time-varying wind forcing, or a buoyancy

driven overturning circulation, will influence the intrinsic variability. Indeed, it is

hypothesised that the introduction of a wind which varies on interannual timescales

may introduce mechanisms which dominate over the intrinsic mechanisms discussed

here.



Chapter 5

An Evaluation of Intrinsic and
Forced Sea Surface Height
Predictability in Double Gyres

5.1 Introduction

In the North Atlantic, interannual variability is due to both intrinsic ocean processes

and the ocean’s response to external forcings. The interannual SSH variability in the

CMIP5 AOGCMs displays some differences from that observed by tide gauges (Becker

et al., 2016) and altimetry (Landerer et al., 2014), which are particularly prominent

in the North Atlantic. These differences are partly because the ocean models used

do not generally resolve oceanic eddies, a component which can dramatically alter

the spatio-temporal features of SSH variability (Landerer et al., 2014; Penduff et al.,

2011; Becker et al., 2016; O’Rourke et al., 2018). Moreover, the presence of eddies

can dramatically effect the appearance of WBCs and atmosphere-ocean interactions

(Hewitt et al., 2017).

Although idealised models and simplified GCM based studies have shown that

eddies contribute to interannual variability, particularly in regions with mid-latitude

ocean jets (Dijkstra and Ghil, 2005; Berloff et al., 2007; Giannakis and Majda, 2012;

Arbic et al., 2014; Sérazin et al., 2015). It is still uncertain how the introduction

of mesoscale eddies will effect SSH forecasts because, although they can contribute

to interannual variability, such variability may be chaotic, or masked by other high

100
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frequency components of variability which the eddies introduce. The latter seems

to be true in observations as SSH power spectra taken in mid-latitude jet regions

have white profiles on interannual timescales (Hughes and Williams, 2010; Forget and

Ponte, 2015). However, even if the ocean dynamics in the jet regions is unpredictable,

the variability present may induce predictable responses in the atmosphere (Kwon

et al., 2010; Scaife et al., 2011).

SSH predictability related to intrinsic variability has previously been examined in

idealised models and simplified GCMs (Mahadevan et al., 2001; Dijkstra and Ghil,

2005; Giannakis and Majda, 2012; Nonaka et al., 2016). The studies have shown

some contrasting results, Giannakis and Majda (2012) investigated the predictability

generated by intrinsic ocean variability using an ensemble of eddy-resolving, equiva-

lent barotropic, double gyre systems. The leading EOFs of the system, which were

related to the states of the eastward jet, were found to be predictable on timescales

in the range of 1000-3000 days. In contrast to this result when Nonaka et al. (2016)

investigated the associated predictability of mid-latitude ocean currents using an en-

semble of eddy-permitting OGCM experiments, they found substantial uncertainty in

the SSH hindcasts in the jet regions, on seasonal timescales, due to the contributions

of the mesoscale eddies. Further investigation is required to establish the reason for

these differences.

This chapter will address the second aim of the thesis, which is: to quantify

the predictability of SSH due to the sensitivity in ocean initial conditions

and surface forcings in the presence of resolved eddies. The first part of

this chapter will address how intrinsic mechanisms set predictable timescales in the

models described in Chapter 3. Specifically, I will:

• Evaluate whether intrinsic variability is predictable on interannual timescales.

• Examine the models’ sensitivity to perturbation growth.

The second half of the chapter will examine the predictability as a function of the

applied surface forcings, and will address:
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• The relationship between any interannual predictability and the magnitudes of

both the applied steady wind forcings and surface temperature profiles.

A small study at the end of the chapter will examine the impact of time-varying

wind forcings (simulating the NAO or another mode of atmospheric variability) on

the variability and predictability present in the baroclinic system. Previously, several

double-gyre based studies have examined how changes in applied time-dependent

external forcings impact such systems’ interannual variability (e.g., Simonnet et al.,

2005; Shimokawa and Matsuura, 2010; O’Reilly et al., 2012; Sapsis and Dijkstra,

2013). However, it remains unclear how time-dependence in the applied wind and

buoyancy forcings impact predictability.

5.2 Ocean Initial Conditions and Sea Surface Height

Predictability

5.2.1 Intrinsic Barotropic Timescales of Predictability

In this section, 100 years of 10-day mean SSH output from the barotropic model (de-

scribed in Section 3.1), are used to examine the initial condition predictability. Before

attempting to evaluate interannual predictability, I first identify areas which display

interannual variability and determine the ratio between the interannual and high-

frequency variability present. This is done by diagnosing the potential predictability,

the signal to noise ratio of interannual variability, σN
σ10

, where σN represents the stan-

dard deviation of N-day means of SSH (Boer, 2004; Hawkins et al., 2011). Figure

5.1a shows that the variability is within the jet extension region. Moreover, the po-

tential predictability is also predominantly localised to the jet region (panels b and

c). Therefore a large proportion (> 60%) of the variability in the jet region is on

timescales longer than 180-360 days. However, it has previously been shown that on

such timescales the power spectra of SSH anomalies are white (Figure 4.1), and are

therefore likely unpredictable.
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Figure 5.1: a) SSH Standard deviation calculated with 10-day means from the 100
year barotropic control run. Potential predictability- ratio of the standard deviations
of the : b) 180 c) 360 day means to the standard deviation calculated with 10-day
means. Areas of low standard deviations <0.02m are masked in white. The boxes
in panel a indicate the positions (x,y) of three regions: the ‘Subtropical Gyre in
basin’ (1075-2000km, 1520-1720km, Dark Grey), the ‘Subtropical Gyre near coast’
(75-1000km, 1520-1720km, Light Grey) and the ‘Jet’ ( 75-1000km, 1820-2120km,
Black).

The non-normal growth of SSH anomalies is now investigated (see Section 2.2.2

for a review of the methods used). The system is found to obey the main criteria

necessary to derive a LIM based on SSH alone (detailed in Section 2.2.2). Figure

5.2a shows that the operator A is invariant, when constructed using lag times, τ0, be-

tween 30-100 days. In the case where 20 EOFs are retained (representing 70% of the

variance), it is possible for the non-normal amplification of SSH variance to occur on

timescales of up to 500 days, as shown in Figure 5.2b. This growth timescale can be

thought of as the upper limit of the linear predictability of the system. The maximum

amplification is found at a lag time of 130-180 days and is insensitive to the number

of EOFs used. The initial pattern which results in the maximum amplification of SSH

variance is shown in Figure 5.3a. This optimal initial condition is quite intricate and

is concentrated near the jet region. Its associated geostrophic velocity anomalies have

small asymmetries in the meridional direction, near to the western boundary (blue

line in 5.3a). The propagated optimal initial conditions (panels b and c), resemble

the leading EOF of the system (Figure 4.2b), corresponding to a meridional deflection

of the (small) recirculation gyres (seen previously in Section 4.2.2). This growth also
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results in variations in the geostrophic velocities. Figure 5.3d shows that the propa-

gated state has increased meridional velocities near the western boundary. Moreover,

Figure 5.3e shows that the propagated pattern exhibits increased zonal geostrophic

velocities in the recirculation gyres. Therefore it is hypothesised that this evolution

can be dynamically explained by one of the two following mechanisms. Either, the

optimal initial conditions relate to the shedding of an eddy, which then is advected

to the western boundary, resulting in a meridional shift in the jet 180 days later. Al-

ternatively, the initial condition results in a barotropic instability and the creation of

a Rossby wave; in response, momentum is asymmetrically fluxed into the jet region,

shifting the jet 180 days later. The magnitudes of such SSH amplifications are sig-

nificant, with initial SSH anomalies of O(5cm) resulting in SSH anomalies of O(1m)

and anomalous geostrophic velocities of O(0.5m/s) 180 days after initialisation.
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Figure 5.2: a) The Euclidean norm of the operator, A, as a function of different lag
times τ0, and with differing number of EOFs used in its calculation (the number of
EOFs used is indicated by the colors). b) The maximum amplification curve (eq.
2.33), for differing numbers of EOFs using τ0 =50 days. The black line indicates the
threshold require for growth to occur.

The average predictability time (APT) is calculated using the methodology de-

scribed in Section 2.2.4.2 and is used to evaluate the predictability of the system over

all lag times. This method is also used to decompose the system into its different pre-

dictable components. The predictability of the system, measured by the Mahalanobis
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Figure 5.3: Non-normal mode analysis in the case where the propagator, B, is formed
with 20 EOFs and τ0 =50 days. a) The optimal initial condition. b) The optimal at
its propagated state 90 days later and (c) at its state of maximal growth at 180 days.
Note that the scales in panel a is small when compared to those in panels b and c.
d) The meridionally-averaged meridional geostrophic velocities of the initial (blue)
and propagated optimals (black and red). e) The zonally-averaged zonal geostrophic
velocities of the initial and propagated optimals.

signal, decreases rapidly and reaches low values, < 0.2, after times in the range of

100-200 days (Figure 5.4a), which is similar to the timescale of maximum growth

from LIM. The leading predictable components correspond to variations in the jet’s

latitudinal position and transport (panels d-f) and are predictable on timescales be-

tween 150-260 days (Figure 5.4b). The power spectra of the leading three predictable

components are white on interannual timescales, signifying a lack of any interannual

(> 1 year) predictability (Figure 5.4c).

Therefore both the non-normal mode analysis and the APT calculations are in

agreement that there exists linearly predictable patterns on timescales of approxi-
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mately 200 days. These patterns represent meridional shifts in the position of the jet

and variations in its transport. The patterns are largely located near to the western

boundary in the vicinity of the jet. The correlation times, τi of the leading two prin-

cipal components of the system are 45 and 39 days (τi =
∫ T

0
dt|ρi(t)|, where i is the

principal component number, T is the total time of the model run and ρ is the empir-

ical auto-correlation function ρi(t) =
∫ T

0
dt′Pi(t

′)Pi(t
′ + t)/T ). Therefore, the results

are in agreement with Giannakis and Majda (2012), as the predictability times are

significantly longer than the correlation times of the leading principal components.

However, despite the model displaying interannual variability, there is no observed

predictability on interannual timescales.

5.2.2 Timescales of Predictability in a Baroclinic Model

In this section, 100 years of 10-day SSH mean model output are used to evaluate

the baroclinic system’s predictability (the baroclinic model forced by a steady exter-

nal wind, as described in Section 3.2.3). As in the barotropic model, the intrinsic

variability is largest in the jet extension region (Figure 5.5 panel a). However, the

potential predictability is largest in the jet extension rather than near to the western

boundary of the domain (panels b and c). To evaluate the system’s predictability

a LIM is again trained on the SSH field. The operator A, shown in Figure 5.6a, is

invariant to changes in the time lag, τ0, for lags equal to and longer than 100 days.

A time lag of τ0 =100 days and the leading 30 EOFs of SSH are used to construct

the linear model.

The amplification of the variance of the SSH happens on times of up to 600 days

(Figure 5.6b). However, the maximum amplification occurs at a timescale of 10-

30 days. Since this timescale is below the τ0 used to construct the operator these

patterns are subject to large errors, as timescales shorter than τ0 are not included

in the covariance matrices used to construct the operator. Figure 5.7 shows the

initial conditions related to the growth occurring at 240 days (panel a). The initial
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Figure 5.4: a) Predictability measured by the Mahalanobis signal (Sτ as defined
in equation 2.35) of the whole system (blue line), created using linear regression
models and the leading 25 principal components. The envelope denotes the spread
in predictability measured by the Mahalanobis signal (Sτ ) for each of the leading
predictable components. b) The average predictability time (APT) for the first 25
predictable components (blue) and the 5% significance level (orange) estimated by
the Monte Carlo method described in Section 2.2.4.2. c) Power spectra of the time
series associated with the three leading predictable components (qTP) (in units of
[1/cpy], where cpy is ‘cycles per year’). The spatial patterns (p) of the (d) first, (e)
second and (f) third predictable components, ranked in order of their values of APT.

conditions are tripolar and situated in the jet region. As they evolve, the pattern

appears to be stationary in position, only growing in magnitude (panels b and c).

The meridionally averaged meridional geostrophic velocities (panel d) show growths

in anomalies, which lead to jet meandering as the initial conditions are propagated

in time. Moreover, the zonally averaged zonal geostrophic velocities (panel e) exhibit

an equatorward shift of the recirculation gyres. The amplification is smaller than in

the barotropic gyre case, with SSH anomalies growing by a factor of approximately

1.4, albeit occurring on longer timescales.

The APT is evaluated using 100 years of 10-day mean SSH model output and 25
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a) b) c)
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Figure 5.5: a) Standard deviation calculated with 10-day means from the 100 year
baroclinic control run. Potential predictability- ratio of the standard deviations of
the b) 180 c) 360 day means to the standard deviation calculated with 10-day means.
Areas of low standard deviations <0.05m are masked in white. The boxes in panel
a show indicate three regions: ‘Jet near coast’ (1.5-16.5◦W, 23.2-31.5◦N, Black), ‘Jet
away from coast’ (16.5-24.8◦W, 23.2-31.5◦N, Dark Grey), ‘Subtropical Gyre’ (20.6-
28.1◦W, 18.2-26.5◦N, Light Grey)
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Figure 5.6: a) The Euclidean norm of the operator, A, as a function of both different
lag times τ0 and the number of EOFs used in the calculation of the propagator. b)
The maximum amplification curve (eq. 2.33), for differing numbers of EOFs and
τ0 =100 days. The black line indicates the threshold required for growth to occur.
The red vertical line indicates the growth which is discussed in the text. The grey
hashed area which contains the optimal amplifications is not considered as it occurs
on times shorter than τ0.

