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This thesis examines the change in ocean model utility with changing horizontal
resolution. Oceans are a crucial part of the climate system, with numerical models
offering important insights into our mechanistic understanding. We use a 30 year
integration (1978 to 2007) of the NEMO model at 1◦ , 1/4◦ and 1/12◦ to investigate the impact of modelling choices associated with horizontal resolution changes.
Changes in degrees of freedom associated with the increasing resolution allow alternative energy dissipation pathways, with potential impact on model accuracy.
We develop a measure of utility based on an estimate of the accuracy, as well as a
penalisation which scales with resolution. Overall, accuracy is thought to increase
with resolution, and we examine the associated change in utility on a range of
model fields.
The exploration of the NEMO model assesses the surface mixed layer, deep
(>2000m) to surface (<2000m) communication through the ocean interior and the
changes in the meridional overturning with topographic interactions. Assessing
these areas, we illustrate potential changes in the energy pathways in the system.
We investigate the surface in terms of the mixed layer depth globally, but also
investigating a case study in the Southern Ocean. We find that the mixed layer
does not change significantly with resolution, and that NEMO compares well with
observations. Minor changes with resolution are attributed to increased numbers
of fronts with increasing resolution. When the mixed layer is assessed, we see no
significant change with resolution, and so find that 1◦ has the highest utility. For
our case study, we investigate the zonally asymmetric deepening of the mixed layer
in the Southern Ocean. We find that the stratification set by the advection is key,
and confirm this using the 1D Price-Weller-Pinkel model.
The communication between the surface and the deep ocean is assessed by looki
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ing at the steric height variability, and specifically its covariance between the surface
and the deep. We find that there are large changes with resolution, and attribute
these to the higher resolutions’ ability to include eddy effects. This suggests that
the Gent-McWilliams scheme that is active at low resolution fails to capture this.
We look at the low and high frequency parts of the variance, finding that strongly
eddying regions dominate the high frequency steric height covariance, confirming
the importance of eddies. The ratio between the surface and the deep steric height
shows poor utility in both ORCA1 and ORCA025, while we find seasonal leakage
obscuring our accuracy measure for the steric height.
The overturning is assessed in density space, and we notice a strengthening of the
anti-clockwise component in the Southern Ocean. Decomposing the transport into
its baroclinic and barotropic components, we find that changes in the baroclinic
overturning can account for this. The lack of western boundaries in the Southern
Ocean suggests that eddies, as well as interaction with topography, are especially
important here, and we investigate the change in the balance of forcing in terms
of the associated vortex stretching. We assess this in terms of the bottom pressure
torque, but find the major changes in the baroclinic component of the bottom
pressure torque. We find that increasing the resolution still leads to increased
utility, particularly in the barotropic and baroclinic density space overturning case.
The major implications of our results are that low resolution is appropriate for
fields such as the mixed layer depth, but increasing the resolution is seen to improve
the mean overturning through allowing eddy activity.
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Chapter 1
Introduction: Ocean models and
utility
This thesis is an effort to extend our understanding of changes in ocean model
utility when the horizontal resolution is increased from non-eddy resolving 1◦ , to
“eddy-permitting” 1/4◦ and “eddy-resolving” 1/12◦ . It was motivated by the drive
towards increasing resolution in the oceanographic community, which presents a
unique opportunity to assess the concrete benefits that come with the increased
computational cost and cumbersome analysis associated with moving to higher
resolution. We assess this in terms of the changes that take place in the balance
of forces, assessing the surface, communication through the interior and examining
the impact on the overturning in terms of interactions with topography.

1.1

Why do we model the ocean?

The ocean is an integral part of the climate, distributing the incoming solar radiation on long and short timescales. From this redistribution, the interactions of the
ocean and the atmosphere on the spinning Earth creates a system with emergent
features on all ranges of temporal and spatial scales (Dewar et al., 2014). Figure 1.1 illustrates major surface features, with the symmetry around the equator
of the major ocean gyres and warm currents mainly found in along the western
1
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boundaries of the Atlantic and Indo-Pacific basins.
When mathematically describing the ocean, the scale-free nature of the NavierStokes equations mean that we in theory can describe currents on a global level
and down to energy dissipation using the same equations. However, limitations associated with discretisation mean that we are limited by the Reynolds and Péclet
number, associated with viscosity and diffusion which do depend on the scale/resolution. Computational modelling is central for investigating the dynamics of the
climate system. Simulation techniques offer a relatively cheap method for hypothesis testing, but can pose a hugely difficult computational problem (Danabasoglu et
al., 1994). When we seek to describe the ocean numerically the goal of the exercise
can range from predictive skill to examining the mechanisms involved in the ocean
transports. What numerical tool is appropriate to address research questions of
varying flavors is guided by a preconception of the processes that are important.
In this sense, the modeller can bias results by the choice of model used.

Figure 1.1: Major ocean currents and regions of interest. Image from physicalgeography.net/fundamental

There is a general drive within the oceanographic community towards high resolution modelling, partially encouraged by groups such as the IPCC (IPCC, 2007,
2013). This drive stems from increases in accuracy with resolution, as well as
increasing demand for more regional projections of future climate. Results demonstrating increasing accuracy with higher resolution are not uncommon (Megann
2
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et al., 2014; Marzocchi et al., 2015). Marsh et al. (2009) illustrate a better fit
to the RAPID observations when resolving eddies, and reduced bias in climate
models was demonstrated by Scaife et al. (2011). This could suggest that good
predictive power can be gained by explicitly resolving more processes. Conversely,
weather forecasting demonstrates predictive power even without explicitly resolving all processes that could potentially affect phenomena of interest. This suggests
that certain parts of the Earth and Ocean system are robust in models, while the
simulation of others is more dependant on the model. This can be seen demonstrated by the robust nature of features such as the western boundary currents
(WBCs) and the Antarctic Circumpolar Current (ACC), even in very coarse simulations. The extent to which the system is able to express its behaviour more fully
with increasing degrees of freedom allows it to access states that are unavailable
in coarser simulations. This can be illustrated thinking of the increase in viscosity
with decreasing resolution, thus more narrow currents cannot be simulated. We
explore the impact of these resolution choices in terms of the constraints they put
on the models exploration of state space by assessing the divergence. This concept
is intorduced further in chapter 6.
A central question is a method to discretise the choice of space and time. The
choices a modeller makes here are not intuitive, and often directed by a need to
economise computational cost. A vast amount of computational power can be
saved if a coarser grid is chosen, giving the system less degrees of freedom, but
as with a photograph with increasing pixel-size, one is likely to overlook features
that cannot be resolved. The large scale effect of these features are included using
parametrisation and by tuning the model, and with coarser grids one is increasingly
reliant on the accuracy of the tuning and of the parametrisation schemes. With
increased degrees of freedom the state space available to the model increases, as it
can realise its circulation patterns in increasingly complex ways. The “nudging”
we introduce through using parametrisation and tuning can be seen to restrict the
state space available to the model.
A central debate revolves around the relationship between model resolution and
accuracy. Following the analogy with the pixelated photograph, one could assume
that increasing resolution would monotonically increase the accuracy of the model,

3
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as illustrated in the blue line by figure 1.2. However, this does not have to be the
case. The red line in figure 1.2 illustrates that for certain resolutions achieving a
high degree of accuracy can be more challenging than for others. This is because the
processes that the parametrisation schemes capture may not yet have the degrees
of freedom available to express themselves.

Figure 1.2: Presumed increase of accuracy with resolution. Blue line illustrating a
hypothetical monotonically increasing accuracy with resolution, red line illustrating what
the change with resolution could look like with regions of little or no increase in accuracy.

Here we focus explicitly on changes with horizontal resolution, performing a
systematic analysis of sister runs of the Nucleus for European Modelling of the
Ocean (NEMO) ocean configuration (ORCA). We look at a coarse (1◦ ), intermediate (1/4◦ ) and high resolution (1/12◦ ) versions of ORCA all with the same
vertical resolution of 75 levels. We are interested in how the energy distribution
in the system differs, representing changes in the balance of forces. To this end,
we assess the surface layer, communication between the surface (< 2000m) and
the deep ocean (> 2000m) as well as the overturning assessing interactions with
topography. This is related to the change in utility of the run. By assessing the
utility of the simulation, we hope to direct awareness towards issues including the
increased difficulty in running, storing, analysing and thus interpreting the data.
A more continuous handling of these considerations, along with the presumed in4
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crease in accuracy could significantly increase the utility of a model in addressing
the research question it is applied to.

1.1.1

The need for high resolution modelling

The closure problem associated with the Reynolds averaging procedure leads to new
variables arising at every level of discretisation, that are dealt with using parameterisations to account for the subgridscale effects. This closure problem makes it
tempting to increase the resolution, with the presumption of this increasing model
accuracy. Indeed, for many research questions the detailed local processes are key,
and models become more useful when key small scale phenomena are captured.
Metzger and Hurlburt (2001) as well as many others demonstrate that the horizontal resolution is a crucial factor in the more detailed trajectories of currents such
as the Kuroshio. In this manner, we see that increasing the horizontal resolution
in ocean models can reveal changes in how the model realises the circulation.
Megann et al. (2014); Marzocchi et al. (2015) detail how increasing the horizontal
resolution of the ocean in a coupled climate model gives significant benefits for
modelling climate. The North Atlantic has an improved path of the Gulf Stream
and North Atlantic Current, reducing the cold bias by the Grand Banks. This has
been shown to reduce the frequency of blocking as Megann et al. (2014) discusses.
Moreover, Fox-Kemper and Menemenlis (2008); Klein et al. (2008) show changes in
the stratification of the upper ocean, as well as an increased connectivity between
the interior and the surface ocean with increasing resolution. However, the rate of
increased skill, as well as a mechanistic underpinning of this are important enough
to merit investigation.