EOFs. An upper summation limit, which is longer than the timescales of the observed

variability, of 10 years is applied when calculating the APT (M in equation 2.45). The

APT of the total baroclinic system is seen to decay rapidly on a timescale of 100 days

(Figure 5.8 a). However, in contrast to this behaviour, the two leading predictable
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Figure 5.7: An examination of the conditions that lead to a secondary peak at 240
days, using a linear operator created from 30 EOFs and where τ0 =100. The initial
condition (a), at its propagated state 120 days later (b) and at its state of growth
at 240 days (c). d) The meridionally-averaged meridional geostrophic velocities of
the initial (blue) and propagated optimals (black and red). e) The zonally-averaged
zonal geostrophic velocities of the initial and propagated optimals.

components are predictable on far longer times of approximately 4.8 years. These

components relate to a meridional propagation of anomalies in the jet and are shown

in Figure 5.8 panels d and e. The higher order predictable components correspond

to processes acting on shorter time scales such as Rossby waves, examples of which

are seen in the third and fourth predictable components (Figure 5.8 panels f and

g). Figure 5.8 panel c, shows the power spectra associated with the predictable

component time series. The leading two predictable components have red spectra on

periods of up to 2 years, and possess distinct peaks at periods of 5-6 years. On shorter

timescales the other predictable components can dominate the variability, for example

predictable component 4 has a sharp peak at a period of approximately 0.09 years. A
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plausible explanation for such high frequency peaks is that they are associated with

Rossby basin modes. Calculations of the basin-scale Rossby wave periods estimated

using the barotropic Rossby wave dispersion relation (equation 2.10) support this

explanation as the calculated periods closely matched those observed.

a) c)

f)e)d)

[m]
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D 
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/c
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]

g)

b)

Figure 5.8: a) Predictability measured by the Mahalanobis signal (Sτ as defined
in equation 2.35) of the whole system (blue line), created using linear regression
models and the leading 25 principal components. The envelope denotes the spread
in predictability measured by the Mahalanobis signal (Sτ ) for each of the leading
predictable components. b) The average predictability time (APT) for the first 25
predictable components (blue) and the 5% significance level (orange) estimated by
the Monte Carlo method described in Section 2.2.4.2. c) Power spectra of the time
series associated with the three leading predictable components (qTP) (in units of
[1/cpy], where cpy is ‘cycles per year’). The spatial patterns (p) of the (d) first, (e)
second and (f) third predictable components, ranked in order of their values of APT.

The analysis presented investigated the predictability present in the barotropic

and baroclinic model set-ups. The barotropic model displays predictability in the jet

region of timescales of approximately 200 days, a timescale which is longer than the

correlation times of the leading principal components (in agreement with (Giannakis

and Majda, 2012)). Both the most predictable barotropic patterns and the optimal
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initial conditions are localised to small scale features in the jet region. In compari-

son to this the baroclinic model’s amplification timescales and average predictability

times are far longer than in the barotropic model, both measuring approximately 5

years. The spatial patterns associated with these interannually predictable compo-

nents are jet localised, and are the result of interannual meridional propagation in

the jet region, which not present in the barotropic model. In addition to these pat-

terns, the predictable components with shorter predictability times exhibit similar

predictability times and spatial structures to those diagnosed in the barotropic ex-

periment. These similarities are suggestive that such patterns occur due to primarily

barotropic mechanisms.

5.3 An Analysis of the Effects of Wind and Buoy-

ancy Forcings on Sea Surface Height Interan-

nual Predictability

This section will examine the sensitivity of the predictable timescales due to variations

in the applied wind and buoyancy forcings.

5.3.1 Forcing Details

The forcing experiments are divided into three types: variations in the profile of

steady wind forcing, variations in the surface temperature restoring profile, and the

addition of a time-varying wind forcing.

The applied wind forcing for the barotropic experiment is

τx(y) = A sin(
πy

Ly
), (3.6 revisited)

where A is the magnitude of the wind forcing, y is the meridional displacement and Ly

is the meridional extent of the domain. The different experiments involved adjusting

the magnitude of the wind forcing, A, as detailed in Table 5.1.

For the forced experiments WN and RN, a time-varying stochastic noise compo-

nent is added to the steady wind profile. The stochastic wind stress component is
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represented as a first-order Markov process with zero mean and is chosen to represent

the high frequency (WN) and the interannual NAO variability (RN)(Wunsch, 1999;

O’Reilly et al., 2012). To simplify the analysis the applied wind forcing only varies

in the meridional direction and is of the form

τx(y) = A sin

(
πy

Ly

)
+Ws cos

(
πy

Ly

)
, (5.1)

where

Ws(t) = σrefM(t), (5.2)

σref is a constant of magnitude 0.02N/m2, which gives a perturbation which is 10%

the size of the mean field and

M(t) = γ M(t− 1) + a(t) (5.3)

is a first order Markov process with zero mean and unit standard variance, where

γ is a coefficient setting the persistence timescale of the wind forcing and a(t) is a

Gaussian white noise process with unit variance (O’Reilly et al., 2012). In the white

noise (WN) experiment γ = 0 while in the red noise (RN) experiment γ = 0.9. As

before, the profile leads to a double gyre structure with an added single (inter-) gyre

stochastic component mimicking a latitudinal jet shift, as in Marshall et al. (2001)

and O’Reilly et al. (2012).

The steady wind forcing in the baroclinic experiments, is as described in Section

3.2.3 and given by

τx(y) = A sech2(y − Lyn
2

)− C (3.24 revisited)

where Lyn is 40◦and y is defined in the meridional distance in degrees, from 10◦N.

Although this wind profile (CB1) generates smaller gyres than a sinusoidal profile,

it creates a strong mid-latitude jet with a mean zonal velocity of approximately

2m/s . This time-independent wind profile is perturbed by varying A in experiments

W1 and W2, with magnitudes shown in Table 5.2. In these steady experiments,
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the surface temperature is restored each month to the profile, C1, shown in Figure

5.10. The surface temperature restoring profile is perturbed in experiments, T1 and

T2, shown in Figure 5.10, while the wind forcing is the same as in C1. All three

temperature restoring profiles are linear as a function of latitude. The profile in

the control experiment, C1, ranges between between 30◦C at the equator and 5◦C at

50◦N. The experiments T1 and T2 relate to variations in the temperatures at the high

latitudes. T1 undergoes a high latitude warming (8◦C at 50◦N) and T2 experiences

a cooling (3◦C at 50◦N).

In the time-dependent forcing experiments with the baroclinic model, two different

types of simulations are used. Firstly, a red noise forcing (V1) is employed. This is

done as for the barotropic simulation but is applied to a cosine function,

τx(y) = A cos

(
πy

Ly

)10

+Ws cos

(
πy

Ly

)10

, (5.4)

where A and Ws are as defined previously. This mean profile again generates a

double-gyre structure with a strong mid-latitude jet of significant magnitude (zonally

averaged zonal velocity of 1.5m/s) and gives a mean profile very similar to the ex-

periments forced with the profile given in equation 3.24. This profile is chosen as it

creates both a strong jet and large scale gyres. The larger gyres are an improvement

from those generated using the wind stress profile in equation 3.24 and also still ex-

hibited the same shifting variability as discussed in Section 4.3. Secondly, there is a

wind forcing experiment whereby a perturbation to the mean wind is applied, such

that its zero wind stress curl line oscillates between two latitudes separated from the

mean state by 5◦(V2), i.e,

τx(y) = A cos

(
πy

Lyn

)10

+B cos

(
y0π

Lyn

)10

(5.5)

where A is as defined previously and B is 0.05N/m2. The meridional position of the

perturbation is given by

y0 =
Lyn
8
sgn(cos(ωf t)) +

Lyn
2
, (5.6)
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Identifier Description Wind Forcing (A) N/m2

CB1 Control 0.2
WB1 Weak Wind 0.15
WB2 Strong Wind 0.25
WN White Noise 0.2 with white noise
RN Red Noise 0.2 with red noise

Table 5.1: The different parameters used in the barotropic model based forcing ex-
periments.

where ωf is the frequency of the latitudinal shift with an associated period of 20

months. The profile is an attempt to add a time varying component of variability to

the wind stress. Although the step function might appear as unphysical it allowed a

clear distinction between the two states: State 1, A strong subpolar gyre and a weak

subtropical gyre, and State 2, A weak subpolar gyre and and a strong subtropical

gyre. It is hypothesised that the gyre scale adjustment to the changes in state of

the wind stress forcing is communicated through Sverdrup balance which leads to

predictable adjustments on interannual timescales as the SSH components diverge

and converge. The set up with the time dependent stochastic components lacks a

spatial coherence in the wind stress structures. Thus, in order to investigate the effect

of a time dependent wind stress with large scale spatial variability (an ultra-simplified

version of the observed EOF of the wind stress curl with a pattern associated with

the NAO (the pattern shown in Fig. 11 of Häkkinen et al. (2011))) we used the

time varying component with the step function. The timescale of the wind forcing

variability is chosen so as to be separable from the intrinsic variations associated with

the anomalous jet migrations.

5.3.2 Barotropic Gyre Response

Figure 5.11 shows the changes in SSH variability, as a result of variations in wind

forcing. In all experiments, there are several orders of magnitude more spectral power

on interannual timescales (periods > 1 year) in the jet region (panel c), than in the
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Figure 5.9: a) The surface restoring of temperature profile and the profile of the
steady, zonal wind stress used in experiment V2 (if B were zero) . b) The EOF of the
zonal wind stress associated with the time-varying forcing in V2. c) The time-lagged
cross-correlation of the leading EOF of the zonal wind stress and the leading EOF of
the SSH. d) Time series of the leading principal component of the zonal wind stress
and the leading principal component of the SSH. Positive lag times indicate the SSH
EOF is lagging the EOF of the wind stress.
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Figure 5.10: The steady temperature profiles which the models are restored to at the
surface each month.
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Identifier Description Temperature Range C◦ Wind Forcing(A) N/m2

C1 Control 5-30 0.2
T1 Cold Pole 3-30 0.2
T2 Warm Pole 8-30 0.2
W1 Weak Wind 5-30 0.15
W2 Strong Wind 5-30 0.25
V1 Red noise 5-30 0.2
V2 Periodic Wind 5-30 0.2

Table 5.2: The different parameters used in the baroclinic model based forcing ex-
periments.

gyre regions (panels a and b). Moreover, in all regions, the spectra are white on

interannual timescales. However, there are some important differences between the

different forcing experiments. The time series of SSH anomalies in the jet region of

the weak wind forcing experiment (WB1) has lower spectral power on interannual

timescales than in the other experiments. There are also some differences in the

amount of power in the subtropical gyre region near to the coast, with the red noise

experiment (RN) displaying a higher proportion of power, than is seen in the control

experiment (CB1). Conversely, the weaker magnitude forcing experiment (WB1)

displays a lower spectral power on interannual timescales than is seen in the control

experiment. However, in this region, the interannual variability only represents a

small amount of the total power and therefore will likely have a modest impact on

the system’s total predictability.

The auto-correlations of the averaged SSH in the subtropical gyre regions in panels

d and e show that the time series decorrelate rapidly (the time taken for the auto-

correlation to reach a threshold value of 0.5), on time scales of only 20 days. However,

in the jet region, the decorrelation times are longer, in the range of 50-100 days. This

is to be expected as there is a more substantial proportion of spectral power on

interannual timescales in the jet region.

The APTs of the system under different forcings is evaluated using 65 years of

10-day mean SSH model output. An upper summation limit of 500 days is used
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Figure 5.11: Power Spectra of the spatially averaged taken in the: a) subtropical
gyre in the basin (dark grey), b) subtropical gyre near the coast (light grey), c)
in the jet region (black), as shown in Figure 5.1a. The translucent regions show
the 95%-confidence intervals of the power spectra, calculated using an inverse chi-
squared distribution. The auto-correlation functions of the time series in the: d)
subtropical gyre in the basin, e) subtropical gyre near the coast, f) in the jet region.
g) The average predictability time (APT) for the first 25 predictable components. h)
Predictability measured by the Mahalanobis signal (Sτ as defined in 2.35) of the whole
system (blue line), created using linear regression models and the leading principal
components required to explain 90% of the variance. i) The percentage of variance
explained as a function of the number of EOFs.

to evaluate the predictability times (M in equation 2.45). In each evaluation, the

number of EOFs retained corresponds to the number required to explain 90% of

the variance in each experiment. The predictability times of the leading predictable

components for each experiment, shown in Figure 5.11g, are in the range of 150-260

days. The leading predictable patterns in each experiment resemble the leading EOFs

and represent variability in the meridional position of the zonal jet and variations in
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the zonal jet transport. These timescales are slightly longer than the decorrelation

timescales of SSH in the jet region, which is indicative that non-local processes may

play a role in forming the predictable components. The other predictable components

have predictability times of < 100 days. These results show that even though inter-

annual variability is present in the barotropic model experiments, it does not result

in predictability on interannual timescales. Furthermore, each of the different exter-

nal forcings results in only minor variations in the predictable components spatial

patterns (not shown) and timescales. This is likely because of the fast adjustment

timescales present in the barotropic model.

5.3.3 Baroclinic Gyre Response

Figure 5.12 panels a-c show that, in the baroclinic model, variations in the piecewise-

steady wind and steady temperature forcings lead to changes in the variability of the

system. The differences between the experiments are most apparent in the subtropical

gyre (panel c), where there are different values of the spectral peak on periods of 2-10

years. The separations between the peaks on interannual timescales in the ‘strong

wind’ (W2), control (C1) and ‘hot pole‘ (T2) experiments is statistically significant.

These spectral peaks correspond to the meridional shifting of the jets, as discussed

in Section 4.3. The timescale of this shifting is longest in the ‘weak wind’ experiment

(W1) with a timescale of of approximately 9 years. Conversely, this timescale is

much shorter in the ‘strong wind’ experiment (W2) which has a spectral peak with a

timescale of approximately 4 years. In the subtropical gyre region, there are notable

differences in the amount of power displayed. The weak wind experiment has < 10%

of the power contained in its peak as some of the other spectra, moreover, the power

is lower on timescales with periods of 1 − 10 years. In the jet regions, 5.12 panels

a and b, the ‘weak wind’ experiment (W1) again has lower spectral power than

the other experiments over the majority of frequencies. Moreover, the ‘hot pole’

experiment (T2) displays a higher amount of power in the jet region on timescales
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with periods of 1− 10 years. Subsequently, there are related differences in the auto-

correlation timescales of these time series. Most of these decorrelate rapidly on times

of less than 100 days. However, in the subtropical gyre and ‘jet near coast’ regions,

the ‘weak wind’ experiment (W1) has shorter decorrelation timescales, decorrelating

approximately 50 days faster than in the other experiments. The ‘hot pole’ experiment

(T2) is seen to decorrelate in the jet regions on slightly longer timescales than those

seen in the other experiments.