1.1.2

What changes with resolution in a general circulation
model?

When a general circulation model (GCM) becomes increasingly coarse, the processes that are no longer resolved, but important for the performance of the model,
are included using parametrisations. How sensitive a model is to certain parameters
5
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is highly variable. Stainforth et al. (2005) illustrates that it is not always appropriate to assume that the model’s feedback responses combine linearly. Thus, a small
number of simulations perturbing separate parameters one by one may not achieve
a realistic view of the true sensitivity of the model, and can be misleading. Stainforth et al. (2005) illustrated this with a comprehensive GCM perturbation study,
using a thorough exploration of state space to assess what space is available to the
model trajectory. Figure 1.3 illustrates the considerable spread, and highlights the
increased sensitivity of the model trajectory to the models parametrisation with
doubled CO2 . The results of this investigation illustrate the dangers of not fully
exploring the space allowed by parameters.

Figure 1.3: Figure illustrating potential model spread in ensemble run from Stainforth et
al. (2005). Tg is the global temperature, and colours represent frequency distribution of
the 2017 distinct independent simulations, and show the likelihood of the model trajectory
being within the given temperature. We note that the “Doubled-CO2 phase” illustrates
the powerful effect of a thorough parameter sweep.

With decreasing resolution, one is increasingly reliant on parametrisation. One
example is the Gent-McWilliams (GM) parametrisation of eddies (Gent and McWilliams,
1990). The GM parametrisation acts to mix along isopycnal surfaces, thereby flattening sloping isopycnals by inducing a bolus velocity illustrated in figure 1.4. This
leads to a reduction in the available potential energy, as flat isopycnals have lower
6
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potential energy than if they are steep. Gent and McWilliams (1990) offered a
significant improvement on previous models, which implemented Laplacian diffusion in the horizontal (interpreted as diapycnal mixing due to unresolved eddies)
for potential temperature and salinity that give rise to diapycnal mixing. It is well
known that mixing in the ocean largely happens along, and not across isopycnals,
along so called neutral density surfaces. This is exploited within physical oceanography to trace water masses as described in Iselin (1939); Gent (2011). There is
diapycnal mixing, but the level used in early GCMs was much higher than that
estimated by observations (Gent, 2011; Naveira Garabato et al., 2004).

Figure 1.4: Illustration of the effect of GM. The red arrows indicate the isopycnal mixing,
and the larger blue arrows the effect on the location of the isopycnals.

Further, when a coarser model is used, the viscosity of the ocean needs to be
adjusted. It is increased to achieve a numerically stable simulation (Jochum et
al., 2008). This increase in viscosity results in an ocean that is constrained to
have broader currents, meaning that narrow currents such as the Antarctic counter
current around the shelf must be realised as broader features or not at all. As
Stainforth et al. (2005) illustrates, there is a very large number of parameters
active in a standard GCM. In this work, we focus on the effect of eddies and the
associated effect of the increased viscosity which result from changing the horizontal
resolution.
7
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Scale separation and parameterization

A premise of including subgridscale features in parameterisations is that the larger
features act relatively independently of the smaller scales. Thus, adding the overall
effect of the smaller scales to the larger feature should be sufficient. This is referred
to as a separation of scales. Hasselman (1976) illustrated how the differences in
timescales of phenomena in the Earth system could be exploited to develop better
mathematical models of the system components. He described the separation of
weather (essentially the atmosphere) and climate (ocean, atmosphere, cryosphere
(ice), land vegetation, etc.). The climate is thought of as the “average weather”,
and the actual weather could be represented adding appropriate noise. Thus, “climate” and “weather” are assumed independent, and the temporal scales of the two
are separated, so that they can be assumed not to interact. Here, the fast variables
act as random noise forcing on the slower climate variables, successfully explaining
the red noise spectra observed in climate records (Ditlefesen and Johnsen, 2010).
The addition of a stochastic component lead to substantial improvements capturing the dynamics as detailed in Palmer (2012). Incorporating the uncertain nature
of the systems, and working with sets of plausible ranges of outcomes using model
ensembles rather than single runs is already employed in weather forecasting and
by bodies such as the IPCC (IPCC, 2013; Molteni et al., 1996; Palmer, 2012).
Cullen and Brown (2009) highlight that GCMs perform a form of large eddy simulation (LES), working with spatiotemporal averaging of the Navier-Stokes equations and laws of thermodynamics in terms of the inclusion of the equation of state.
Figure 1.5 illustrates the spectral gap using temperature data, we see the difference
in the k −3 and k −5/3 regimes. This highlights that a “solution” of the equations can
only be attempted in the statistically averaged sense as direct numerical simulation
of all relevant scales is impractical.
The assumption of separation of spatial scales is widely used in ocean and climate modelling, meaning that the effect of subgridscale features are included as
parameters. With parametrisation such as including the effect of eddies in GM
for models too coarse to resolve them, we assume that the effect of these eddies is
well understood, and that there is no interaction across the spatial and temporal
8
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Figure 1.5: Figure from Nastrom and Gage (1985) showing the power spectra of potential
temperature and wind near the tropopause from commercial aircraft data. Potential
temperature and meridional wind ars offset to the right. Slopes of -3 and -5/3 are
highlighted with solid lines and are centred at the same relative coordinate. This figure
is the classical illustration of the spectral gap, and is equally illustrative for ocean systems
to demonstrate why linear system approximations are not appropriate.

9
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scales. This approach has been successful, and the Southern Ocean is a region
where GM is seminal in maintaining a reasonable realistic Antarctic Circumpolar
Current (ACC). This is because the strength of the ACC is set by the slope of the
isopycnals in the Southern Ocean, with GM acting to increase the mixing along
isopycnals. Thus, without GM the ACC can easily become unrealistically strong
(Gent and McWilliams, 1990).

Figure 1.6: The decomposition of a flow into its depth average, barotropic, component
and the depth varying baroclinic component.

Energy transfers and dissipation
Decomposing the oceanic velocity field into its barotropic and baroclinic components is a useful way of assessing the roles of different mechanisms. Figure 1.6
illustrates that a given flow can be decomposed into its mean, depth average, component and a residual, depth varying, component. Here, the depth average is the
barotropic and the residual is the baroclinic component, and we use this to guide
our investigation in terms of what processes and energy pathways are active in
NEMO with changing resolution.
We often return to the Southern Ocean as a case study due to its climatic
importance, and the importance of topographic interactions facilitated by it being
equivalent barotropic (i.e. uni-directional), although the baroclinic transport is of
the same size. The Southern Ocean illustrates how the barotropic and baroclinic
components of a flow potentially interact, especially because eddies are crucially
important for currents such as the ACC. Observations from ocean sections confirm
that the ACC can be seen as a largely barotropic current, with a structure largely
uniform with depth. Figure 1.7 illustrates the time mean speed through the Drake
10
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Figure 1.7: Drake passage time mean speed from SADCP (a, shipboard acoustic Doppler
current profiler) and SOSE (b, Southern Ocean State Estimate), from Firing et al. (2011).
The black lines are the 20 cms−1 contour.

passage, which is the most common section for observations across the ACC. This
illustrates three distinct cells transporting > 20cms−1 . The transport streamlines
are similar with depth, which is consistent with an expected equivalent barotropic
structure, meaning that the transport cells reach down to the seafloor. Conversely,
Firing et al. (2011) illustrate that the eddy kinetic energy and the shear variance
are strongly depth dependent, suggesting these have a baroclinic structure.
The ACC can be seen as a huge meandering flow around the Antarctic continent.
Its meanders can to some extent be explained looking at potential vorticity. Making
the assumption that the ACC is a non-stratified and laminar flow, the potential
vorticity will be conserved along a fluid trajectory: D/Dt((f + ζ)/H) = 0, where
ζ and f are the relative and planetary vorticity, and H the total depth. Using an
idealised ACC transport as a reference, we can think of an increase in the ζ term
as acting to steer an Eastwards flowing fluid parcel to the North, while an increase
in f through changing latitude would steer the fluid parcel to the South. Thus,
when our flow travels around the ACC trajectory, the bathymetry it encounters
will change h, resulting in a compensation in the ζ and f terms according to the
change in depth and latitude, causing the flow to meander North and South.
The baroclinic component is important in terms of baroclinic instabilities in
the form of eddies in the ocean, these impact ocean dynamics and are capable of
transporting tracers. The vorticity of a flow describes the local spinning motion of
the fluid, expressed as the curl of the velocity field. Baroclinic vorticity generation
occurs when there is a density gradient along isobaric (lines of equal pressure)
surfaces.
11
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In the Southern Ocean the isopycnal surfaces are known to be steep and reach
to the surface. The Rossby number is small, and the ACC supplies shear leading
to the meandering and eddying ACC. To illustrate why thinking of the ocean in
terms of baroclinic and barotropic components can be helpful in terms of describing
ocean energy dissipation, it can be useful to think of the ocean in terms of the
energy contained in different length scales of motion, often expressed in terms
of wavenumbers (spatial frequency, or cycles per unit distance). In the ocean,
the forwards (downscale) cascade of baroclinic potential and total energy is well
established (Scott and Arbic, 2007). However, theory and satellite measurements
of the sea surface suggest an inverse (upscale) cascade of kinetic energy (KE) at
scales larger than the first baroclinic mode deformation radius. Stewart et al. (1996)
observed how the horizontal lengthscales of KE grew as mesoscale eddies journeyed
downstream after being formed by the rough topography of the East Pacific Ridge
in the ACC (illustrating that the radius of an eddy grows with time). Similar
features are reported in the North Pacific Subtropical Counter current and in the
Hawaiian Lee counter current (Kobashi and Kawamura, 2002), and it is suggested
that the eddy growth is driven by an inverse baroclinic cascade. The geostrophic
turbulence theory of Charney (1971) suggests that there is a vertical energy transfer
from the baroclinic modes to the barotropic mode. The energy in higher baroclinic
modes is pooled in the first baroclinic mode, converging towards the lengthscale
of the relevant deformation radius before it barotropizes (Smith ans Vallis, 2001).
The relevant lengthscale is the Rossby radius, and the inverse cascade is confined to
the barotropic mode. However, Scott and Wang (2005) suggests that there is also
an upscale flux also in the baroclinic mode. Furthermore, Scott and Arbic (2007)
show that for a two layer quasi-geostrophic model, this inverse energy cascade is
catalysed by the barotrophic vorticity. Thus, the inverse baroclinic kinetic energy
cascade is driven largely by efficient interactions between the baroclinic velocity and
the barotropic vorticity. If the layer depths are unequal (nonuniform stratification)
the inverse KE cascade can be enhanced by self-interactions of the baroclinic mode.
Furthermore, Scott and Arbic (2007) found that for a realistic eddy field, the inverse
baroclinic kinetic energy cascade was much stronger than the more well-known
inverse cascade in the barotropic mode.
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In essence, the importance of the inverse cascade can be thought of in terms
of how energy is dissipated. Overall, the available potential energy is converted
to kinetic energy, of which most cascades down the lengthscales and is dissipated.
The essentially 2D barotropic mode is able to push energy back up this gradient,
but only recently (Scott and Wang, 2005) have observations and theory started
to formalise the role of the baroclinic modes. The serious implication for ocean
models here is that ocean models are often better at simulating the depth averaged
flow than the baroclinic eddying component. In models where schemes like GM are
active, these could be interpreted to act as closure terms, with no real implications
for an inverse cascade in energy, effectively separating the scales. Thus, if this is
significant it could have important implications for the utility of the model and for
how these processes should be represented, as parameterisations such as GM do
not include this transfer of energy back up the scales.