The APT is evaluated for each of the experiments using 65 years of 10 day mean

SSH model outputs. The number of EOFs retained in each case are the minimum

required to explain 70 percent of the variance. Moreover, an upper summation limit

of 10 years is applied, when calculating the APT (M in equation 2.45). The pre-

dictable patterns found, are insensitive to this upper limit and in every experiment

they resembled those seen in the control experiment (as seen in Figure 5.8), with

the leading two predictable components in each experiment corresponding to the

meridional shifting of the anomalous zonal jet. However, varying this limit did cause

small changes in the APT of the predictable components of O(100 days). The av-

erage predictability times for the different forcing experiments are shown in Figure

5.12g. Although the weak wind experiment (W1) has a spectral peak occurring on

the longest timescales, the predictability time of its leading predictable components

are the shortest of all the experiments. This is because APT is a measure of the

ratio of the forecast covariance matrix to the climatological covariance matrix. Even

though the shifting occurs on longer timescales, it is less distinguishable from the

climatology than in other experiments and therefore has a lower associated APT.

This is seen in the power spectra in Figure 5.12c where the peak at 9 years is barely

larger than the power on the nearby timescales. An entirely different behaviour is

seen in the ‘hot pole’ experiment (T2). Here the majority of predictable components

(1-10) all have longer predictability times than in the other experiments. In this ex-

periment, the variability related to the Rossby wave type patterns are more separable
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from the systems climatology. Figure 5.12g shows the leading predictable timescales

of the shifting are approximately 4-5 years. In all the experiments, apart from in T2,

the other predictable components have far smaller predictability times (< 400 days).

Figure 5.12h shows that the ’hot pole’ system has the longest predictability times but

there are only marginal differences in these predictability times between experiments,

as the predictability of each system is dominated by the less predictable components,

which have similar predictability times in each experiment (Figure 5.12g).
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Figure 5.12: Power Spectra of the spatially averaged SSH taken in the: a) jet near
the coast (black), b) jet in the basin (dark grey), c) the subtropical gyre (light grey),
as shown in Figure 5.5a. The translucent regions show the 95%-confidence intervals
of the power spectra, calculated using an inverse chi-squared distribution. The auto-
correlation functions of the time series in the: d) jet near the coast, e) jet in the basin,
f) in the subtropical gyre. g) The average predictability time (APT) for the first 25
predictable components. h) Predictability measured by the Mahalanobis signal (Sτ as
defined in 2.35) of the whole system (blue line), created using linear regression models
and the leading 25 principal components. i) The percentage of variance explained as
a function of the number of EOFs.
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5.3.4 Timescale Variation of the Meridional Migration of
Zonal Jets

I will now explore why the timescales associated with the meridional jet migrations

vary in the different forcing experiments. The anomalous jets migrate in the narrow

latitude band, determined between 25◦N, which corresponds to the midpoint of the

restoring temperature profile, and 30 ◦N which corresponds to the zero wind stress

curl zero line (Figure 4.13a). The meridional southward acceleration of anomalous

jets in the mid-latitude regions is dominated by the tendency related to the baroclinic

pressure gradient, as described in equation 3.35 given by

Vf =
g

r

∂
∫ 0

z
αθ(θ − θr)dz
∂φ

, (5.7)

where αθ is the thermal expansion coefficient and θr is a depth-dependent reference

temperature. This term was previously found to be the largest tendency in the

meridional momentum equation and always directed southwards, in the region of the

observed meridional jet shifting (Section 4.3.1). Therefore if we assume it is the term

which leads to the southward migration, we can write:

∂v

∂t
∝ g

r

∂
∫ 0

z
αθ(θ − θr)dz
∂φ

. (5.8)

An attempt will now be made to relate variations in Vf to variations in the time

periods of the observed jet migrations. To do this, it is assumed that the merid-

ional acceleration is a constant for a given experiment in the region of jet migration.

Therefore it is possible to relate the timescale of meridional migration of the jet to

the meridional acceleration using

S = v0t+
1

2

∂v

∂t
t2 ' v0t+

1

2
A0Vf t

2, (5.9)

where S is the meridional distance which the jet migrates over, v0 is the initial merid-

ional velocity of the jet (assumed to be zero), and A0 is a constant. The acceleration

is chosen to be the maximum of the modulus of the zonally averaged Vf in the latitu-

dinal ranges of the jet migrations, which are shown in Figure 5.13a for the different
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experiments. The square root of the maximum jet acceleration should be inversely

proportional to the timescales of the jet shifting as,

t '

√
2S

A0

1

Vf
. (5.10)

The periods directly diagnosed from the model output (based on Hövmollers of SSH

zonally averaged between 16◦E-22 ◦E, at a latitude of 28◦N) are compared to the

timescales calculated from equation 5.10 and are shown in Figure 5.13b. The changes

in timescales across experiment are in agreement by using the different methods.

This suggests that the change in temperature gradients set the meridional migration

timescales between experiments, driven by eddies as described in Section 4.3.1.
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Figure 5.13: a) The spatially averaged time mean tendency due to the baroclinic
pressure gradient Vf , zonally integrated between 12◦-24◦W (at 500m depth). b) The
reciprocal of the square root of the maximum values of the modulus of zonally in-
tegrated Vf and the diagnosed timescales of the latitudinal migration of the jet. In
these plots, c is a geometric factor corresponding to the reciprocal of the area of each
grid box.

5.3.5 Interannual Timescales in Wind Forcing

Figure 5.14 shows the predictable component analysis of experiment V2, where the

wind is forcing is given a perturbation which varies in latitude with a 20 month

timescale. Such a variation acts to spin up/down the subpolar/subtropical gyres
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(Häkkinen et al., 2011). These variations result in the large-scale predictable pat-

terns (panels d-f). The leading predictable component (panel d) has a tripolar pat-

tern which corresponds to a weakening or strengthening of jet and the two gyres.

Interestingly, this gyre scale adjustment to a change in wind forcing is predictable

on timescales of approximately 1500 days. A ocean adjustment timescale can also

be diagnosed from the lead-lag relationship between the leading EOFs of the applied

wind stress and the SSH (which resembles the leading predictable component shown

in Figure 5.14d). This timescale is seen in Figure 5.9c, as the leading EOF of the

SSH lags the leading EOF of the wind stress by approximately 100 days.
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Figure 5.14: As in Figure 5.8 but for experiment V2.

The real NAO is not periodic and is almost white on interannual timescales. As a

result, the form of the forcing used in experiment V1 is more similar to observations

of wind stress than that used in V2. Figure 5.15 shows the predictable components

of experiment V1. The results are similar to those found in the control experiment.

However, several of the leading predictable component patterns are complex with

multiple jet like anomalies and some features in the subpolar gyre. These variable
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forcing experiments are therefore indicative that low frequency variations in the wind

forcings can lead to predictable interannual oceanic adjustments, which contribute to

gyre-scale variations in SSH. The large-scale spatial structure of the applied wind forc-

ing variability also significantly impacts the predictable patterns of SSH. Moreover,

both experiments, V1 and V2, still display patterns which relate to the meridional

jet shifting, therefore the inclusion of a time varying wind forcing does not prohibit

such variability.
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Figure 5.15: As in Figure 5.8 but for experiment V1.

5.4 Discussion and Conclusions

A combination of non-normal mode analysis and an assessment of average predictabil-

ity time have been used to evaluate the intrinsic predictability related to the barotropic

and baroclinic gyre systems. Despite the barotropic model, with a steady wind

forcing, displaying interannual variability, the predictability associated with intrinsic

mechanisms is relatively short, on the order of 200 days. The predictable patterns

found are associated with variations in the meridional position of the jet and varia-
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tions in the jet’s transport. These results are in agreement with those presented by

Giannakis and Majda (2012) as the predictable timescales of the system are longer

than the correlation times of the leading principal components. The optimal initial

conditions associated with the barotropic intrinsic variability are localised to the jet

region and are spatially complex. It is hypothesised that this pattern is related to

the onset of barotropic instability, triggering a flux of eddy momentum and a resul-

tant shift in the jet’s position 180 days later. This mechanism could be examined

by initializing the model with the optimal initial condition and inspecting the eddy

momentum budget through the subsequent amplification. Although this barotropic

mechanism may be predictable, it is foreseen that it will be inherently difficult to

observe and detect such small-scale complex structure in a highly eddy active region.

This non-normal amplification could potentially aid forecasts of the state of the Gulf

Stream, and is reminiscent of the optimal initial conditions calculated in studies which

investigate transitions in the state of the Kuroshio (Wang et al., 2017; Zhang et al.,

2017).

The baroclinic model, with a steady wind forcing, displays predictable components

that act on interannual timescales (approximately 4-5 years). These components are

related to the meridional shifting of anomalous zonal jets and the corresponding vari-

ability found in Section 4.3. Again, it may be difficult to observe such structures in

observations, as they might be obscured by chaotic intrinsic variability. Several of

the less predictable components (3 and 4) had structures and predictable timescales,

similar to those of the leading predictable components in the barotropic model, indi-

cating the importance of barotropic dynamics in the recirculation gyres (Waterman

and Jayne, 2011). Neither of the models, with steady wind forcings, displayed any

gyre-scale patterns of predictability. On the contrary, the interannual variability is

localised mainly to the jet regions. Forecasts of intrinsic variability will therefore

will most likely be affected significantly by initialization errors of small scale features

occurring in a small area, near to the jet.
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Irrespective of the applied steady external forcings, there are only modest changes

in the variability present in the barotropic system. Therefore I hypothesize that the

barotropic intrinsic mechanisms are only weakly affected by variations in the wind

forcings, this again could be tested by diagnosing the eddy momentum fluxes in each

experiment. In response to changes in the steady external forcings, the baroclinic

experiments displayed variations in the timescales of the variability associated with

the equatorward migration of the anomalous jets. This variation is attributed to

changes in the baroclinic pressure gradient associated with the vertical eddy temper-

ature fluxes. The introduction of a time-dependent wind forcing in the baroclinic

model leads to gyre-scale predictable adjustments. It also resulted in a greater num-

ber of predictable components exhibiting interannual predictability. This alludes to

the possibility that in a more complex model, with time-varying wind and buoy-

ancy forcing, the ocean’s predictable response may be on interannual timescales and

possess gyre- or basin-scale predictable components. These potentially predictable

baroclinic adjustments in the idealised model are shown to be sensitive to the spatial

pattern of the wind forcing variability. This problem is complicated further as forced

variability, superimposed on intrinsic variability, can display very different behaviour

in response to seemingly small changes in the applied stochastic forcings timescales

(Sura and Penland, 2002). These large scale forced components may also act to drive

modes of intrinsic variability in the jet, as several studies have linked variability in the

Kuroshio to impinging SSH anomalies influenced by large scale atmospheric modes

of variability (Taguchi et al., 2007; Pierini et al., 2014). Moreover, such adjustments

may lead to predictable changes in components of the jet’s variability on interannual

timescales (Qiu et al., 2014). Therefore this motivates the use of a more complex

AOGCM in future predictability studies.



Chapter 6

Predictability and Variability of
North Atlantic Sea Surface Height

6.1 Introduction

Increased understanding of the internal climate processes which drive interannual sea

level variability, could lead to improved forecasts of sea surface height (SSH). Based

on observations, Cabanes et al. (2006) found that the mechanisms which contribute

to interannual SSH variability are regionally dependent, with the majority of the

interannual variability controlled by both the local steric response to heat fluxes,

and the large-scale oceanic adjustments to variations in the wind stress forcing. In

previous model-based studies the SSH interannual variability in subpolar gyre has

been found to be mostly buoyancy driven through variations in both thermosteric and

halosteric SSH components, whereas in the subtropical gyre, variability is primarily

driven by the momentum forcing and variations in the thermosteric SSH component

(e.g., Roberts et al., 2016). In the Gulf Stream region, intrinsic ocean processes,

including the effects of mesoscale eddies, are responsible for the majority of the SSH

interannual variability present (Penduff et al., 2011). It remains uncertain on which

timescales such intrinsic variability is predictable (Nonaka et al., 2016).

On interannual and decadal timescales, studies of the predictability of climate vari-

ables, such as sea level, can be separated into two distinct types. Studies of the first

kind examine the predictability associated with internally generated components of

127
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the climate system. Such predictability is referred to as initial condition predictability.

Studies of the second kind concern themselves with the externally forced components

of the climate system, those which change due to variation in boundary conditions

(such as variation in greenhouse gases, aerosols, and volcanic activity). As both of

these distinct components act simultaneously in the Earth’s climate system, it can

be difficult to separate their relative contributions to predictability (DelSole, 2017).

Moreover, the relatively short length of the observational record further inhibits the

quantification of predictably on interannual timescales. These problems are simplified

in the current study as we will make use of an extended model control run, without

interannual variations in the model’s boundary conditions. This should enable us to

isolate any interannual predictability related to the model’s internal variability.

Some key mechanisms, responsible for SSH predictability on interannual timescales,

have been previously identified in both GCMs (Roberts et al., 2016) and observations

(Cabanes et al., 2006). Roberts et al. (2016) looked at SSH variability using the

Hadley Centre Global Environment Model version 3, HadGEM3 and found predic-

tive skill in the Tropics on timescales of several years with a lack of skill in jet regions.

Ensemble forecasts did not exhibit skill on 2-5 years that could beat persistence fore-

casts. The current study looks to build on the work of Roberts et al. (2016), by

examining the sensitivity of forecasts to initial conditions and evaluating the most

predictable components of SSH forecasts.