1.2

Model testing and model utility?

When modelling physical phenomena with the aim of better understanding the
underlying mechanisms, Lorenz (1987) states that it is essential to choose a resolution and a description of the process such that it can be unambiguously described.
This should allow for alternative processes which may be responsible for the phenomenon to be included, so that the model can choose among plausible processes
and not simply accept the proposed hypothesis (Lorenz, 1987). In this manner, it
would be possible to adequately test a hypothesis. Due to the closure problem in
ocean models one is forced to make assumptions about the small scale features we
cannot capture, which leads to possible biases in simulations. This is demonstrated
by the substantial bias seen when comparing models to observations of quantities
such as the mixed layer depth (MLD) (Sallée et al., 2013; Downes et al., 2015).
Here, the simulation of the fine scale processes in the mixed layer are difficult to
capture and poorly observed and understood.
When we discuss how good a model is, it is tempting to refer to its accuracy
or skill, and to discuss validating or verifying the model. Using such adjectives
to describe the model assessment, we make the assumption that the goal of the
13
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exercise is to capture the ocean system exactly, and that we have confidence in an
observational field we can use as “truth” to validate. This is problematic for several
reasons, as firstly our confidence in ocean observations and how to assign robust
error margins is often not straightforward, and secondly that the exact simulation
is often not desired, but rather an understanding of the statistical distributions of
likelihoods involved in observed phenomena.
Overall, the goal of modelling the ocean and climate system could be described
as understanding how the energy supplied by the sun is redistributed around the
Globe. However, this overarching goal is not really useful when describing model
utility. As Lorenz points out, even if we had an accurate model of the Earth system
it would be perfectly useless unless the skill is achieved for the correct reasons. The
simple similarity of a simulation to the real ocean is not necessarily a fair scale
with which to measure utility. A fairer way of assessing simulation usefulness is by
how effectively the model can help address a given research question. Arriving at
accuracy from the basis of correctly simulating understood physical properties is
particularly crucial for climate projections as Stainforth et al. (2005) demonstrate.
The oceanographic community has a strong tradition of using simulation techniques to supplement observations and vice versa. Both observations and simulations are clearly needed to learn more about our oceans, but there are areas where
our confidence in our simulation skill are larger than others.
To assess the utility of a model, looking only at the perceived accuracy can
be misleading. In a purely practical sense it does not include the computational
cost involved, the difficulty of analysis due to large files and the problems involved
in storing and sharing the data. Our measure of utility needs to be relative to
the fields investigated by the modeller. A coarse model may adequately represent
global mean fields, but do a very poor job representing local variability or fields
where resolving the eddy field is crucial. Thus, a measure of model utility must
reflect the spatial and temporal scales for which the model is suitable, as well as
the computational difficulty incurred. In this manner, we choose to assess model
utility of the different NEMO simulations, and relate the analysis in of the changes
observed with increasing resolution back to this concept.
However, to assess the utility of a model we require a measure of accuracy, as
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well as a benchmark of “truth” to measure the simulations against. Where suitable
observations are present, we use these as our benchmark, while we use the high
resolution model otherwise as in Shutts and Palmer (2007). We assess the accuracy
of the model in terms of how the variability found in the empirical orthogonal
functions (EOFs) of a range of key model fields varies between simulations. To
illustrate how each of these cost elements of utility vary with increasing resolution,
we define these penalisations as notional functions of resolution. These are chosen
based on our experience of the computational cost involved, the difficulty of analysis
due to large files and the problems involved in storing and sharing. Our motivation
is to highlight the different levels of utility that different model resolutions offer,
and to attempt an unbiased view of the changes in how useful a model is with
changing horizontal resolution which is a concept we explain in this work.

1.3

Utility dependence on spatial and temporal
scales

Here we introduce key quantities/measures that will be discussed in detail in relevant sections of chapter 4. Here we give an overview of why the chosen quantities
are relevant to our investigation. We choose to assess these areas, as they are
important for climate modelling as well as representative of the differences in how
the energy is redistributed in NEMO with varying resolution. The energy input
through wind interactions remains constant throughout the three experiments, as
the surface wind forcing is independent of resolution. We assess changes in the
three main areas where energy can be lost in the ocean; the surface layer, the
interior through communication between the surface and deep ocean and in the
interactions with bathymetry.

1.3.1

Mixed Layer Depth

The mixed layer is crucially important as it acts as the main window of communication between the ocean and atmosphere. Here, stresses are input, and classically
15

CHAPTER 1. INTRODUCTION: OCEAN MODELS AND UTILITY

Maike Sonnewald

a large proportion of energy is thought to be dissipated here through turbulent
processes, with the layer deepening through mixing and eroding density gradients.
The MLD responds rapidly, equilibrating within days to the surface forcing. In this
manner, we can see it as reasonably independent of factors such as model spin-up
and drift. We can also assess the impact of increased resolution on surface features. Increased resolution of surface fronts, affects processes such as how the wind
drives buoyancy across these fronts. Here, we assess the global MLD, comparing
with observations, and present a case study focused on the zonal asymmetry in the
Southern Ocean.

1.3.2

Steric Height and bottom pressure

The role of the interior ocean can be seen as an intermediate step between the surface and the deep, where energy is either lost or communicated to greater depth.
We assess changes in the steric height variance, which is used as a proxy for baroclinic activity. We assess the covariance of the surface and the deep contributions
to the steric height variance. This reveals changes in how the energy input is communicated to the deep, and reveals important changes associated with resolving
smaller scales and changing viscosity with changing horizontal resolution.

1.3.3

Overturning and bottom torque terms

We look at how the heat and salt is redistributed in the ocean looking at the overturning. This is assessed in density space, which provides insight into important
features such as water mass transformations with are likely to change with increasing model resolution. The transient and mean picture here is informative, as we
can see that certain features have a larger impact if we assess a longer time series.
The Southern Ocean provides focus for our investigation, as it stands out as being
particularly sensitive to changing resolution. We go on to look at how the bottom
interaction changes, assessing the bottom pressure torque term, and its baroclinic
component. The interaction with bathymetry is particularly interesting, as this
changes markedly with increasing horizontal resolution.
16
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Assessing these terms, we look at the changes of key fields with resolution in
terms of their probability distribution functions (PDF) and empirical orthogonal
functions (EOF). This gives us the prerequisite to assess the change in utility with
resolution. This is not an exhaustive assessment, but we aim to gain an overview
of the impact of certain key features.

1.4

The structure of this document

The manuscript is ordered as follows: the methods are described in chapter 2.
An overview is given of the oceanographic and computational problems in light of
descriptions of the solutions used. Chapter 3 introduces the model. In chapter 4
we start by presenting our metric for measuring utility in section 4.1. Presenting
our analysis of the NEMO model, we start at the surface with the MLD in section
4.2, in section 4.3 we present the steric height variability, while section 4.4 presents
the overturning and bottom steering results. We demonstrate their impact on the
utility in chapter 5. In chapter 6 we assess the model divergence and present
future work avenues, and a discussion of results is presented in chapter 7. Chapter
8 concludes the work offering a summary and outlook of the presented results and
discussion.
During the project, work has also been ongoing on a paper now published in
Ocean Science: “Atlantic ocean meridional heat transport at 26◦ N: Impact on
subtropical ocean heat content variability”. This can be seen in appendix 0.3.1.
Further, we contributed to the paper: “Seasonal variability of sea surface height
in the coastal waters and deep basins of the Nordic Seas” which can be seen in
appendix 0.3.2.
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Chapter 2
Methods
The model used in this work is the pan-European community ocean-modelling
framework called Nucleus for European Modelling of the Ocean (NEMO, www.
nemo-ocean.eu), in the ORCA configuration. This is based on OPA (Madec, 2008).
In this chapter, a brief summary of the model is given, with emphasis on points
important for the analysis. See Madec (2008) for further details about NEMO. A
general desctiption of methods used in the analysis is given in section 2.2.2. This
outlines dealing with the quantity of data on the available computational resources.
Further description of methods is found in the relevant chapters.

2.1

Nucleus for European Modelling of the Ocean:
NEMO

General circulation models (GCMs) solve the primitive equations on discrete grids.
NEMO’s equations are solved on an orthogonal curvilinear coordinate system. The
primitive equations consist of the Navier-Stokes equations along with the equation
of state. NEMO exists in many configurations, but we will only describe the
configuration used for our work. NEMO is a z-level model and uses an Arakawa Cgrid. A leapfrog timestepping scheme is used to reduce noise (Arakawa and Lamb,
1977). The surface layer is allowed to vary and we use a non-linear free surface
scheme. We use 75 vertical layers, concentrated towards the surface as the largest
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Name

ORCA1-N406
◦

ORCA025-N401

ORCA0083-N01

Resolution

1

1/4

1/12◦

z, x, y

75,292,362

75,1021,1442

75,3059,4322

GM active

Yes

No

No

2 −1

Horiz. laplacian eddy viscosity (m s )
4 −1

Horiz. bilaplacian eddy viscosity (m s )

◦

4

10

500
10

−1.25 × 10

500
11

−2.2 × 10

−2.2 × 1011

Isopycnal eddy tracer diffusivity (m2 s−1 )

103

300

125

Timestep (s)

3600

1440

200

Table 2.1: A collection of metrics for the NEMO resolutions.
gradients are found here. The vertical layers vary smoothly with depth as shown
in figure 2.1, where the scale factor is 200. The equation of state used is Jackett
and McDougall (1995). The data is saved as 5 day averages, while the timestep in
the model forcing is 6 hourly and we use the forcing DFS4.1 (Brodeau et al., 2010).
The ice model active in NEMO is the LIM sea-ice model. Tides and geothermal
heating are not included, but a diffusive, nonlinear friction, bottom boundary layer
scheme is active. The bottom diffusivity parameters stay constant at 1000 m2 s−1
in the different resolutions. Further, noise is reduced using an energy-enstrophy
conserving scheme for momentum advection, in combination with using partial cells
at the bottom.

Figure 2.1: Figure from Madec (2008) illustrating the change in vertical gridspacing
with depth. The example here is for 30 vertical levels, while we use 75 reducing
the maximal scalefactor to around 200. Note that the change in thickness is set to
vary smoothly with depth.
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Table 2.1 presents a selection of key metrics for the NEMO runs. We highlight
the change in the number of horizontal gridpoints, while the vertical resolution is
kept the same. The eddy parameterization scheme GM is used only in ORCA1,
and the lateral viscosity decreases with increased resolution.
The grid used in NEMO varies between the resolutions. Every resolution employs the tri-polar ORCA grid to avoid numerical singularities at the North Pole,
with a regular Mercator grid in the Southern Hemisphere. The poles are on the
Antarctic continent, as well as over Canada and Russia, as figures 2.2, 2.3 and 2.4 illustrate. The Arctic region shown in detail in figure 2.4 is the most complicated due
to the two poles in the region, with pronounced grid anisotropy (non-regularities).
Here the grid curves to make the ratio (∆x : ∆y) of the sides of the gridboxes as
close to 1 as possible, reducing the anisotropy shown on the contours in figure 2.2.
Figure 2.5 shows the gridcell volumes, illustrating that the grids used in ORCA1,
ORCA025 and ORCA0083 are quite different. ORCA025 and ORCA0083 are similar, with gradually decreasing cell volumes moving away from the equator, and a
slight curvature approaching the North Pole. ORCA1 is different in that to resolve
key features, it has a grid refinement in the tropics moving up to 1/3◦ around the
equator as highlighted in figures 2.2.
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Figure 2.2: Figure from Hewitt et al. (2011) illustrating the north fold from the
two Northern Hemisphere poles and the tropical grid refinement using ORCA1.
Colours show the grid anisotropy (∆x : ∆y).
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As the change in the horizontal resolution and grid are key to this work, we
choose to plot global fields on the native NEMO-coordinate grid, rather than
the more conventional latitude and longitude axes. We do this to highlight the
change in the grid and resolution. Where we re-grid to compare with observations,
or meridional sections are given we use the conventional latitude and longitude.
When the three NEMO simulations are shown as in figure 2.5, plots are intended
more to be used as indicative of interesting features. Where we intend to make
comparisons the results are either put on the same grid to facilitate comparison,
or are displayed using alternative methods making the appropriate comparison as
described in section 2.3.
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Figure 2.4: The ORCA2 surface mesh detail view of the North Pole showing the
double pole.

We use ORCA2 so the gridcells are visible.

//www.nemo-ocean.eu/About-NEMO
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ORCA1-N406: Surface volume
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ORCA0083-N01: Surface volume
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Figure 2.5: The volumes (m3 ) of the surface cells in ORCA1, ORCA025 and
ORCA0083. Note the change in colour scale range, and the implied increased
anisotropy.

26

CHAPTER 2. METHODS

2.1.1

Maike Sonnewald

Surface and wind forcing

The surface forcing in NEMO is derived from the DRAKKAR forcing dataset
DFS4.1 (Brodeau et al., 2010), and is identical for all NEMO simulations discussed
in this thesis. For all fields but the wind, the surface forcing is interpolated onto
the ORCA grid using a bilinear interpolation. For the wind forcing, a bicubic
interpolation is used to ensure a smooth wind stress curl, as a bilinear interpolation
would result in square shaped aliasing problems (pers. com. Andrew Coward).
The DFS4.1 fields are ERA40 fields with ECMWF1 operational analyses, corrected for global and regional biases. These biases are found by comparing with
high quality observations (Brodeau et al., 2010). Both radiation and precipitation
receive small zonal mean adjustments to give near-zero global balances of heat and
freshwater fluxes. The frequency is 6 hourly, and horizontal resolution is 1.125◦ .
The wind stress (τ = τu , τv ), heat fluxes and evaporation are estimated using
bulk aerodynamic formula described in Large and Yeager (2004). The τ is a measure of the downward surface momentum flux, given by:

τ = ρa CD |∆U|∆U.

(2.1)

Here CD the the dimensionless drag coefficient, ρa is the near surface air density
and ∆U is given by the vector difference:

∆U = U(zu ) − U0 ,

(2.2)

where ∆U(zu ) is the wind speed at height zu , and U0 the surface current. The
surface current is often neglected, and this has been done in NEMO facilitating our
comparison study. The CD dimensionless drag coefficient is given by:

1000CD =

2.7m/s
UN (10m)
+ .142 +
.
UN (10m)
13.09(m/s)

(2.3)

This is a function of height and wind speed, usually taken as equivalent neutral
10m wind speed relative to the surface current (UN (10m)). This means that the
1

European Centre for Medium Range Weather Forecasting
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resolution of the model is irrelevant to the produced wind forcing fields, and any
NEMO resolution using the DFS4.1 fields will see the same wind. Any variation in
the model fields are purely due to the ocean dynamics.
We note that the heat and fresh water fluxes from the DFS4.1 fields are also
identical, but that the surface model fields will influence the details of this flux. A
slight salinity restoring is also active. However, we stress that the effects of this
will be small compared to the wind, and that changes we see between resolution
can be interpreted as changes in ocean dynamics and not a result of the forcing
field.

2.1.2

Turbulent Kinetic Energy closure scheme

In our version of NEMO, the vertical eddy viscosity and diffusivity coefficients
are determined using the Turbulent Kinetic Energy (TKE) closure model (Gaspar
et al., 1990). This uses a prognostic equation for the turbulent kinetic energy
(e) and closure assumptions for the turbulent lengthscales. Here, e is produced
through vertical shear, and destroyed through stratification, vertical diffusion and
Kolmogorov (1942) type dissipation:

∂e
Km
= 2
∂t
z

"

∂u
∂z

2


+

∂v
∂z

2 #



1 ∂ Aum ∂e
e−3/2
,
− Kρ N +
− C
z ∂z
z ∂z
l
2

(2.4)

√
where Km = Ck lκ e and Kρ = Avm /P rt. Here, N is the local Brunt-Vaisälä frequency, l and lκ are dissipation and mixing lengthscales, P rt is the Prandtl number
which is a function of the Richardson number (Ri =

g ∇ρ
),
ρ (∇u)2

Km ) and Kρ are co-

efficients for the vertical eddy viscosity and diffusivity and z refers to the vertical
√
depth and Aum is the vertical eddy viscosity. Ck = 0.1 and C = 2/2 ≈ 0.7 are
constants designed to handle vertical mixing at any depth (Madec, 2008).
At the surface we set e0 = ebb |τ |/ρ0 , where ebb = 3.75. This lets e be prescribed
by the wind stress field. In this manner, the wind stress is the main driver of
the TKE scheme. However, there is a dependence on the velocity as well, from
the vertical shear terms, with the surface being particularly sensitive, and in this
manner the TKE is sensitive to the Richardson number.
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Wind penetration below the mixed layer
Within the TKE scheme, we include the effects of inertial and internal waves. If ice
free, these allow a fraction of the energy (en) to penetrate below the mixed layer
according to:

en = en + enf r × en × e−z/hτ ,

(2.5)

where enf r is the fraction of surface value TKE which penetrates below the mixed
layer (0.05 was used), z is the depth and hτ gives the type of exponential decay
according to:
hτ = max(0.5m, min[30m, 45 ∗ |sin(θ)|m]).