In this study, statistical methods are used to evaluate predictability generated

through internal variability in a fully coupled climate model. A perfect model ap-

proach and a combination of LIM, non-normal mode analysis, and APT are used

to evaluate how initial conditions influence error growth (Penland, 1989; Farrell and

Ioannou, 1996; Hawkins et al., 2011; Zanna, 2012; Newman, 2013; DelSole et al.,

2015).

The aims of this study are:
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• To establish the timescales of predictability due to internal climate variability

of SSH in the North Atlantic.

• To identify the regions where forecasts are most sensitive to perturbations in

the initial conditions. Thereby, examining where it may be most constructive

to take measurements to improve predictions.

• To relate any internally generated predictability to large-scale ocean character-

istics, with an emphasis on both mid-latitude jets and the gyre circulations.

The predictability of SSH dynamics in the North Atlantic is investigated on inter-

annual timescales using 150 years of output from a HadGEM3 control run. Based on

experiments using Linear inverse modeling (LIM) and Average Predictability Time

(APT), the SSH is shown to exhibit predictability on interannual timescales on the

order of 1-2 years. Forecast skill is found to be highest in both the subtropical and

subpolar gyres but reduced in the Gulf Stream extension region. The optimal ini-

tial conditions of SSH forecasts involve a tripolar anomaly off Cape Hatteras with

the maximum growth in SSH occurring 20 months later. At this time, there is a

meridional shift in the Gulf Stream position on the order of 0.5-1.5◦ in latitude,

coupled with a change in SSH along the US east coast. The predictable components,

calculated using the APT analysis, are responsible for changes in SSH, on the order

of 10cm, along the US east Coast and meridional variations in the Gulf Stream’s

position. The dynamical mechanisms behind such predictability involve the interan-

nual oceanic adjustment to both variations in the wind stress and the surface heat

fluxes. The implications are that skillful interannual SSH forecasts are possible and

are primarily dependent on the ocean’s response to large-scale wind stress variability.

This chapter is organised as follows, Section 2 details the model set up and the

interannual SSH variability present. Section 3 contains information on the statistical

methods used to evaluate predictability and an investigation into the influence of

eddy-mean flow interactions on forecast skill. Section 4 examines the predictability
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related to the initial conditions of the ocean model through both the optimal initial

conditions of SSH and the predictable components. The final section contains a

discussion of the results.

6.2 Interannual Sea Surface Height Variability in

the North Atlantic in HadGEM3

6.2.1 Model characteristics

We use the output from a 150-year free-running control simulation of a coupled climate

model, HadGEM3 (Williams et al., 2015). This control simulation has repeated-

year radiative forcings (e.g., aerosols and greenhouse gases) taken from the year 2000

(identical to experiment 2 in the Coupled Model Inter-comparison Project 3, CMIP3).

The ocean component of HadGEM3, GO5.0 is based on version 3.4 of NEMO and

is on an ORCA025 horizontal grid, which uses an eddy-permitting 1/4◦ horizontal

resolution and 75 vertical levels, with thicknesses increasing from 1m at the surface

to 200m at depth (Megann et al., 2014). The North Atlantic domain analysed in this

study is shown in Figure 6.1a. Monthly mean fields of SSH are used to define SSH

anomalies, which are then used to create the statistical forecast models in Sections

6.3 and 6.4. In addition to these monthly mean fields, net heat fluxes and both the

zonal and meridional wind stresses are used in Section 6.4.4 in the analysis of the

mechanisms responsible for the predictable components. All the fields are detrended

and have their seasonal cycles removed before being used.

6.2.2 Interannual Sea Surface Height Variability

Figure 6.1a shows the time-mean SSH of the control run. The characteristic double-

gyre structure is evident, and the strong SSH gradient is indicative of the location of

the Gulf Stream and its extension. The power spectra of SSH anomalies at several

locations in the domain are shown in Figure 6.1b. The spectral power measured along

the Gulf Stream (black and blue lines) is larger at all timescales than that within
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the gyre regions (red and green lines). The largest spectral power at interannual

frequencies is near Gulf Stream’s detachment point (blue line). The spectra taken

in the vicinity of the Gulf Stream, display approximately red noise profiles up to

timescales of 2-3 years with white noise profiles on longer timescales. This whitening

indicates that the predictability of SSH in the Gulf Stream will be limited to timescales

shorter than roughly 3 years. In contrast, the profiles taken in the subpolar and

subtropical gyres (red and green lines), are red on all frequencies. This is indicative

that skillful interannual SSH forecasts can potentially be made in these regions.
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Figure 6.1: HadGEM3 150-year control run: a) Time mean SSH; b) Power spectra
of SSH anomalies taken at the 4 locations in the North Atlantic as indicated in
panel a: near the detachment point of the Gulf Stream (blue, 35.3◦N,72.0◦W), in the
subtropical gyre (green, 24.8◦N,40.8◦W), in the Gulf Stream extension region (black,
40.7◦N,40.8◦W) and in the subpolar gyre (red, 56.5◦N,40.8◦W). The spectral power
is in units of (m2/cpy) where cpy denotes cycles per year.

Figure 6.2a shows the standard deviation of annual mean SSH anomalies. This

again shows that most of the interannual variability is located in the vicinity of

the Gulf Stream’s extension and in the subpolar gyre. There are several potential

mechanisms for such interannual variability in the Gulf Stream’s extension, includ-

ing: baroclinic Rossby waves directly interacting with the jet extension (Sasaki and

Schneider, 2011; Qiu et al., 2014); variations in the western boundary currents due
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to changes in wind forcing (Andres, 2016); and interactions with the mesoscale eddy

field (Spall, 1996; Berloff et al., 2007).

The signal to noise ratio of interannual variability in the North Atlantic is in-

vestigated by diagnosing the potential predictability (as introduced in section 5.2.1)

σN
σ1

, where σN represents the standard deviation of N-year means of SSH. Regions

with weak interannual variability (standard deviations < 0.02m) are masked (white

regions in Figure 6.2 panels b and c). These regions of low variability are located

along the western edge of the basin. The US east coast south of 45◦N stands out as

the only portion of coastline where any potential interannual predictability is present

(Figure 6.2b-c). The largest potential predictability is located in the subpolar gyre.

The dynamics of this region are likely to be relatively linear; dominated by mixed

layer’s response to forcing and mean advection, and not heavily influenced by the

effects of turbulent mesoscale eddies. Figure 6.2a shows large values of interannual

variability in the Gulf Stream extension, however, Figures 6.2b-c demonstrate that

this considerable variability does not translate into potential predictability. This is

indicative that most of the interannual variability along the Gulf Stream is likely

chaotic, and therefore maybe unpredictable as suggested by the white profiles on

interannual timescales in Figure 6.1b (black and blue curves).

6.3 LIM Forecast Analysis: Influence of Eddy Field

Initialisation on Interannual Forecasts

An investigation of SSH forecasts is needed to evaluate the interannual SSH pre-

dictability. To do this, a Linear Inverse Model (LIM) is created using the method

described in Section 2.2.2. The EOFs are constructed using monthly mean SSH model

output. The EOFs are also weighted by the area of their grid boxes (as in Chung

and Nigam (1999)). As this study focuses on the large-scale SSH predictability in the

basin, the Gulf of Mexico is not included in this analysis. However, in analysis not

shown, a large fraction of SSH in the variability in the Gulf of Mexico is related to the
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Figure 6.2: a) Standard deviation of SSH anomalies of the control run created with
1 year means. Ratio of standard deviations of the (b) 3 and (c) 5 year means to the
interannual standard deviation.

separation of the Loop current.Moreover, the westward migration of eddies emanating

from the loop current is seen to be a highly predictable event on timescales of ≈ 10

months.

In the following analysis we use 25 EOFs explaining 63% of the variance; the lead-

ing three EOFs (responsible for 9.9%, 5.2% and 5.0% of the variance, respectively)

are shown in Figure 6.3. This ensures A (introduced in Section 2.2.2, equation 2.27)
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is representative of the variability of the system. The leading EOF has a spatial struc-

ture reminiscent to that calculated using observations (Hatun et al., 2005; Häkkinen

et al., 2013). Häkkinen et al. (2011) attributed this pattern of SSH variability to

variability in the wind stress curl. As the wind stress curl varies, there are associ-

ated variations in the strength and sizes of the subpolar and subtropical gyres and a

resultant change in SSH. This ‘gyre mode’ varies between a state with a small sub-

polar gyre with a large eastward extended subtropical gyre and a state with a large

eastward extended subpolar gyre with a small contracted subtropical gyre (Häkkinen

et al., 2011). A similar variation and associated dependence on the wind stress curl

has been identified in this model. Moreover, there is a lagged response of the first

principal component of SSH to a leading principal component of the wind stress,

again in agreement with Häkkinen et al. (2011).

The LIM models are constructed using only the SSH. For LIM to be applied, the

system being examined has to possess several characteristics (Penland and Sardesh-

mukh, 1995):

• it can be described by Gaussian statistics;

• A is independent of the time lag, τ0, used to calculate it;

• all real parts of the eigenvalues of A must be negative and therefore decay.

Tests to assess how well these conditions are met for SSH anomalies in the North

Atlantic and are shown in Figure 6.4. Panel a shows a comparison of the cumulative

density function of the 150 years of SSH anomalies with that of an idealised Gaus-

sian distribution with the mean and variance of the model output. The agreement

between the two profiles demonstrates that the system is well described by Gaussian

statistics. To examine the influence of mesoscale eddies on the skill of the forecasts

two different linear operators are constructed. In each experiment, the same reduced

basis, consisting of 25 EOFs and PCs, is used to create each propagator. The first
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Figure 6.3: a) The fraction of variance each of the leading 25 EOFs explains, calcu-
lated from 150 years of monthly mean SSH model output. The error bars represent
the one standard deviation error related to sampling (calculated using equation 24 in
North et al. (1982)). Timeseries of the: (e) first, (f) second and (g) third principal
components. The spatial components of the: (e) first, (f) second and (g) third EOFs.

propagator contains all available frequencies. A second temporally smoothed propa-

gator is constructed by applying an 18-month running mean filter to the PCs. Figure

6.4b shows the Euclidean norm of A as a function of different lag times, τ0, for these

two operators. Both operators possess regions where the norm of A only varies by a

small amount as a function of τ0. When using the operator constructed with monthly

means a τ0 of 6 months is chosen and when using the smoothed operator a τ0 of 2

months is used. In both cases, all the real parts of the eigenvalues of A are negative

and thus satisfy the final necessary condition.

Using the successful LIMs, we can now create forecasts of SSH anomalies. En-
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Figure 6.4: a) A comparison of the cumulative distribution functions of the monthly
mean SSH model output and an idealised Gaussian distribution constructed using the
mean and standard deviation of the SSH model output. b) The Euclidean norm of the
operator A as a function of different lag times, τ0. The two operators are constructed
with monthly mean and 18 month filtered principal components respectively.

suring a difference between the training and test data sets is crucial. To do this, the

LIM propagators are trained with the 140 years of model output, which is not within

a ten-year window centered on the forecast initialisation date. Each model is then

initialised every 6 months, to create sets of 300 forecasts. Lagged correlation forecasts

are also made, using the method described in Section 2.2.2.1 (equation (2.20)), to cre-

ate a benchmark for the forecasts made using the LIM models (Lorenz, 1963). The

output used to construct these damped persistence forecasts is the same as that used

to construct the LIM models. To evaluate the skill of the statistical models relative

to climatological forecasts, we use a root mean square error metric (RMSERelative)

defined as in Section 2.2.4 (equation (2.34), where the root mean square error of the

climatology is constructed using the relevant EOFs and PCs). A value greater than

unity indicates that the model’s forecasts are inferior to those generated using the

climatology, and a value of less than unity demonstrates forecast skill.

The forecast error maps for the LIM model trained on monthly data are shown in

Figure 6.5 panels d, e and f. Errors emerge rapidly in the subpolar and subtropical
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Figure 6.5: RMSEs relative to the climatology in three different regions all with longitudes
18−74◦W : a) ‘Subpolar Gyre’, 46−65◦N , b) ‘Subtropical Gyre’, 18−37◦N , c) ‘Gulf Stream
region’, 37− 42◦N created using both LIM and damped persistence models. Two differing
temporal smoothings are used to construct these models shown, monthly mean (blue and
yellow), and monthly means with an 18-month running mean applied (red and purple). The
remaining panels show maps of relative RMSE at given lead times. Forecasts made using the
LIM model trained on: (d,e,f) monthly means and (g,h,i) 18 month temporally smoothed
principal components. Forecasts made with damped persistence models constructed with:
(j,k,l) monthly means and (m,n,o) an EOF reconstruction made with 18 month temporally
smoothed principal components.
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gyres. Only in the Gulf Stream region and southern part of the domain are any areas

of skillful forecasts seen. The damped persistence forecasts created with the monthly

mean model output (panels j, k, and l) exhibit small errors in the subpolar gyre and

parts of the subtropical gyre, coinciding with regions of large potential predictabilities

(Figure 6.2). The forecasts created with the LIM model trained on monthly mean SSH

anomalies are less skillful than those produced with the damped persistence model.

The inclusion of the high-frequency components of the SSH in the construction of the

LIM model means that predictably is not exhibited on timescales longer than a year.

The error maps which are subject to 18-month filtering produce smaller errors in

all regions (Figure 6.5, panels g-i, and m-o). These models again display the smallest

relative RMSEs in the subpolar and subtropical gyres, with more substantial errors

in the Gulf Stream region. The LIM model outperforms the damped persistence fore-

casts in the majority of areas and timescales (the exception being in the subtropical

gyre). The subpolar gyre emerges as the region with the largest amount of predictabil-

ity, on timescales longer than a year (panel i). The US east coast stands out as the

only section of coastline which borders a region with forecast errors of less than 0.8

on interannual timescales. On lead times more that five months the 18-month filtered

LIM provides more skillful forecasts relative to the damped persistence forecasts.