(2.6)

Here max refers to a maximization function and min refers to a minimization
function. We choose hτ to increase from 0.5m at the equator to 30m poleward of
40◦ , increasing with increasing latitude (θ). This choice was made to incorporate
high frequency wind effects. Calvert and Siddorn (2013) assess the hτ parameter
in the TKE scheme in ORCA1, finding that it significantly alleviated excessive
diffusion in the mid-latitude thermocline.

2.1.3

Bathymetry

The change in bathymetry is a key change between the resolutions of NEMO.
All three resolutions employ partial bottom cells, to help smooth the bathymetry.
These have the bottom cell specified according to the bathymetry, rather than
the next available boundary. This avoids the abrupt “lego block” changes in
bathymetry, and is especially useful around shallow slopes (Madec, 2008).
The ETOPO1 and ETOPO2v2 datasets2 (Amante and Eakins, 2009) were used
to create the bathymetry files. ETOPO2v2 has 2-min resolution (1/30◦ ) and
2

U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National

Geophysical Data Center, 2006. 2-minute Gridded Global Relief Data (ETOPO2v2) http://
www.ngdc.noaa.gov/mgg/fliers/06mgg01.html
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ETOPO1 has a 1-min resolution (1/60◦ ). Both are produced by the National Geophysical Data Center. As Barnier et al. (2006) describe, they are a combination of
data from satellite-based bathymetry, the International Bathymetric Chart of the
Arctic Ocean and the Bedrock Mapping Project (beyond 72◦ S) in the Antarctic.
The gravity data used to estimate the bathymetry means that it is most accurate
in deeper waters where gravitational effects can be measured with most confidence.
To produce the bathymetry fields the median of points falling into relevant gridboxes are taken. The post-processing applied to the bathymetry files involves filling
in any isolated bays/“diffusion only boxes” which create numerical difficulty if left
as single gridbox holes.
To produce the ORCA1 bathymetry the ETOPO2v2 derived product of Coward
(2006) was smoothed to avoid numerical problems associated with unrealistically
thick ice. These decisions were made on the basis of perceived numerical risks,
with some islands also removed for similar reasons as described by Hewitt et al.
(2011). Barnier et al. (2006) describe how the ETOPO2v2 dataset was interpolated
onto the ORCA025 grid to generate the ORCA025 bathymetry. This effectively
smooths the ETOPO2v2 dataset. The dataset was smoothed further using two
passes of a uniform Shapiro filter, and hand editing in key areas. This was done to
avoid numerical noise. To generate the ORCA0083 bathymetry, Bourdallé-Badie
et al. (2012) describe how the ETOPO1 dataset was used in the deep ocean and
GEBCO08 (30”) for shallow areas, with some manual modifications.

2.1.4

Parameters and changes in settings with resolution

Table 2.1 lists key parameters that change with the resolution. The addition of
GM, calculated from the local growth rate of baroclinic instabilities, in ORCA1
acts to adjust the advective formulation as described in section 1.4. The horizontal
laplacian eddy viscosity decreases from 1.25 × 1010 m4 s−1 in ORCA1 to 500m4 s−1
in ORCA025 and ORCA0083. Similarly, the magnitude of the horizontal bilaplacian eddy viscosity decreases from 1.25 × 1010 m4 s−1 in ORCA1 to 2.2 × 1011 m4 s−1
in ORCA025 and ORCA0083. The lateral eddy tracer diffusivity decreases consistently from 103 m2 s−1 in ORCA1 to 300m2 s−1 in ORCA025 and 125m2 s−1 in
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ORCA0083. It is worth highlighting, that parameters associated with the TKE
scheme, Richardson number dependent vertical diffusion or vertical physics do not
change with resolution because the vertical resolution does not change. However,
these are velocity dependent, and may behave differently between resolutions even
though the parameters are kept fixed.
Relevant changes in parameters with resolution reflect the changes in flow speed,
which tend to increase with resolution. This can be illustrated by thinking about
the differences in velocity and its associated impact on the kinetic energy. Figure
2.6 shows a coarse grid, with associated velocities in a low resolution model (UL ),
and the equivalent field one could find for a higher resolution (UH ). Here:

UL =

1
Σn Σm UH = U H ,
n∗m j i

and the mean velocity in the higher resolution equals that in the coarser. However,
for the kinetic energy (KE) we have:
1
1
1 2
KE = UL2 = U H ≤
2
2
2




1
n m 2
Σ Σ U
.
n∗m j i H

This illustrates that the energy reservoirs can look quite different with varying
horizontal resolution as small scale features develop whose effects will not necessarily average out.

Figure 2.6: Figure illustrating changes in velocity (U) in a low (L) and high (H)
resolution case. Blue/purple arrows indicate relevant velocities for high/low resolution.
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Viscosity is a central parameter, added with the primary purpose of removing
enstrophy (integral of vorticity). It is essential to numerical stability, and set similar
to a Courant-Friedrichs-Lewy (CFL) condition in space, ensuring that properties
do not move faster than the grid can support. We include both lateral and vertical
viscosity, with the vertical being the same in our NEMO simulations, as the vertical
resolution does not change. However, the lateral viscosity does change, meaning
that the role of the interior for energy dissipation can change. The lateral viscosity
is generally set following the criterion to resolve the Munk scale in the WBCs3 and
to give a Péclet number4 small enough to prevent the generation of noise by the
advection scheme. Within these constraints, the lateral viscosity can either be kept
as low as possible, to allow a fuller range of features, or tuned to mimic the features
normally present for a given latitude. Here, slightly different choices were made for
ORCA025 than for ORCA1 and ORCA0083, with the viscosity in ORCA025 kept
comparatively low to counter not using GM. This allowed a more developed eddy
field.

2.2

Methods for data analysis and high performance computing

Here we introduce some of the methods that were used throughout this work, associated with code scaling and achieving a fair comparison between the resolutions.
This poses an interesting challenge, and we outline how we were able to work with
it as well as associated considerations for scaling strategies.
When scaling code and running increasingly highly resolved models, fields such
as astronomy can exploit the fact that the space is relatively sparsely populated,
and apply methods exploiting sparse matrix numerical analysis. Unfortunately,
such techniques cannot be applied to numerical simulations of the ocean. This
is due to the nature of the problem being solved in an ocean model, where even
  13
A
Munk scale is
, where A is the viscosity and β is the beta-plane approximation.
β
4
The Péclet is a class of dimensionless numbers in the study of transport phenomena in a
advective transport rate
continuum defined as: Péclet =
diffusive transport rate
3
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in simplistic cases, most of the ocean needs to be represented, with tracer fields
such as temperature and salinity being crucial, and a sufficiently high timestep
needs to be used to avoid numerical instabilities. Furthermore, ocean models are
faced with the problem of horizontal resolution, as well as problems associated with
dynamic equilibrium. In this manner, to resolve the mesoscale, an ocean model
needs a horizontal resolution of order 10 km, as well as good vertical resolution
(Danabasoglu et al., 1994). This should also ideally be run for several thousand
years to reach steady state so that the deep ocean is close to dynamic equilibrium.
However, due to computational constraints, it is not feasible to run models for this
length of time at this resolution, even using massively parallel high performance
computing (HPC).
How the time taken to complete a calculation scales with the number of processors used is also sensitive to the problem considered as well as the computing
facilities. When using massively parallel systems to calculate a timestep in a problem, the problem is broken down into chunks, and the machine distributes the little
sub-problems to be calculated. However, since the ocean is a moving fluid system,
with velocities and tracers changing every timestep, this means that to calculate
the different sub-problems the processors need to share the solutions to the subproblems in the previous timesteps. Such “message passing” can potentially be
a huge bottleneck in terms of speeding up the calculation, and as more messages
need to be passed with increasing numbers of processors there is a trade off between
increasing speed due to less calculations per processor, but decreasing speed due
to increases in message passing. Both these factors are also highly sensitive to the
hardware available as well as the way the code is implemented. Such problems can
be optimized with improving the hardware along which the messages are passed,
known as the inter-connect, but also by adjusting how the problem domain is split
between the different processors. Other bottlenecks also effect the time, such as
the input/output (I/O) of reading and writing data files. Overall, very few computational problems achieve linear scaling up to a high number of processors, and
ocean models pose a particularly interesting problem for HPC facilities.

33

CHAPTER 2. METHODS

2.2.1

Maike Sonnewald

Optimization: Speed-up

Considerations of the most optimal way to run the NEMO model are necessary. To
illustrate, we present a simple speed-up analysis done to illustrate how the timing
changes. Further, the concepts one considers when performing an optimization are
similar. We performed a simple speed-up analysis on ORCA2 (figure 2.7). Here
we choose different numbers of processors to split the horizontal dimensions (i, j
or x, y) for the calculations. The changes in performance here come from reducing
the more time-consuming forms of communication from passing messages around
between the different processors. The nature of how the data is physically stored,
and thus how accessible it is to the different processors makes a very large difference
in performance. Figure 2.7 illustrates that changing the number of processors in
the i direction does not have a great impact, but large increases in performance
can be gained from adding processors in the j direction.

Figure 2.7: The speedup in ORCA2. Colours are the time taken to run one year,
jpni is the i dimension, while jpnj is the j dimension. Note that increasing the
number of j has a much larger effect than i, reflecting how the data is stored and
passed more effectively.