This is indicative that the information retained in the cross correlation matrices used

to construct the LIM model aided in creating skillful forecasts. As the removal of

the high-frequency SSH anomalies reduces the errors in interannual forecasts, it is

hypothesised that future modeling studies, at higher spatial resolutions, are unlikely

to exhibit improved skill in the mid-latitude Gulf stream region. These results are in

agreement to those found by Nonaka et al. (2016), where a lack of any predictability,

on timescales longer than a few months, was also found in the Kuroshio.
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6.4 Predictable Patterns: Optimal Initial Condi-

tions and Average Predictability Time

The spatiotemporal structure of the predictability can also be analysed by explic-

itly identifying any patterns which are predictable on interannual timescales. Two

methods are now used: (1) an examination of the growth of optimal initial conditions

leading to a maximum increase of variance and (2) a decomposition of the system into

predictable components, ranked by their relative contributions to the total average

predictability time present.

6.4.1 Optimal Initial Conditions

When the operator A is non-normal, i.e. AAT 6= ATA, it is possible for the eigen-

modes of the system to interact and give a large amplification of variance at a finite-

time (Farrell and Ioannou, 1996). The SSH anomaly growth at time τ by non-normal

eigenmode interference is given by equation (2.33) in Section 2.2.2. The longest

timescale on which this growth occurs can be thought of as an optimistic upper

bound on the predictability of linear events without forcing. In this section, the LIM

constructed using 18 month temporally smoothed principal components is used as it

exhibits skillful forecasts on interannual timescales.

The curve depicting the growth of SSH anomalies, µ(τ), is shown in Figure 6.6a.

The perturbations can grow through non-normal interactions on time scales of up

to 100 months, with the maximum growth occurring at 20 months. The optimal

initial condition pattern in SSH, which leads to the largest growth in SSH anomalies

after 20 months, is shown in Figure 6.6b. This pattern has a very weak gyre scale

tripolar pattern, reminiscent of EOF 1 (shown in Figure 6.3e). The pattern has two

main notable features, a smaller scale tripolar structure off Cape Hatteras (situated

at 32.5◦-42.5◦N, 67◦-74.55◦W, shown by the green ellipsoid in panel e) and a single

sign SSH anomaly along the US east coast (black ellipsoid, panel e). The propagated

optimal initial condition is shown in Figure 6.6, panels c and d, at 10 and 20 months,
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Figure 6.6: a) The maximum amplification curve (eq. 2.33). b) The optimal initial
condition with a tripolar pattern. c) The optimal at 10 months. d) The optimal
at 20 months, it’s state of maximal growth. e) The initial optimal in just the area
bordering the US east coast. f) The optimal at 20 months in just the area bordering
the US east coast. The black and green dotted ellipsoids indicate regions which were
correlated with monthly means from the model output. The ellipsoids are character-
istic anomalies described in the text. The black dotted lines indicate the 0m contour
in the time mean SSH.

respectively. After 10 months, the SSH anomaly along the boundary no longer has

a single sign. There is also an increase in SSH along the path of the Gulf Stream

and in the subtropical recirculation gyre. After 20 months, an SSH anomaly grows
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Figure 6.7: a) The initial optimal added to the mean field. b) The initial optimal
propagated forward in time by 20 months added to the mean field. c) The negative
version of the initial optimal added to the mean field. d) The negative version of the
initial optimal propagated forward in time by 20 months added to the mean field.
The black dotted lines indicate the 0m contour in the time mean SSH. The green
lines denote the SSH 0m contour when the optimal initial condition of double the
magnitude of that shown in Figure 6.6b evolves, after 20 months.

along the Gulf Stream path, and its magnitude is seen to double. The magnitude

of SSH in the subpolar and subtropical gyres is also seen to increase significantly.

The SSH anomaly along the US east coast (black ellipsoid) approximately doubles in

magnitude, in 20 months, as the as the optimal initial conditions are propagated. This

growth is approximately 5cm in magnitude for an initial condition of the magnitude

shown in Figure 6.6b. One interpretation of these optimal initial conditions is that it

is especially important to constrain the position of the Gulf Stream separation in the
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Figure 6.8: Anomalies in the zonal geostophic velocities calculated from the SSH
of: a) the initial optimal, b) the initial optimal propagated 10 months forward in
time, c) the initial optimal propagated 20 months forward in time (All with the same
magnitudes as the patterns shown in Figure 6.6).

initial conditions as initial errors in this region lead to gyre-scale errors within 10-20

months. However, it is also possible that it is the weaker gyre-scale pattern present

in the optimal initial conditions which leads to this growth, as SSH anomalies can be

integrated by the gyre circulation on interannual timescales.

Figure 6.7 shows the positive optimal initial condition (of the same magnitude

as that shown in Figure 6.6b) and its evolution after 20 months when it is added

to the mean SSH field. It also shows the negative version of the optimal initial

condition added to mean field, which is an equally valid solution since the evolution

is linear. The initial and propagated version of the positive optimal initial condition,

Figure 6.7, panels a and b, demonstrates an increase in strength of the subpolar gyre,

as well as an increase in the SSH gradient across the Gulf Stream. The change in

the SSH gradient is linked to variations in the geostrophic transport along the Gulf

Stream path, shown in Figure 6.8. The resultant geostrophic velocity anomalies act

in different directions in the two gyres and are particularly evident in the subtropical

gyre. The SSH 0m contour is also seen to be shifted to a higher latitude. However,

this is a marginal effect as shown by the contours in panel b (less than a degree in

latitude, for an initial perturbation with double the magnitude of that shown in Figure
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6.6a). The evolution of the negative optimal initial conditions, shown in Figure 6.7c-

d, demonstrates an increase in SSH along the US east coast North of Cape Hatteras,

as well as a southward shifted Gulf Stream detachment point. The SSH gradient

across the Gulf Stream is also lower, indicating a decrease in Gulf Stream transport.

Panel d shows that the SSH 0m contour’s position can move significantly southward

(approximately 5◦in latitude, for an initial perturbation with double the magnitude

of that shown in Figure 6.6a) and that the subtropical gyre contracts to the west of

the basin. The initial conditions associated with timescales (τ) ranging from 10 to 30

months are also calculated and compared to the optimal calculated at the maximum

amplification time. The spatial correlation between these initial patterns are found

to be at least 0.8, and the patterns behave in a qualitatively similar manner when

propagated in time. The optimal initial conditions, calculated from similar models

with differing numbers of EOFs, exhibited small-scale (1/2◦) spatial differences in the

Gulf Stream’s extension, however the signal along the US east coast and the tripolar

pattern appear robust. Moreover, the propagated optimals all resemble that shown

in Figure 6.6d.

6.4.2 Optimal Initial Conditions Occurring in the Model Out-
put

It is important to determine how often the optimal initial conditions and their evolved

patterns are realised in the model output. Figure 6.9a, shows the projections of

the initial states on the model output, as well as the projections of the evolved

initial conditions 20 months later. Projection here refers to either the product of

the principal component values of the EOF reconstruction of the model output with

the principal component values of the initial states or the product of the principal

component values of the propagated states with the principal component values of

the EOF reconstruction 20 months later. The growth in these projections is seen

to be close to that predicted by the maximum amplification curve (Figure 6.6a).

Monthly mean anomalies which exhibit the tripolar feature, seen in the optimal initial
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condition, are identified by calculating the spatial correlation of the tripolar feature

and the SSH anomalies in that region (the green ellipsoid in 6.6e). Spatial correlations

which were greater than 0.8 were retained. Out of the 1800 SSH anomaly monthly

means comprising the model output, 404 were found to display a tripolar anomaly

structure off Cape Hatteras. After 15-20 months from those 404 tripolar anomaly
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Figure 6.9: Projections of the initial and final states on the model output. The
black line is a linear fit to these projections, and the red line is a line with a slope
corresponding to µ1/2 (τ = 20 months).

patterns, 310 (≈ 77%) lead to SSH anomaly growth along the US east coast (as

in Figure 6.6f, green ellipsoid). About 140 (out of 310) also display a change in

sign of SSH along the coast (as in Figure 6.6f, black ellipsoid). Therefore 103 SSH

anomaly growths result from the 404 tripolar initial states (≈35%). This suggests

that there is some skill in the prediction of such growth events from the Gulf Stream

characteristics, however, it is also indicative that SSH anomaly growth along the US

east coast depends on signals other than just SSH in the Gulf Stream.

6.4.3 Average Predictability Time

We complement the analysis of the optimal patterns, which depends on the target

timescale, by examining predictable patterns that persist over all timescales, and are
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therefore the most predictable over a range of target times (DelSole and Tippett,

2007). This is done by calculating the APT with the method described in Section

2.2.4.2.
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Figure 6.10: a) Predictability measured by the Mahalanobis signal (Sτ as defined
in equation 2.35) of the whole system (blue line), created using linear regression
models and the leading 25 principal components. The envelope denotes the spread
in predictability measured by the Mahalanobis signal (Sτ ) for each of the leading
predictable components. The solid black line is representative of 5% significance level
calculated using a student’s t-test. b) The average predictability time (APT) for the
first 25 predictable components. The orange line indicates the 5 % significance level
estimated using the Monte Carlo method discussed in Section 2.2.4.2. The spatial
patterns of the (c) first, (d) second and (e) third predictable components (p), ranked
in order of their values of APT. The associated time series for the (f) first, (g) second
and (h) third predictable components (qTP).

Figure 6.10a shows that the predictability of the SSH of the whole system, mea-

sured by the Mahalanobis signal (solid blue line), diminishes rapidly, reaching a value

of approximately 0.2 after 10 months. This is in approximate agreement with the
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timescale found in the LIM study. However, Figure 6.10a (blue shaded region) also

shows that several of the individual components of the system have Mahalanobis

signals which decay on longer timescales. The APT of the leading 25 predictable

components shown in panel b, confirms that several components demonstrate pre-

dictability on timescales longer than 2 years. The three leading predictable compo-

nents (those which have the largest values of APT) have average predictability times

of 26-28 months. The corresponding spatial patterns of the leading three components

are shown in panels c, d, and e. The pattern which is associated with the largest value

of APT (panel c) has large values in SSH in both the subpolar gyre and jet extension

region. The second pattern (panel d) is localised mainly to the US east coast and

Gulf Stream extension region, whereas, the third pattern (panel e) is similar to the

evolved optimal initial conditions (Figure 6.6), and EOF1. The time series related

to each of these spatial patterns, shown in panels f, g and h, all display interannual

variability and have autocorrelation times of 30-60 months.

The similarities between the third leading predictable component, the evolved

optimal initial conditions, and EOF1 indicate some robustness of the constructed

predictability patterns. The time series associated with the third predictable com-

ponent correlates strongly with the leading principal component at zero lag. The

leading predictable patterns (1 and 2) are not merely EOF1, highlighting that the

mode capturing most of the variance is not necessarily the most predictable.

6.4.4 The Influence of Atmospheric Forcings on the Pre-
dictable Components

The steric component dominates interannual variability in SSH in the North Atlantic.

Roberts et al. (2016) confirmed that this is also the case in HadGEM3 and that it is the

thermosteric and wind-driven components which contribute most to the interannual

variability in the subtropical gyre. In the subpolar gyre, the variability is caused by

both the thermosteric and halosteric components and is dominated the response of
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the ocean to variations in the buoyancy forcings. Furthermore, in the Gulf Stream

region, the intrinsic effects are also important.

Attempts are now made to establish the dynamical origin of the predictable pat-

terns by examining their relationships with fields relating to the wind and buoyancy

driven circulations, namely the Ekman components of SSH and the net heat fluxes.

The interannual variability detected is likely related to the oceanic adjustment to

variations in these forcings. The wind-driven turbulent heat fluxes dominate the net

heat fluxes, so the effects of these forcings are closely linked. The net heat fluxes con-

tribute to the thermosteric buoyancy forced component of SSH, and the wind stresses

contribute to the steric advective components.

The SSH, meridional and zonal wind stress fields are used to decompose the ocean

currents into the associated geostrophic ug = (ug, vg) and Ekman components ue =

(ue, ve),

u = ug + ue. (6.1)

The Ekman components are calculated from,

ve = − τxs
fρ0dEk

and ue =
τ ys

fρ0dEk
, (6.2)

where f is the Coriolis parameter, τxs and τ ys are the zonal and meridional components

of the wind stress, τs, at the ocean’s surface. The density, ρ0, and the Ekman

depth, dEk, are taken to be constants of 1000kg/m3 and 100m (a typical value in

the Subtropical gyre in the winter (Stommel, 1979)), as most of the variability in

the Ekman velocity component is due to variations in the wind stress. The Ekman

pumping velocity is also calculated as

we =
1

fρ0

(∇× τs), (6.3)

and the geostrophic currents are calculated as

vg =
g

afcosφ

∂η

∂λ
and ug = − g

af

∂η

∂φ
, (6.4)
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where η is the monthly mean SSH, a is the radius of Earth, φ is latitude, λ is longitude

and g is gravity.

These fields and the net heat fluxes are then regressed against the normalized

time series of the three leading predictable components (Figure 6.10). The fields are

smoothed with 6 months running mean before regression, to focus on the interannual

variability. The regression coefficients of the geostrophic currents and the first pre-

dictable component are shown in Figure 6.11. The regression coefficients with SSH

are also shown as contours. These show a westward propagation of SSH in the sub-

tropical gyre. The meridional geostrophic velocities have large regression coefficients

with the leading predictable component, in the subpolar gyre along the Canadian

east coast. At times where the current is leading the predictable component time

series, there is also a positive signal at the Gulf Stream’s detachment point. The lack

of a clear lead-lag relationship here makes causality hard to distinguish. However,

from these strong correlations, it is apparent that there is significant interannual pre-

dictability present in the western boundary current in the subpolar gyre. There is

a lack of any apparent changes in the large-scale patterns of the zonal geostrophic

current regression coefficients. These coefficients are large in the subtropical gyre and

in the Gulf Stream region. The regression coefficients relating to the net heat fluxes

have a sizeable dipolar pattern in the Gulf Stream region at all times. However, in

the east of the Subpolar gyre, a signal appears only at lead times.