2.2.2

Data analysis

Once an eddy resolving model has been run, the challenge of actual data analysis
is also non-trivial. This is due to the large datasets output, easily of the order
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50GB for one ORCA0083 field for a year using only monthly data. Conventional
methods of data analysis such as matlab or ferret quickly run into problems with
their memory, even on very large computers. This is mainly due to poor memory
management, where memory is held for variables that are not directly in use, or
because the arrays are stored over areas in memory which are hard to access.
In more low-level languages such as C or Fortran, the user has more direct control
over the memory management, directly allocating and freeing memory. These
languages are also compiled languages, meaning a large increase in computational
speed is achieved in comparison to interpreted languages where commands need
to be converted at run-time. However, low-level languages are also notoriously
difficult to write and debug compared to interpreted languages.
To efficiently perform data analysis with data on the scale of ORCA0083, we
use the language Python (python.org). Python is distributed with an Open Source
license, and is free to use. It has an active user base, and is becoming an important
and versatile tool for oceanographic data analysis. Within the python community
tools such as numpy (numerical python) give access to highly optimized scalable
operations, precisely what is needed to analyze ORCA0083 data. Python is an ideal
choice for the type of analysis employed in our work, as tools exist to simply convert
subroutines written in Python into C using cython/numba or importing routines
written in Fortran. These can therefore be called from within a python script,
significantly improving performance. Python also allows executing commands in
the terminal from within a program as well as direct control of the memory management. Where possible, we use optimized hdf5 compression to reduce the size of
output files. A typical work flow would look as follows:

For time (start, finish):
Collate the needed fields from their respective storage spaces for the requested time.
Create a dummy variable to store results.
Pass dummy and needed fields to cython.
Save variable using hdf5 compression.
Clean memory for next timestep.

Here we make use of the low-level optimization by vectorizing calculations where
possible, avoiding “for loop” approaches to computations, with an example in ap-
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pendix 0.4. The appendices were designed to highlight scripts and programs developed for the analysis in this document, and their development and optimization
to successfully analyze all three resolutions constituted a significant fraction of
this work. Where available, tools from the CDF toolbox (http://servforge.
legi.grenoble-inp.fr/projects/CDFTOOLS) were used for calculations, such as
“cdfmhstrans” to calculate transports, which were called using scripts such as those
in appendix 0.4.
In all cases, we used the smallest possible data chunk in terms of time. This
created an overhead in terms of collating the data, reading and writing temporary
files. However, the available disc storage and the size of the available computers as
well as consideration of other users lead us to minimize the fields as far as possible.
Only having a narrow time window for the data meant that calculating even simple
statistical moments such as the mean and variance as well as a climatology of the
data became less trivial as detailed below.

Optimization: IO, computation and portability

Here, we briefly introduce some of the tools and approaches used that allowed
optimization of the programs used for our analysis. For many situations an initial assessment of where the program would spend most of its time was essential,
together with simple time and scaling checks. In general, we saw two types of
optimization problems. Either the reading and writing (IO) of NEMO files was the
main bottleneck, or the computation.
For the IO, we can improve performance by decreasing the compression while
saving. We also see that the initial reading of variables from large files can be
extremely time consuming. This is because the data is not necessarily saved consecutively in memory, and to extract the entire array we need to query locations far
removed from each other. This means that working on slices can be more efficient,
particularly if the slices can be accessed more efficiently by the computer.
Where the computation was the bottleneck, we have a multitude of opportunities
for optimization. Firstly, we assess how easily a problem can be vectorized, avoiding
costly “for-loop” architecture. This is facilitated by Python’s design, where many
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routines are designed and optimized to work on arrays. Further, iPython offers
parallel functionality, whereby one program can be worked on by several iPython
processes. An key feature for optimization was using a modular design. This
facilitated the use of “C-wrappers” where code developed using Python can be
compiled as C code, to be optimized and loaded as a module. However, care needs
to be takes as only a range of functions easily convertible to C will have increased
performance. To this end we used an iterative approach of assessing the bottlenecks.
Similarly, we could import Fortran routines used in NEMO to be confident that
we were consistent.
Further, because the data is scattered across several HPC facilities we benefited greatly from the portability offered by the Anaconda distribution of Python
(https://store.continuum.io/cshop/anaconda/). This allowed a local install
of all nessesary software so programs were portable between systems. We stress
that the work presented here would not have been possible using a language like
Matlab or R, due to the tools available from the Python community and especially
the active memory management that Python allows. In this manner, we use the
multitude of tools available to prototype and optimize the code developed to scale
from the analysis of ORCA1 to ORCA0083.

Calculating gradients: Arakawa C-grid

Calculating the horizontal gradients was mainly done using a simple forwards difference scheme. However, due to the partial bottom cells it is nessesary to interpolate.
This was done according to:

Te =


 T i+1 −

if

 Ti +


i
if ei+1
3w < e3w ,

i
(ei+1
3w −e3w )
δk T i+1
ei+1
3w
i
(ei+1
3w −e3w )
δk T i+1
i
e3w

ei+1
3w

≥

ei3w ,




(2.7)

Where T is a tracer field, and ei3w and ei+1
3w are the vertical distances as illustrated
in figure 2.8.
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Figure 2.8: Due to the partial cells, a linear interpolation is necessary when calculating gradients. Here the tracer (T ) value at Tki+1 is interpolated up to the point
i
Teki+1 as described in equation 2.7. This is for the case where ei+1
3w ≥ e3w . Figure

from Madec (2008)
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Tools used for intercomparison

To have a fair intercomparison of the NEMO simulations we use three methods.
Firstly, where a gridpoint by gridpoint comparison is required we use the SOSIE
regridding algorithm described in section 2.3.1. Secondly, we use area averaged
PDFs described in section 2.3.2. These provide a fair comparison based on both
globally averaged PDFs and latitudinal estimates. Lastly, we apply EOF analysis
to the global fields. This provides a valuable insight into the spatial distribution
and strength of global variance patterns. However, due to scaling issues we apply
a variation on the singular value decomposition (SVD). This is presented together
with a validation of the method in section 2.3.3.

2.3.1

SOSIE interpolator

To convert between the grids of ORCA0083 to ORCA1 and ORCA025, we use the
a coarsegraining technique by averaging over the relevant gridpoints in ORCA0083
to fit ORCA1 or ORCA025 using bilinear interpolation. The irregularities in the
model grid makes this task non-trivial. The program SOSIE by Laurent Brodeau
was used5 . This was done for large quantities of data, with a script developed to
streamline the process for large quantities of files.

2.3.2

Probability Distribution Functions

To assess if the plots really do show that the distributions and values are similar or
not, we assess the probability distribution functions (PDFs) associated with each.
This is defined as:

Z Z

 Z Z
dA /
dA,

P DF = lim∆φ→0

(2.8)

φ0 <φ<φ+∆φ

where the PDF is related to the the cumulative distribution function according to
5

“Sosie” is named after the french word for “double” (as in “look-alike”). Please see http:

//sosie.sourceforge.net/ for more details and source code.
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and CDF (∞) = 1 to represent the probability of a value of φ

occurring. In this manner, we sum up the area associated with a certain range of
RR
a quantity of interest φ, and normalise by the total area of the ocean (
dA).
We do this for the global average as well as for latitudinal bands, and use this
to have a fair comparison between the NEMO resolutions. In this manner we can
assess the similarity independent from the differences in the grid.

2.3.3

Empirical Orthogonal Functions

To assess the similarity of the variance in the model fields time evolution, we use
an SVD technique to assess if the major sources of variance are the same. This
can illustrate both the percentage of the total variance captured by the individual
EOFs, as well as the spatial patterns revealed. The decomposition is simply:

M = UΣV∗ .

(2.9)

Here M is our model field with the original dimensions [t, x, y], where t is the time
and x and y are the rectangular Cartesian coordinates coordinates6 . U is an (m x
m) unitary matrix, where the m columns are the left-singular vectors of M. The Σ
is an (m x n) rectangular diagonal matrix with non-negative real numbers on the
diagonal. The diagonal entries of Σ are the singular values of M. V is an (n x n)
unitary matrix, where the n columns are the right-singular vectors of M.
Monahan et al. (2009); Tantet and Dijkstra (2014) highlight how useful EOF
analysis is in climate and ocean analysis, but stress that care must be taken in its
interpretation. Monahan et al. (2009) show that the EOF modes will not correspond to individual dynamical modes and are heavily influenced by the requirement
to maximize variance over the entire domain, that they will not correspond to individual kinematic degrees of freedom. Importantly, they will also not be statistically
independent of other EOF modes. In this manner, using the EOF decomposition
one should be very careful ascribing certain parts of variability to known dynamical modes. Regardless, the EOF decomposition offers powerful insight into the
6