The regression coefficients of the leading predictable component with the Ekman

currents are shown in Figure 6.12. There is an apparent time-lagged relationship

present, with variations in the Ekman currents leading the predictable component

strongly on timescales of up to 15 months. The Ekman currents are associated with

the large-scale Sverdrup transport, within the wind-driven gyres. These regression

coefficients imply that wind-driven variations in the gyre circulations lead to a pre-

dictable change in SSH on interannual timescales. The associated changes in gyre

scale variations of the Ekman currents translate to variations in SSH in the Gulf
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Stream extension and subpolar gyre regions. Such adjustments may happen at low

latitudes via baroclinic Rossby basin modes. This result is also indicative that in-

terannual forecasts of SSH can be improved by better representing the zonal and

meridional wind stress fields, on longer than monthly timescales.

It is difficult to discern anything about the variability of the time-lagged geostrophic

regression coefficients and predictable component 2 (Figure 6.13). However, there is a

signal in the regression coefficients of the net heat fluxes which leads the predictable

component by 8-15 months. This signal is located in the Gulf Stream extension region.

The regression coefficients relating to the zonal and meridional Ekman components

(Figure 6.14 top and middle rows) also strongly lead the predictable component and

are related to changes in the wind stress in the east of the North Atlantic and the

subpolar gyre.

The third predictable components regression with the Ekman components demon-

strate a clear lead-lag relationship (Figure 6.16). The Ekman components are seen to

lead variations in the predictable component. The patterns of the regression coeffi-

cients are large scale and sizeable in the west of the basin. The meridional components

of the Ekman currents can be interpreted as causing a convergence or divergence of

SSH in the Gulf Stream region as the gyres react to changes in the wind stress. There

are also variations in the net heat fluxes in the subpolar gyre, which lead a change in

the predictable component (Figure 6.15).

Therefore it is concluded that predictable component one is largely a response to

variations in the wind in at the latitudes of the Gulf Stream. Predictable component

two is due to variations in both the net heat fluxes and the wind stress in the subpolar

gyre and in the Gulf Stream Extension region. Finally, predictable component three

is due to the oceanic adjustment resulting from a combination of both variations in

the wind stress in the subpolar gyre and east of the ocean basin, and the response

to variations in the net heat fluxes in the subpolar gyre. All three patterns show

that changes in the atmospheric forcings lead large-scale predictable patterns of SSH.
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Even though the variations in the wind stress and net heat fluxes are unpredictable

at times longer than a few months, the oceans adjustment to them appears to be

predictable on timescales of approximately 1-2 years.

6.5 Discussion and Conclusions

This chapter has presented an investigation into the predictability of the interannual

SSH variability in the North Atlantic, using the eddy-permitting coupled climate

model HadGEM3. This interannual variability is mainly located in the Gulf Stream

extension region, which is consistent with other modeling (Penduff et al., 2011) and

observational studies (Fu, 2004). The timescales of predictability of SSH in the North

Atlantic were derived using linear statistical forecasts trained on output from the

HadGEM3 control run. The statistical linear inverse model (LIM) provides a compu-

tationally inexpensive way of quantifying the linear predictability of the system. The

forecasts displayed skill in both the subpolar gyre and along the west coast of the

Atlantic basin on times of up to 20 months. However, the forecasts were less skillful in

the Gulf Stream extension region. Temporal filtering was used to isolate the effects of

the mesoscale eddies on the forecast errors. The eddies were seen to degrade forecast

skill, the hypothesised improvement due to the potential for mesoscale eddies to drive

variability on interannual timescales is not observed. The results were in agreement

with previous modeling studies, which have found timescales of SSH predictability

in the Gulf Stream region of the North Atlantic to be limited to a few months, due

to the nonlinearities present (Nonaka et al., 2016; Roberts et al., 2016). However, in

the subpolar gyre and in areas of the subtropical gyre significant predictive skill was

found on timescales over a year.

The patterns of predictability present in the system were then calculated using

two separate methods. Non-normal mode analysis was used to identify the optimal

initial conditions leading to the largest future growth of SSH anomalies. The optimal

initial condition had two major features, a tripolar pattern occurring where the Gulf
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Stream detaches from Cape Hatteras, and an SSH signal along the US east coast. The

maximum amplification of these initial conditions occurs 20 months after initialisation

and results in several different effects. Firstly, the amplification can lead to a doubling

in the magnitude of the initial SSH anomalies in the Gulf Stream region ( i.e., an

optimal initial condition with a tripolar anomaly of size 3cm can propagate to give

anomalies of 6cm along the Gulf Stream path). Secondly, the amplification acts to

increase (or decrease depending on the sign) the SSH gradient across the Gulf Stream,

leading to a geostrophic transport anomaly of the order of 10 cm/s (for an optimal

perturbation with the magnitudes shown in Figure 6.6b). Moreover, these changes

can lead to a meridional shift of an SSH contour of 0 m by several degrees in latitude

(a southward shift of approximately 5◦ for an optimal perturbation with double the

magnitude, and the opposite sign of that shown in Figure 6.6b). Finally, this growth

results in a 5cm change in SSH along the US east coast at latitudes of 30◦- 40◦N

(for an optimal perturbation with the magnitudes shown in Figure 6.6b, the negative

optimal initial condition leads to a increase of SSH in this region).

The optimal initial conditions consist of both small-scale, large amplitude, anoma-

lies in the vicinity of the Gulf Stream’s detachment point and smaller amplitude,

gyre-scale SSH anomalies. It is uncertain how these features generate the amplifica-

tion, and whether one feature is more important than the other or whether both are

required. In order to investigate this problem the climate model could be restarted

with the optimal initial conditions, and with parts of the optimal initial conditions

masked (however, restarting the climate model with optimal initial conditions would

require multivariate 3D restarts). This would determine which of these features the

amplification is most sensitive to and which dynamical mechanisms are responsible

for the amplification. Furthermore, it would help elucidate the mechanisms which

cause variations in the state of the Gulf Stream, and determine whether it is driven

by intrinsic mechanisms, responses to external forcings or a combination of the two. It

would also be interesting to compare these effects to those observed in the Kuroshio,
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where variability is thought to be intrinsically generated, but influenced by adjust-

ments to external forcings (Pierini, 2014). A comparison of the diagnosed optimal

initial conditions in the two regions could also be constructive, as those calculated by

Wang et al. (2017) (using a shallow water model simulating the intrinsic variability

in the Kuroshio), have several similarities to those diagnosed in this study includ-

ing SSH anomalies near to the mid-latitude jets detachment point and amplification

timescales on the order of months.

The optimal initial conditions also have implications for observations. The initial

conditions found are indicative that to better constrain interannual predictions of

SSH, in the North Atlantic, it would be beneficial to incorporate a higher number of

ocean observations (SSH, temperature and velocity fields) in the region near to the

Gulf Stream’s detachment point. This area has already been the subject of many

observational studies and is well observed by altimetry (several of these studies are

discussed by Lillibridge and Mariano (2013). Moreover, a mooring array called Line

W has recently been established in the region (Toole et al., 2011). Furthermore,

the optimal initial conditions could aid in the design of more efficient perturbations

in GCM ensemble forecasts. Forecasts using such perturbations may better evaluate

the uncertainties related to the initial conditions, and therefore provide more accurate

forecast uncertainties (Hawkins and Sutton, 2009).

An evaluation of the control run’s APT found three large-scale leading predictable

components, which exhibit predictability at times of over 2 years. The leading pre-

dictable components were related to changes in SSH in the recirculation gyres, as well

as variations in both the position and state of the Gulf Stream. The third predictable

component resembled the evolved state of the optimal initial conditions, occurring

20 months after initialisation. The agreement of these results indicates the potential

for large-scale predictable patterns of SSH anomalies to exist in the North Atlantic.

The relationship between the leading predictable components and the geostrophic

and Ekman driven currents was probed using linear regression analysis. The Ekman
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velocity components were seen to lead the first three predictable components strongly,

demonstrating the potential for interannual predictability of large-scale SSH patterns

due to the oceanic adjustment to wind stress. Moreover, this eludes to the possibility

that improvements in the large-scale wind forcing may lead to improved interannual

forecasts of SSH in the North Atlantic.

This study did not entirely decouple the effects of applying interannual external

forcings from the intrinsic variability due to the mesoscale eddy fields. It also made

use of a single model, and therefore the optimal initial conditions presented may be

model specific. It would therefore be beneficial to examine the SSH predictability

with a more extensive ensemble of model simulations, including those which isolate

the effects of intrinsic processes (such as the experiments described by Sérazin et al.

(2015)). Moreover, a comparison with altimetry or higher resolution model output

may further elucidate the effects of the eddy field on interannual variability. Finally,

a series of idealised simulations, with selective timescales of the wind and buoyancy

forcings, may aid in explaining the dynamical origin of the predictable components

(Ensembles of the type used by Roberts et al. (2016) would be appropriate for this

task). Moreover, such studies could better evaluate the thermosteric and halosteric

contributions of the predictable components of SSH.

This study demonstrates the presence of large-scale SSH patterns, which are lin-

early predictable on interannual timescales (approximately 1-2 years). These pat-

terns appear to significantly lag changes in atmospheric forcings, on times of up to

15 months, indicating the presence of an interannually predictable ocean dynamical

adjustment to external forcings. The patterns could have particular relevance when

considering interannual predictions of the state of the Gulf Stream and the magnitude

of SSH along the US east coast.



Chapter 7

Conclusions and Discussion

Motivated by uncertainties in North Atlantic SSH dynamical forecasts (Nonaka et al.,

2016; Roberts et al., 2016), this thesis has examined the oceanic origin of interannual

SSH variability and evaluates the associated predictability. A hierarchy of models

have been used at eddy-permitting resolution ranging from a barotropic model, with

both idealised geometry and forcing to a state-of-the-art AOGCM, all with dynamics

relevant to the North Atlantic Ocean. Chapter 4 primarily investigated the role

of intrinsic ocean processes in driving interannual SSH variability, whilst the later

chapters (5 and 6) considered how the amplitude, pattern and temporal variability

in forcings alters such variability and influences the associated predictability. The

results presented shed some new light on the mechanisms giving rise to interannual

intrinsic ocean variability in the oceans and in models. In addition, this work has

important implications for how such mechanisms may influence the predictability of

SSH on a range of timescales in the North Atlantic.

7.1 Summary of Results

The study of intrinsically generated SSH variability (Chapter 4) has extended our

understanding of how eddy-mean flow interactions can drive interannual variability

in mid-latitude ocean jets. The main contributions are:

• The quantification of intrinsically generated interannual SSH variability in the

160



Chapter 7. Conclusions and Discussion 161

jet regions, in both double-gyre barotropic and baroclinic primitive equation

models.

• New insights into jet variability mechanisms, by demonstrating that the interan-

nual variations in both the jet’s zonal transport and its position are concurrent

with changes in the eddy-mean flow interactions in the recirculation gyres.

• The identification of a mechanism of baroclinic eddy-driven interannual vari-

ability associated with equatorward migration of zonal velocity anomalies. The

origin of such variability is attributed to an asymmetry in the Eady growth

rate, arising from the meridional surface wind and temperature forcing profiles.

This study shows that mesoscale eddies can drive interannual variability in zonal

jets, by introducing asymmetries in momentum and temperature. The emergent vari-

ability is generated through several different mechanisms including, eddy momentum

flux-related jet rectifications, and jet migrations due to variations in eddy heat fluxes

in the mid-latitudes.

The examination of the predictability related to both the intrinsic SSH variability

and that generated in response to changes in temperature and wind forcings (Chapter

5), demonstrated that:

• In the jet region, the intrinsic barotropic component of SSH variability exhibits

predictability on monthly timescales. Whilst the baroclinic component, here as-

sociated with meridional migrations of anomalous zonal jets, can be predictable

on timescales longer than a year (12-16 months, based on the optimal initial

condition analysis).

• Double-gyre primitive equation systems with steady atmospheric forcings do

not exhibit gyre-scale patterns of predictable SSH variability.

• Interannually predictable large-scale SSH patterns can emerge with time-dependent

forcings (e.g., low-frequency atmospheric modes of variability).
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Overall, these results are indicative that the intrinsic ocean variability is largely un-

predictable on interannual timescales, and acts to degrade forecast skill in turbulent

regions. Moreover, the eddy-mean flow interactions which affect the jet’s meridional

position and the jet rectification processes seem relatively insensitive to changes in

the applied forcings tested. Only the introduction of a low-frequency, large-scale wind

forcing generated any large-scale interannual SSH variability. It is the large spatial

scale present in the atmospheric forcings, which appear to be responsible for any

gyre-scale interannually predictable SSH components.

Finally, the predictability of SSH in the North Atlantic in a control run of a fully

coupled model (HadGEM3), was evaluated using methods based on linear inverse

modeling and average predictability time (Chapter 6). The contributions from this

study include:

• The evaluation of SSH predictability in the subpolar gyre and along the west

coast of the basin on timescales of up to 20 months.

• Demonstrating that SSH predictability times are relatively short in the Gulf

Stream extension region (5-10 months), as the presence of mesoscale eddies

acts to degrade forecast skill.

• Calculating the optimal initial SSH conditions, which consist of a weak large-

scale SSH tripole, with a stronger signal at the Gulf Stream’s detachment point.

The evolution of these optimal initial conditions results in regional SSH changes

in the subpolar and subtropical gyres and a change in SSH gradient along the

Gulf Stream’s extension.

• The identification of large-scale predictable components, which result in SSH

variations of 5-10 cm along the US east coast are predictable on timescales

longer than 2 years.
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• Demonstrating that the diagnosed predictable components contribute to large-

scale variations in SSH, and appear to be induced by wind and heat flux forcing

in the preceding 8-15 months.

In the coupled model, the interannual variability is still primarily located in the Gulf

Stream region. However, in agreement with Nonaka et al. (2016) and Roberts et al.

(2016), SSH predictability in the turbulent jet extension regions is limited to less than

5 months. Large-scale predictable SSH patterns correspond to oceanic adjustments

to variations in the interannual wind forcings and heat fluxes.