The matrix M is transformed to a vector, by stacking, before analysis.
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variability of the system, and is well suited for our analysis comparing the NEMO
resolutions. Here, we aim to compare the variance found in the different modes.
If similar variance is found, we argue that the models are similar. The individual
EOFs illustrate the similarity of the spatial patterns and can act to confirm this.
See section 7.5 for a further discussion. Further, with our analysis the removal
of the seasonal signal presents a problem for comparison, as this is increasingly
difficult with increasing finescale variability.
Due to the numerics involved, the EOF calculations with the SVD can be very
memory intensive using more classical linear algebra techniques, and thus take a
very long time to compute. This can be hugely problematic if larger datasets need
to be handled as with ORCA0083 and when we are interested in global properties.
Using the classical approach with the commonly used LAPACK library, computing
the EOFs for the full fields was unfeasible, even for ORCA1. Therefore we move
to using the sparse methods in the ARPACK eigensolver.
As an illustration, the LAPACK library implements the “gesdd” function, which
uses a “divide and conquer” strategy for computing the SVD, and is implemented
using a workspace O(N 2 ) and is the method classically used for dense matrices
(N is the dimensions i × j). We exploit the workspace of ARPACK (similar to
LAPACK, but used for sparse matrices) with a scaling O(ncv), where ncv are the
number of basis vectors used for the eigenvalue algorithm (Pers. Com. Ian Bush
and Edward Smyth). Figure 2.9 illustrates the substantial difference in memory
usage.
Using sparse methods on climate data can seem counterintuitive, as the timeseries of fields is demonstrably not sparse. However, if we look at the covariance
matrix, this looks quite different. Figure 2.10 demonstrates the methods skill,
showing the back transformation of the combination of the EOF field subtracted
from the original field of SSH. The bias is not down to machine precision, but for
our purpose it is sufficiently close. It is worth noting that a study assessing features such as teleconnections would benefit from avoiding assumptions of sparseness
(Pers. Com. Peter Challenor).
Figures 2.11 and 2.12 are examples of EOF decompositions and tell us about
patterns. They represent the sum and subsequent decomposition of a huge col-
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Figure 2.9: The improvement in scaling using the ARPACK sparse methods for
the SVD (green line) from the LAPACK dense method (blue line). Image from:
http://fa.bianp.net/blog/2012/singular-value-decomposition-in-scipy/
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Figure 2.10: Difference between the original SSH (m) field and that reconstructed
combining the EOFs. We see that the difference is very small, demonstrating that
the methods are suitable.
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lection of different processes, and we can therefore not assess individual processes
using the EOF analysis. Instead, we can use the EOFs to guide our intuition.
Figure 2.11 shows the three first EOFs for SSH in ORCA1. Here, the mean is
left in the SSH data, and we see that the first EOF shows the expected the strong
latitudinal variation due to differences in annual mean insolation effect on the SSH.
We see red patterns around the poles and blue around the equator consistent with
the predominant global pattern of incoming solar radiation. This mean is where
the major portion of variance is contained. The second EOF shows the seasonal
see-saw from the Northern to the Southern Hemisphere. The third EOF shows an
El Niño Southern Oscillation (ENSO) like signal. With this we demonstrate how
the EOFs in the SSH field look, highlighting how the global patterns of variation
are spread out over the different EOFs. We ascribe physical patterns of variability
with caution.
Figure 2.12 shows the first three EOFs for SST in ORCA1. Here again we
see the mean clearly in the first EOF, with a signal reflecting the global pattern
of SST response to the mean incoming solar radiation. The second EOF shows
a clear latitudinal gradient with a blue southern hemisphere and a red northern
hemisphere, which we ascribe to the seasonal see-saw. The third EOF shows an
ENSO-like pattern. Overall, we only describe these features, and do not suggest
that they correspond exactly to the effect of certain mechanisms. We stress that
the magnitude of the signal and its sign are arbitrary, and that it is important
to focus only on the patterns. Because the magnitudes and signs associated with
the EOFs are arbitrary, we present the fields with colours representing the ±2StD,
with StD being the standard deviation of the resultant EOF field. To confirm that
the first and second EOF are associated with the predominant global pattern of
incoming solar radiation and the seasonal signal, we could assess the associated
principal component to assess their temporal evolution. Unfortunately there was
not enough time to do this, but we are confident in our interpretation of the fields.
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(a) ORCA1 SSH, EOF1

(b) ORCA1 SSH, EOF2

(c) ORCA1 SSH, EOF3

Figure 2.11: First three EOFs of SSH for ORCA1 1978 to 2007. Note that this is
the raw data from ORCA1, and we see the mean SST fireld in the first EOF. THe
second EOF shows the seasonal signal along with ENSO-like patterns.
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(a) ORCA1 SST, EOF1

(b) ORCA1 SST, EOF2

(c) ORCA1 SST, EOF3

Figure 2.12: First three EOFs of SST for ORCA1 1978 to 2007. Note that this is
the raw data from ORCA1, so the first EOF largely represents the mean SST field.
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We look at the percentage of explained variability by the different EOFs in
figures 2.12 and 2.13. Here the first EOF can account for the most variability, with
decreasing amounts ascribable with increasing EOF number. The percentage of
variance (σEOFi ) in each EOF is calculated according to:
σEOFi = 100(Σij )2 /

N
X
(Σ)2 ,

(2.10)

i=1

where Σ is the diagonal matrix of the singular values of M. The vector σ EOF
contains the individual σEOFi , where where i = 1, ..., N , where N is the number of
computed EOFs. Figure 2.13 illustrates this, showing the difference between the
SSH and SST. We see that the SST has a much larger seasonal mean component
associated with the annual mean insolation, explaining up to 80% of the variance.
This is not unexpected, as the SST is directly linked to the solar forcing where
we expect the main portion of variance to be found in the mean field. This is
further confirmed by the SST having a larger proportion of variance accounted for
by the first EOF than the SSH, which is most likely due to the SSH reflecting both
surface and subsurface signals and the latter are not directly linked to the local
solar forcing.
In the further work presented in this thesis we will consistently use deseasoned
data when computing EOFs. The desesoning is done by removing a climatological
mean which we estimate as the mean of the respective months for the available
timeseries.
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The first 40 EOFs SST and SSH
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Figure 2.13: Variance explained by the leading EOFs of SSH and SST in ORCA1.
The first EOF starts at zero.
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Chapter 3
Testing the NEMO model
To introduce the NEMO model, and illustrate the effect of changing its horizontal
resolution, we show instantaneous sea surface temperature (SST), height (SSH),
and salinity (SSS) and bottom pressure in section 3.1. We illustrate the bias with
observations of surface and zonally averaged temperature from literature in section
3.2. Finally, we show at the strength of the ACC in section 3.3. In this manner
we test the NEMO model in light of the behaviour we expect and from looking at
similar fields from observations. We refer to this as testing instead of validation,
as a validation implies a known “truth” which seems inappropriate to the work we
present in this thesis, as such extensive observational datasets would ideally include
error estimates in the deep ocean and cover the period considered here from 1978
to 2007.

3.1

Surface fields

In figure 3.1 we plot the January 1982 sea surface temperature (SST) of ORCA1,
ORCA025 and ORCA0083. We use 1982 as this is the end of the initial spinup phase estimated from ORCA0083. We see the strong latitudinal effect of the
imbalance in the annual mean heating, with warmer temperatures in the tropics,
and colder temperatures towards the poles. Figure 3.1 shows a snapshot from
January 1982. We see the WBCs as a warm signature, especially marked in the
49
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ORCA1-N406: SST (C), 1982 Jan
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(a) ORCA1-N406 SST Jan 1982

ORCA025-N401: SST (C), 1982 Jan
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(b) ORCA025-N401 SST Jan 1982

ORCA0083-N01: SST (C), 1982 Jan
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(c) ORCA0083-N01 SST Jan 1982

Figure 3.1: The SST (◦ C) in ORCA1-N406, ORCA025-N401 and ORCA0083-N01 for
January 1982 (fig. 3.1a, 3.1b and 3.1c, respectively). Note that we see increasing finescale patterns, but can discern similar large scale patterns.
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The first 25 EOFs SST, deseasoned
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Figure 3.2: The EOF decomposition of the deseasoned SST signal, with the mean
and trend removed, from 1982 to 2007. For the spatial patterns of the EOFs see
section 5.

Gulf Stream and its extension. We see that there is a warm signature stretching
all the way along the Norwegian coast. The Arctic ocean is outlined as a cold
region, with the colder waters coming around Greenland. The cold waters of the
Labrador current are visible as a sharp contrast to the warm waters transported
by the Gulf Stream. We see the upwelling regions along the Eastern subtropical
ocean boundaries, with the Equatorial Counter Current showing a comparatively
cool surface signature. The Southern Ocean is seen with a sharp gradient in SST.
We clearly see the change in horizontal resolution, with the sharp fronts revealing
increased visible fine structure.
To compare the NEMO resolutions, we look at the percentage of variance explained by the EOFs in the deseasoned SST field, where the mean and trend have
been removed as described in section 2.3.3. Figure 3.2 shows the variance explained
by the first 25 EOFs of the deseasoned SST, and see that the first EOF explains
the most variance in ORCA1 at 13.5%. In ORCA025 it explains about 13% while
it explains about 12.5% in ORCA0083. The EOFs from the different NEMO res51
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olutions track each other reasonably closely, but we notice that ORCA0083 has a
generally flatter curve than ORCA025 and ORCA1, with ORCA1 being highest in
the early EOFs and lower in the higher EOFs. This is expected, as we expect the
increased ability to resolve fine scale variability to give variance more evenly distributed over the leading modes. For the spatial patterns of the EOFs see section
5. Note the difference from figure 2.13 in terms of the variance accounted for by
the first mode.
In figure 3.3 we see the SSS for January 1982 in ORCA1, ORCA025 and ORCA0083.
This is quite different from the SST as we do not see the same clear latitudinal
pattern. We see that all resolutions appear quite similar, with the Mediterranean
having a high SSS. We see bands of high SSS in the tropics and subtropics. We see
a band of low SSS around the equator, as well as the influence of the Amazon river.
This is most apparent in ORCA1. We further see low SSS areas associated with
glacial melt and riverine input in the Arctic. Riverine low salinity water hugs the
shelf, pooling in the Beaufort gyre. We see the low SSS water following the areas
of low SSH and SST equatorwards from the higher latitudes in the surface waters
coming down from the Labrador sea. We see a clear separation of the Southern
Ocean region, particularly in ORCA1. The transition becomes slightly softer with
increasing resolution.
Figure 3.4 shows the variance present in the different EOFs of SSS. We see that
there is also likely a problem with the seasonal residual here, as ORCA0083 does
not have a flatter distribution we expect. The first EOF in ORCA0083 has about
22% of the variance. ORCA1 has 14% in the first EOF, and ORCA025 also has
14%. For the second EOF, ORCA0083 has 14% with ORCA1 has about 13%, and
ORCA025 has 9% of variance here. After the third all three resolutions follow
each other closely. For further discussion and the spatial patterns of the EOFs see
section 5.
Figure 3.5 shows a snapshot of the sea surface height (SSH) in January 1982
for ORCA1, ORCA025 and ORCA0083. We see that this is similar to the SST,
with a clear increase around the equator, and decrease around the poles. An
increase in SSH around the western edge of the ocean basins is visible, and a sharp
decrease towards Antarctica. We see increasing finescale variability with increasing
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ORCA1-N406: SSS, 1982 Jan
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(a) ORCA1-N406 SSS Jan 1982
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(b) ORCA025-N401 SSS Jan 1982