7.2 Discussion

7.2.1 Interannual Sea Surface Height Variability Driven by
Intrinsic Processes

It has long been established that the ocean can act to integrate the chaotic, unpre-

dictable fluctuations of the atmosphere, reddening the spectrum of climate variability

(Frankignoul and Hasselmann, 1977). However, several studies have shown that the

ocean can also produce low-frequency variability through intrinsic mechanisms in the

absence of any interannual atmospheric variability (e.g., Spall, 1996; Dijkstra and

Ghil, 2005; Berloff et al., 2007; Penduff et al., 2011). Using a global ocean–sea ice

general circulation model, Penduff et al. (2011) argued that such interannual intrinsic

variability could be comparable in magnitude to that generated in response to vari-

ations in atmospheric forcing. This intrinsic variability emerges in the presence of

nonlinear mesoscale eddies, as these can enable a temporal inverse cascade of kinetic

energy (Arbic et al., 2012, 2014) (believed to be associated with the spatial inverse

cascades - since small and fast processes interactions can lead to large-scale and long

timescales processes). However, the exact mechanisms by which eddies act to influ-

ence low-frequency variability remain poorly understood and rather uncertain. This

was the subject of the first thesis aim: to examine the role of mesoscale eddies

in driving interannual SSH variability.
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The idealised model-based studies, presented in this thesis, introduce new per-

spectives on the mechanisms by which mesoscale eddies act to influence interannual

intrinsic ocean variability. Variations in the mid-latitude jet’s position and trans-

port are driven by eddy momentum fluxes in the recirculation gyres and WBCs. In

addition, the effect of eddy heat fluxes on intrinsic interannual variability, which

have been investigated in only a few studies before (Chan et al., 2007; Taguchi

et al., 2010; Thompson and Richards, 2011), can generate eddy-modulated inter-

annual quasi-periodic variability in the vicinity of the mid-latitude jet.

The results also yield insights into the contributions of intrinsic processes to SSH

spectra. Such contributions are important when considering the uncertainties in sea

level trends in eddy-active regions (Sérazin et al., 2016). In both idealized models the

variability in the jet regions near to the western boundary appears to be chaotic, in

agreement with the dynamical interpretation presented by Berloff et al. (2007) (and

indicated by power spectral density plots with white profiles on timescales longer than

2 years). However, the buoyancy-driven variability has a well defined spectral peak

on interannual timescales (Chapter 4, Section 4.3). Therefore, there exists intrin-

sic eddy-modulated variability which may potentially be predictable on interannual

timescales. However, power spectra of SSH altimeter data exhibit white noise pro-

files on interannual timescales (Hughes and Williams, 2010). This result indicates

that the chaotic variability constitutes the largest component of the interannual SSH

variability in the mid-latitude jet regions, potentially masking the variability related

to the meridionally shifting jets. Although, such migrating jets have been observed

in the North Pacific Ocean interior (Chen et al., 2016), and may be driven by the

mechanisms discussed in this thesis. Alternatively, the migration related variability

may not appear in the real climate system, perhaps due to cancelling effects from

time-varying salinity and temperature influences or that of bathymetry. It is also

conceivable that such interannual variability could be poorly sampled by currently

available observations.
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Different responses are seen in the studies investigating the changes in variabil-

ity associated with the wind forcing (Chapter 5). Variations in the magnitudes of

the time-invariant surface wind forcings only introduced minor changes in variability

and predictability timescales in the barotropic experiment. However, further work

is required to determine how such intrinsic variability will vary in coupled models

under future climate scenarios. As internal ocean-atmosphere modes of variability

could respond in a different manner to the intrinsic ocean modes. Moreover, it is

also uncertain how important such variations will be as it is hypothesised that the

forced component of SSH variability will constitute a larger amount of the total SSH

variability in future climate scenarios (Lyu et al., 2015). The introduction of time-

dependent wind forcings, while not dramatically altering the timescales of variability

in the barotropic experiments, had more prevalent effects in the baroclinic exper-

iments (Chapter 5, Section 5.3.3). In order to probe the interaction between the

forced and intrinsic variability, it would be insightful to investigate the oceans dy-

namical responses to wind and buoyancy forcings in more detail, using an extensive

range of spatial and temporal forcing profiles. The eddy momentum and buoyancy

tendencies could then be examined and compared to cases with steady forcing, thus

isolating the variations due to the mean and variability of the atmospheric forcing. It

could also be insightful to examine the forcing perturbations which have the greatest

impact on forecast spread, especially in a primitive equation double-gyre model. This

could be addressed by calculating the stochastic optimals of the system, as described

in Moore et al. (2002). However, such experiments can be computationally expensive.

One could examine the SSH variability in response to variations in the heat fluxes.

This is relevant as local steric changes, driven by air-sea buoyancy fluxes have a large

contribution to the total interannual SSH variability, particularly in the east of the

North Atlantic (Cabanes et al., 2006). Therefore their addition may considerably

impact SSH predictability in these regions. The addition of stochastic heat fluxes

should be relatively straightforward to implement, and the related SSH variability is
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less well studied than those due to changes in the wind forcing, and will potentially

become more important as the anomalous heat fluxes vary under climate change.

7.2.2 Sea Surface Height Predictability and Its Limits

The second thesis aim is to quantify the predictability of SSH due to the

sensitivity in ocean initial conditions and surface forcings in the presence

of resolved eddies, and is related to understanding the dynamical origins of un-

certainties in interannual SSH forecasts. The impact of eddies on interannual SSH

forecasts is complicated due to the contrasting effects on variability their inclusion

introduces. On the one hand, the presence of eddies can lead to their interaction

with the mean flow driving interannual variability. On the other hand, they also

introduce chaotic signals which can impact the interannual SSH signal, therefore re-

ducing the memory of the system. The barotropic eddy-mean flow interactions result

in predictable components of SSH relating to the position and the strength of the

mid-latitude jet, with predictable timescales of approximately 150-250 days (Chapter

5, Section 5.2.1). These results agree with those concerning the optimal initial condi-

tions, which demonstrate that the largest amplification of SSH variance is related to

small-scale initial conditions in the vicinity of the WBCs. Similar behaviour is also

detected in the baroclinic model (Chapter 5, Section 5.3.3). I therefore conclude that

interannual intrinsic variability is inherently difficult to predict, as it is sensitive to

small-scale features of the eddy field, which are difficult to observe and cannot be used

as part of initialised forecasts, for dynamical and numerical reasons. However, the

variability due to the interaction between eddy temperature fluxes and zonal jets is

predictable on far longer timescales, of almost 5 years. These patterns of interannual

variability exhibit sensitivity to large-scale, jet localized SSH initial conditions, and

therefore could conceivably be detected in ocean observations. One important caveat

in my analysis is the assumption of linearity. The amplitude of the perturbations is

usually small enough to warrant the use of linear methods. An alternative approach
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would be to calculate the conditional nonlinear optimal perturbations or evaluate the

predictability using an ensemble of nonlinear model runs. Both of these methods are

computationally expensive (Mu et al., 2003) and would complement the linear re-

sults. However, despite their shortcomings, linear models are useful as a benchmark

for more complex dynamical models (Sonnewald et al., 2018).

The predictable components and analysis contained in Chapter 6 may be model

specific, and therefore it is instructive to calculate the predictable patterns of SSH

from observational data rather than from climate model output. Despite the relatively

short altimeter record, preliminary analysis indicates that the predictable components

estimated from observations are similar to those presented in Chapter 6. Figure 7.1

shows the first three EOFs of North Atlantic SSH calculated from 21 years of monthly

mean SSH satellite altimeter data between 1 Jan 1993 – 31 May 2014 (AVISO, 2012).

The leading EOF pattern resembles that calculated by Häkkinen et al. (2011), which

is seen to correlate with changes in the leading EOF of wind stress curl, and with the

NAO index (Häkkinen et al., 2013; Esselborn and Eden, 2001; Han et al., 2017). The

relationship between SSH variability and NAO is hypothesised to be closely linked

to variability in the thermosteric component of the dynamical SSH (Lombard et al.,

2005); however, this is yet to be verified. Figure 7.1, panels d and e, demonstrate

that the leading principal component of SSH has a significant lagged correlation with

the NAO index, with a maximum correlation occurring at a lag time of 9 months.

Figure 7.2 shows the predictable components calculated from the same monthly

mean SSH altimeter data (using the method described as in Section 2.2.4.2). The

predictability of the system is seen to decay rapidly after approximately 100 days.

However, the leading predictable components exhibit predictable timescales of approx-

imately one year (panel b). The leading predictable component (panel c) resembles

the leading SSH EOF and predictable component 3 described in Chapter 6. As in

the coupled climate model, large-scale predictable patterns of SSH exist in observa-

tions, and lag the variations in the low-frequency patterns of wind stress forcings.
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a) c)b)

d)

e)

[m]

0.3

Figure 7.1: The (a) first, (b) second and (c) third EOFs of SSH calculated from
monthly mean SSH altimeter data (AVISO, 2012) (representing 6.1%, 3.7% and 3.1%
of the variance respectively). (d) Time series of SSH principal component 1 and the
NAO index. (e) Time-lagged cross-correlation of SSH principal component 1 and
the NAO index (Hurrell and National Center for Atmospheric Research Staff (Eds),
2017). Where a positive lag signifies the leading SSH principal component is lagging
the NAO index. The blue lines are the upper and lower 95% confidence bounds for a
normal distribution, N(0,1/L) with a standard deviation of 1/

√
(L), where L is the

number of time means used in the analysis.

The observed predictable patterns have signals along the US east coast, indicating

their relevance to predicting future coastal flooding in these regions. The presence of

these predictable signals, near to the US east coast, may potentially be attributed to

a decrease in eddy energy near to the western boundary (Kanzow et al., 2009; Zhai

et al., 2010). Further analysis is required to investigate the dynamical origins of the
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predictable patterns, although I hypothesize that they are due to wind-induced ocean

circulation anomalies, and the subsequent convergence and divergence of steric SSH

anomalies - potentially influenced by low-pass filtering along the shelves. Finally, the

patterns indicate that there are skillful components of SSH forecasts even in regions

with large eddy activity.

a)

c)

b)

d) e)

[m]

Figure 7.2: (a) Predictability measured by the Mahalanobis signal (Sτ as defined
in equation 2.35) of the whole system (blue line), created using linear regression
models and the leading 15 principal components. The envelope denotes the spread
in predictability measured by the Mahalanobis signal (Sτ ) for each of the leading
predictable components. (b) The average predictability time (APT) for the first 15
predictable components, ranked in order of their values of APT. The spatial patterns
of the (c) first, (d) second and (e) third predictable components. The analysis uses
monthly mean SSH altimeter data, between 1 Jan 1993 – 31 May 2014 (AVISO,
2012). The first 13 years of the monthly means are used as the training data and the
remaining 10 years is used to verify the predictable components.

Interannual model forecasts are also subject to other uncertainties including those

related to unresolved ocean processes, model uncertainties, observational uncertain-

ties and model initialisation. New methods are being developed to better represent
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these uncertainties including the use of perturbed parameter ensembles and stochas-

tic physics (Brankart, 2013; Andrejczuk et al., 2016; Williams et al., 2016; Juricke

et al., 2017). Juricke et al. (2017) showed an increase of 20-25% in interannual SSH

variability, in a coarse ocean model when several sub-grid scale parameterisations

are stochastically perturbed. Andrejczuk et al. (2016) examined model uncertainty

in a coarse GCM using several different stochastic schemes, finding that they could

act to increase the spread of the ensemble in eddy-active regions. Such approaches

may be useful in future studies which aim to quantify or constrain uncertainties in

interannual SSH forecasts.

7.2.3 Intrinsic vs. Forced Sea Surface Height Variability and
Predictability

The final thesis aim: to investigate the relative contributions of the intrinsic

and externally forced SSH components, to both the total interannual SSH

variability and any associated predictability, was considered in Chapters 5

and 6. In the presence of a steady wind forcing, the ocean generates interannual

intrinsic variability, primarily in regions with mid-latitude jets. Such variability is

not generally predictable on interannual timescales. In contrast to this, the ocean’s

adjustment to fluctuations in the interannual components of the external forcings

appears to be the primary cause of large-scale interannual predictable SSH patterns.

Such predictable behaviour depends on the ocean’s interannual dynamical adjustment

mechanisms, including: Rossby waves, locally forced Ekman pumping and buoyancy

forced circulation changes. Therefore, interannual SSH predictions are reliant on

ocean-atmosphere interactions.

Several of my results have implications related to interannual SSH forecasts. The

jet region forecasts, relating to the meridional jet position and the jet’s transport, are

very sensitive to the state of the eddy field, and exhibit sub-annual predictability times

(Chapter 5). However, it has also been shown that in the coupled climate system there

are patterns of interannual SSH variability which are predictable on timescales greater
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than a year (Chapter 6). Some of these predictable patterns contain signals relating

to the state and position of the Gulf Stream, including the position of its detachment

point. Therefore, the presence of eddies does not completely obscure predictable SSH

components related to oceanic adjustments to large-scale external forcings, even in

regions where the majority of the variability is intrinsically generated.

Large-scale predictable patterns of SSH are seen to lag large-scale changes in the

external forcings, on timescales of up to a year. Therefore I hypothesise that LIM

models constructed using not only the SSH field, but also the time-varying wind

forcings and surface heat fluxes will display improved forecasts of SSH anomalies,

relative to those generated by a LIM trained on SSH alone. This analysis could be

extended to give insights into the sensitivities of SSH forecasts to different temporal

and spatial timescales of atmospheric forcings.

Given sufficient resources, several further GCM based studies could be under-

taken to compliment the analysis presented in this thesis. Firstly, this thesis did

not entirely decouple the effects of the intrinsic and forced variability in GCM ex-

periments. It would be informative to examine the predictability in a GCM which

intrinsic ocean variability were isolated, i.e., the GCM is run with no interannual

variability in its external atmospheric forcings, similar to the experiments by Sérazin

et al. (2015). This approach would enable us to investigate whether the intrinsic vari-

ability is unpredictable on timescales longer than a few months, in agreement with the

idealised experiments. Alternatively, longer timescale predictable intrinsic behaviours

may emerge, such as the meridional anomalous jet migration discussed in Chapter

4. Secondly, idealized forcing experiments, where the applied wind and buoyancy

forcings are restricted in their timescales could also be used to further examine the

oceanic adjustment mechanisms responsible for the diagnosed interannual SSH pre-

dictability. Such ensembles already exist for a range of applications (Gregory et al.,

2016; Roberts et al., 2016; Meyssignac et al., 2017). For example, the HadGEM3

ensemble presented by Roberts et al. (2016) could be used to infer the optimal initial
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conditions, and predictable patterns associated with the intrinsic ocean variability,

the interannual wind forcings and the interannual buoyancy forcings. Alternatively,

a probabilistic approach as described by Bessières et al. (2017) could be used to dis-

entangle the forced and intrinsic variability components, thus, better explaining the

dynamical origin of the patterns shown in Chapter 6. Finally, it would be interesting

to be able to restart the GCM using the optimal initial conditions found in Chapter

6. Such experiments would be able to deduce whether it is the oceanic dynamical

adjustments which lead to the growth of the initial conditions, or whether it is the

state of the atmosphere that is the most important factor in the optimal evolution of

variability and errors in models.
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K. Hanawa, C. Le Quéré, S. Levitus, Y. Nojiri, C. K. Shum, L. D. Talley, and

A. Unnikrishnan

2007. Observations: Oceanic Climate Change and Sea Level. In: Climate Change

2007: The Physical Science Basis. Contribution of Working Group I to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change [Solomon,

S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L.

Miller (eds.)]. Cambridge University Press.

Bingham, R. J. and C. W. Hughes

2009. Signature of the Atlantic meridional overturning circulation in sea level along

the east coast of North America. Geophys. Res. Lett., 36:L02603.

Bjornsson, H. and S. A. Venegas

1997. A manual for EOF and SVD analyses of climate data. McGill University

Montreal, P. 52.

Boer, G. J.

2004. Long time-scale potential predictability in an ensemble of coupled climate

models. Climate dynamics, 23(1):29–44.

Bouttes, N., J. M. Gregory, T. Kuhlbrodt, and R. S. Smith

2013. The drivers of projected North Atlantic sea level change. Climate Dynamics,

43(5-6):1531–1544.

Brankart, J.-M.

2013. Impact of uncertainties in the horizontal density gradient upon low resolution

global ocean modelling. Ocean Modelling, 66:64 – 76.



Bibliography 175

Branstator, G. and H. Teng

2014. Is AMOC More Predictable than North Atlantic Heat Content?. Journal of

Climate, 27(10):3537–3550.

Branstator, G., H. Teng, G. A. Meehl, M. Kimoto, J. R. Knight, M. Latif, and

A. Rosati

2012. Systematic Estimates of Initial-Value Decadal Predictability for Six

AOGCMs. Journal of Climate, 25:1827–1846.

Cabanes, C., T. Huck, and A. Colin de Verdière

2006. Contributions of wind forcing and surface heating to interannual sea level

variations in the Atlantic Ocean. Journal of physical oceanography, 36(9):1739–

1750.

Cazenave, A. and W. Llovel

2010. Contemporary sea level rise. Annual review of marine science, 2:145–73.

Cessi, P. and F. Paparella

2001. Excitation of basin modes by ocean-atmosphere coupling. Geophysical Re-

search Letters, 28(12):2437–2440.

Chan, C. J., R. A. Plumb, and I. Cerovecki

2007. Annular modes in a multiple migrating zonal jet regime. Journal of the

Atmospheric Sciences, 64(11):4053–4068.

Chemke, R. and Y. Kaspi

2015. Poleward migration of eddy-driven jets. Journal of Advances in Modeling

Earth Systems, 7(3):1457–1471.

Chen, C., I. Kamenkovich, and P. Berloff

2016. Eddy trains and striations in quasigeostrophic simulations and the ocean.

Journal of Physical Oceanography, 46(9):2807–2825.

Chowdhury, M., P.-S. Chu, T. Schroeder, and N. Colasacco

2007. Seasonal sea-level forecasts by canonical correlation analysis—an operational

scheme for the us-affiliated pacific islands. International journal of climatology,

27(10):1389–1402.

Chung, C. and S. Nigam

1999. Weighting of geophysical data in principal component analysis. Journal of

Geophysical Research: Atmospheres, 104(D14):16925–16928.



Bibliography 176

Church, J. A., P. U. Clark, A. Cazenave, J. M. Gregory, S. Jevrejeva, A. Levermann,

M. A. Merrifield, G. A. Milne, R. S. Nerem, P. D. Nunn, A. J. Payne, W. T. Pfeffer,

D. Stammer, and A. S. Unnikrishnan

2013. 2013: Sea Level Change. In:Climate Change 2013: The Physical Science

Basis. Contribution of Working Group I to the Fifth Assessment Report of the In-

tergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner,

M. Tignor, S.K. Allen, J. B. Cambridge University Press.

Church, J. A. and N. J. White

2006. A 20th century acceleration in global sea-level rise. Geophysical Research

Letters, 33:L01602.

Church, J. A. and N. J. White

2011. Sea-level rise from the late 19th to the early 21st century. Surveys in Geo-

physics, 32(4-5):585–602.

Church, J. A., P. L. Woodworth, A. Thorkild, and W. Stanley Wilson

2010. Understanding Sea Level Rise and Variability. Blackwell Publishing Limited.

Collins, M., M. Botzet, A. F. Carril, H. Drange, A. Jouzeau, M. Latif, S. Masina,

O. H. Otteraa, H. Pohlmann, A. Sorteberg, R. Sutton, and L. Terray

2006. Interannual to Decadal Climate Predictability in the North Atlantic : A

Multimodel-Ensemble Study. Journal of Climate, 19:1195–1203.

DelSole, T.

2004. Predictability and Information Theory . Part I : Measures of Predictability.

Studies, Atmosphere, 61:2425–2440.

DelSole, T.

2017. Decadal prediction of temperature: Achievements and future prospects.

Current Climate Change Reports, 3(2):99–111.

DelSole, T. and M. K. Tippett

2007. Predictability: Recent insights from information theory. Reviews of Geo-

physics, 45.4:1188–1204.

DelSole, T. and M. K. Tippett

2009a. Average Predictability Time. Part I: Theory. Journal of Atmospheric Sci-

ence, 66:1172–1187.



Bibliography 177

DelSole, T. and M. K. Tippett

2009b. Average predictability time. Part II: Seamless diagnoses of predictability

on multiple time scales. Journal of the Atmospheric Sciences, 66:1188–1204.

DelSole, T., M. K. Tippett, and L. Jia

2015. Multi-year Prediction and Predictability, chapter Chapter 14, Pp. 219–233.

World Scientific.

Dewar, W. K.

2003. Nonlinear Midlatitude Ocean Adjustment. Journal of Physical Oceanography,

33(5):1057–1082.

Dijkstra, H. A. and M. Ghil

2005. Low-Frequency Variability of the Large-scale Ocean Circulation: A Dynam-

ical Systems Approach. Reviews of Geophysics, 43(3):1–38.

Doddridge, E. W., D. P. Marshall, and A. M. Hogg

2016. Eddy cancellation of the ekman cell in subtropical gyres. Journal of Physical

Oceanography, 46(10):2995–3010.

Douglass, E., S. Jayne, S. Peacock, F. Bryan, and M. Maltrud

2012. Subtropical mode water variability in a climatologically forced model in the

northwestern pacific ocean. Journal of Physical Oceanography, 42(1):126–140. cited

By 6.

Douglass, E. M., Y.-O. Kwon, and S. R. Jayne

2013. A comparison of north pacific and north atlantic subtropical mode waters

in a climatologically-forced model. Deep Sea Research Part II: Topical Studies in

Oceanography, 91:139 – 151. Subtropical Mode Water in the North Atlantic Ocean.

Eady, E. T.

1949. Long waves and cyclone waves. Tellus, 1(3):33–52.

Enfield, D. B. and J. S. Allen

1980. On the structure and dynamics of monthly mean sea level anomalies along

the pacific coast of north and south america. Journal of Physical Oceanography,

10(4):557–578.

Esselborn, S. and C. Eden

2001. Sea surface height changes in the north atlantic ocean related to the north

atlantic oscillation. Geophysical Research Letters, 28(18):3473–3476.



Bibliography 178

Farrell, B. and P. J. Ioannou

1996. Generalized Stability Theory. Part I: Autonomous Operators. Journal of

Atmospheric Science, 53:2025–2040.

Farrell, B. F.

1982. The initial growth of disturbances in a baroclinic flow. Journal of the Atmo-

spheric Sciences, 39(8):1663–1686.

Farrell, B. F.

1990. Small error dynamics and the predictability of atmospheric flows. Journal of

the Atmospheric Sciences, 47(20):2409–2416.

Farrell, B. F. and P. J. Ioannou

1995. Stochastic dynamics of the midlatitude atmospheric jet. Journal of the

Atmospheric Sciences, 52(10):1642–1656.

Farrell, B. F. and A. M. Moore

1992. An adjoint method for obtaining the most rapidly growing perturbation to

oceanic flows. Journal of Physical Oceanography, 22(4):338–349.

Forget, G. and R. M. Ponte

2015. The partition of regional sea level variability. Progress in Oceanography,

137:173 – 195.

Frankignoul, C. and K. Hasselmann

1977. Stochastic climate models, part ii application to sea-surface temperature

anomalies and thermocline variability. Tellus, 29(4):289–305.

Frankignoul, C., P. Müller, and E. Zorita

1997. A simple model of the decadal response of the ocean to stochastic wind

forcing*. Journal of Physical Oceanography, 27(8):1533–1546.

Fu, L.-L.

2004. The interannual variability of the North Atlantic Ocean revealed by combined

data from TOPEX/Poseidon and Jason altimetric measurements. Geophysical Re-

search Letters, 31(23):L23303.

Fukumori, I., R. Raghunath, and L.-l. Fu

1998. Nature of global large-scale sea level variability in relation to atmospheric



Bibliography 179

forcing : A modeling study Ichiro by daily winds and climatological heat fluxes cor-

responding to the period from January. Journal of Geophysical Research: Oceans,

103:5493–5512.

Fukuoka, A.

1951. A Study of 10-day Forecast (A Synthetic Report). The Geophysical Magazine:

Tokyo, XXII:177 218.

Giannakis, D. and A. J. Majda

2012. Quantifying the Predictive Skill in Long-Range Forecasting. Part I: Coarse-

Grained Predictions in a Simple Ocean Model. Journal of Climate, 25(6):1793–

1813.

Gill, A. and P. Niller

1973. The theory of the seasonal variability in the ocean. In Deep Sea Research

and Oceanographic Abstracts, Pp. 141–177. Elsevier.

Greatbatch, R. J. and B. T. Nadiga

2000. Four-gyre circulation in a barotropic model with double-gyre wind forcing.

Journal of Physical Oceanography, 30(6):1461–1471.

Gregory, J. M., N. Bouttes, S. M. Griffies, H. Haak, W. J. Hurlin, J. Jungclaus,

M. Kelley, W. G. Lee, J. Marshall, A. Romanou, O. A. Saenko, D. Stammer, and

M. Winton

2016. The flux-anomaly-forced model intercomparison project (fafmip) contribution

to cmip6: investigation of sea-level and ocean climate change in response to co2

forcing. Geoscientific Model Development, 9(11):3993–4017.

Gregory, J. M. and J. A. Lowe

2000. Predictions of global and regional sea-level rise using AOGCMs with and

without flux adjustments. Geophysical Research Letters, 27:3069–3072.

Griffies, S. M. and K. Bryan

1997. A predictability study of simulated North Atlantic multidecadal variability.

Climate dynamics, 13:459 487.

Griffies, S. M. and R. W. Hallberg

2000. Biharmonic friction with a smagorinsky-like viscosity for use in large-scale

eddy-permitting ocean models. Monthly Weather Review, 128(8):2935–2946.



Bibliography 180

Haidvogel, D. B. and P. B. Rhines

1983. Waves and circulation driven by oscillatory winds in an idealized ocean basin.

Geophysical & Astrophysical Fluid Dynamics, 25(1-2):1–63.
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Vermeersen, and D. Stammer

2014. Projecting twenty-first century regional sea-level changes. Climatic Change,

124(1-2):317–332.

Smagorinsky, J.

1963. General circulation experiments with the primitive equations. Monthly

Weather Review, 91(3):99–164.

Sonnewald, M., C. Wunsch, and P. Heimbach

2018. Linear predictability: A sea surface height case study. Journal of Climate,

31(7):2599–2611.

Spall, M.

1996. Dynamics of the Gulf Stream/deep western boundary current crossover.

Part II: Low-frequency internal oscillations. Journal of Physical Oceanography,

P. 2169–2182.

Stammer, D.

2008. Response of the global ocean to Greenland and Antarctic ice melting. Journal

of Geophysical Reseach, 113:C06022.

Stammer, D., A. Cazenave, R. M. Ponte, and M. E. Tamisiea

2013. Causes for contemporary regional sea level changes. Annual Review of Marine

Science, 5(1):21–46.

Sterlini, P., H. de Vries, and C. Katsman

2016. Sea surface height variability in the north east atlantic from satellite altime-

try. Climate Dynamics, 47(3):1285–1302.

Stommel, H.

1948. The western intensification of wind driven ocean currents. Trans. Am. Geo-

phys. Union, 29:202–206.

Stommel, H.

1979. Determination of water mass properties of water pumped down from the



Bibliography 191

ekman layer to the geostrophic flow below. Proceedings of the National Academy

of Sciences, 76(7):3051–3055.

Sura, P. and C. Penland

2002. Sensitivity of a double-gyre ocean model to details of stochastic forcing.

Ocean Modelling, 4(3):327 – 345.

Sutton, R. T. and M. Allen

1997. Decadal predictability of north atlantic sea surface temperature and climate.

Nature, 388:6642.

Sverdrup, H. U.

1947. Wind-driven currents in a baroclinic ocean; with application to the equatorial

currents of the eastern pacific. Proceedings of the National Academy of Sciences of

the United States of America, 33(11):318.
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