ORCA0083-N01: SSS, 1982 Jan
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(c) ORCA0083-N01 SSS Jan 1982

Figure 3.3: The deseasoned SSS in ORCA1-N406, ORCA025-N401 and ORCA0083-N01
(fig. 3.3a, 3.3b and 3.3c, respectively). Note that similarly to the SST we see an increase
in fine-scale patterns, but retain similar large scale patterns.
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Figure 3.4: The EOF decomposition of the deseasoned SSS signal, with the mean
and trend removed, from 1982 to 2007. For the spatial patterns of the EOFs see
section 5.
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(a) ORCA1-N406 SSH Jan 1982
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(b) ORCA025-N401 SSH Jan 1982
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(c) ORCA0083-N01 SSH Jan 1982

Figure 3.5: The SSH (m) in ORCA1-N406, ORCA025-N401 and ORCA0083-N01 (fig.
3.5a, 3.5b and 3.5c, respectively). Note that similarly to the SST and SSS we see an
increase in fine-scale patterns, but retain similar large scale patterns.
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Figure 3.6: The EOF decomposition of the deseasoned SSH signal, with the mean
and trend removed, from 1982 to 2007. from 1982 to 2007. For the spatial patterns
of the EOFs see section 5.

resolution. In contrast to the SST, we see that the Atlantic ocean has lower SSH
than the Pacific.
Figure 3.6 shows the variance in the respective EOFs for the deseasoned SSH,
where the mean and trend have been removed. We see that there is also likely
a problem with the seasonal residual here, with ORCA0083 having 33% of its
variance in the first EOF, while ORCA1 is around 30% and ORCA025 has around
17%. After the first EOF, the three NEMO resolutions follow each other closely.
Section 5 discusses causes for this and presents an assessment of the individual
associated fields.
From the above plots, we show that we can recognise key features the the NEMO
runs, and that they are clearly showing very similar features. In future sections we
go on to analyse the model performance and changes with resolution on this basis.
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NEMO bias

To illustrate the bias in NEMO of the surface and zonally averaged temperature, we
use figures from Marzocchi et al. (2015) by Patrick Hyder (Pers. Com.). These use
the same ORCA0083, ORCA025 and ORCA1 sister runs, and offer complementary
figures.
Figure 3.7 is by Patrick Hyder (Pers. Com.), and illustrates the bias using
the observational SST dataset from the European Space Agency Climate Change
Initiative. We see that some biases remain consistent between resolutions. A cool
bias persists in the GIN seas, with a warm bias in the Labrador sea. This bias
increases with resolution, but we see that the shape of the Subpolar Gyre, position
of the North Atlantic Current and Gulf Stream separation all improve as discussed
by Marzocchi et al. (2015). This is highlighted in figure 3.8. In the Pacific, figure
3.7 shows a reduction in SST bias in the Kuroshio region with increasing resolution.
In the Southern Ocean ORCA0083 is seen to have larger expanses of positive bias.
Figure 3.9 shows the zonal average temperature bias from the EN3 dataset by
Patrick Hyder (Pers. Com.). We see a change in the mode water, with a warm
surface bias decreasing with increasing resolution. However, there is a simultaneous
cold bias which increases with resolution in the waters below. NADW has a large
warm bias in ORCA1. ORCA0083 shows a larger cold bias at 3000m and below,
apart from in the Southern Ocean where there is a strong warm bias. This could
be due to the changes in deep water formation in ORCA0083.
However, Sonnewald et al. (2013) highlight that the EN3 dataset comparison is
complicated by a lack of error estimates, and show that the disagreement even in
the surface North Atlantic between EN3 and a quality controlled Argo product is
up to 0.2◦ C even after the full Argo fleet was deployed. This region is one of the
best observed regions in the world oceans, which is encouraging when interpreting
figure 3.9. We note that the errors in the EN3 dataset are likely to increase in the
deep ocean, and assessing the associated errors is important for the analysis.
Looking at the bias, the NEMO model shows clear changes with increasing
resolution, but no clear improvement in agreement with observations. However, the
limited quality of our observational data should be considered in this assessment.
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Figure 3.7: Figure by Patrick Hyder (Pers. Com.). The NEMO SST (◦ C) bias from
the European Space Agency Climate Change Initiative Sea Surface Temperature
dataset (ESA-CCI SST), from comparable longterm means where a) ORCA1-N406,
b) ORCA025-N401, c) ORCA0083-N01. The convention is model minus observations.Values over land show topography.
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Figure 3.8: The NEMO SST (◦ C) bias related to the Reynolds observational dataset
in 2007 (annual mean from Marzocchi et al. (2015)) where a) ORCA1-N406, b)
ORCA025-N401, c) ORCA0083-N01. Note similarities around East Greenland as
well as the decreased cold bias.
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Figure 3.9: Figure by Patrick Hyder (Pers. Com.). The NEMO temperature bias
(◦ C) of the zonal average using temperature observations from EN3. Note broad
similarities.
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Figure 3.10: A cartoon illustrating the Southern Ocean’s role in the global circulation.
Black lines illustrate the approximate locations of our transects, with the main currents
that these sections capture illustrated by the figure. Adapted from Schmitz (1996).

3.3

Antarctic Circumpolar Current

We return often to the Southern Ocean as a case study in this work. The strongest
feature in the region is the ACC. This is a circumpolar feature, as there are no
land bridges between Antarctica and the continents to the north. The closest land
masses are the tip of South America and highlight differences with resolution, we
present the changes in the ACC mass, heat and salt transport at three transects.
The ACC current encircles the Antarctic continent, flowing clockwise, transporting
approximately 134 Sv on average Firing et al. (2011).
Projects such as “Modeling Eddies in the Southern Ocean” (MESO, Hallberg
and Gnanadesikan (2006)) have carried out numerical sensitivity studies with the
aim of examining the role played by winds and eddies. MESO investigated a range
of resolutions from 2◦ to 1/6◦ using identical idealized forcing. It indicates that
the mean structure of the circulation is noticeably changed, but that the response
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to wind forcing is not sensitive to model resolution.

3.3.1

Methods

We use the CDF tool cdfmhstrans, modifying the input scripts to make timeseries of
monthly transports as illustrated in appendix 0.4. The transects used are illustrated
roughly in terms of the currents present in figure 3.10, and for the specific NEMO
resolutions in figure 3.11. In both cases the black lines illustrate the location of the
sections.

3.3.2

ACC transport

Figures 3.12, 3.13 and 3.14 illustrate the mass, heat and salt transports across the
sections for ORCA1, ORCA025 and ORCA0083, respectively. We expect similar
transports through the Drake Passage and East Weddell Gyre sections, while the
transport through the Dumont d’Urville Sea is expected to be slightly higher due
to the Indonesian through flow as seen in figure 3.10. ORCA1, ORCA025 and
ORCA0083 match this fairly well initially, but we see different drifts develop after
an initial spin-up phase of about 4 years to 1982 as seen comparing figures 3.12,
3.13 and 3.14. This drift is strongest in ORCA0083, with the mass transport
starting around 150Sv and decreasing to about 80Sv by the end of the simulation.
In ORCA025, the mass transport also starts at 150Sv, decreasing to 130Sv. We
have borrowed a longer integration of ORCA1 (ORCA1-N403), which used CORE
forcing. With this we can illustrate the increased dynamical stability in ORCA1
from the simulation spanning 1948 to 2007. ORCA1 remains stable, showing a
slight increase from 150Sv of about 5Sv. An even longer integration would be
necessary to determine if this is a persistent feature. The salt transport is highly
correlated with the mass transport. In the heat transport in figures 3.12, 3.13 and
3.14, we see a clear seasonal signal, especially in the East Indian Southern Ocean
section in the Dumont d’Urville Sea.
Overall, we see that the long term behavior of the NEMO resolutions differs in
the ACC transport. We start from the same Levitus climatology, using the same
surface forcing, but the observed drift increases with resolution. Investigating the
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(a) ORCA1-N401

(b) ORCA025-N206

(c) ORCA0083-N01

Figure 3.11: Figures illustrating the sections (black line) where the ACC transports
of mass, heat and salt are computed. Figure shows the sea surface height average
in May 2007.
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Figure 3.12: Diagrams of heat (PW), mass (Sv) and salt (kT s−1 ) transport through
the Drake Passage for ORCA1-N403 (blue), Dumont d’Urville Sea (green) and
East Weddell (red). Further, the East Weddell and Drake Passage transports
follow each other closely, while the transport through the Dumont d’Urville Sea
section is consistently higher. Note that we used ORCA1-N403 run, which used
the longer CORE forcing for us to show the ACC from 1948 to 2007. This was
done to highlight the increased dynamical stability. Compare with ORCA025 and
ORCA0083 which are shown are shown for the 1978 to 2007 timeseries, and are as
described in section 2, shown in figures 3.13 and 3.14 respectively.
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Figure 3.13: Diagrams of heat (PW), mass (Sv) and salt (kT s−1 ) transport through
the Drake Passage for ORCA025 (blue), Dumont d’Urville Sea (green) and East
Weddell (red). Further, the East Weddell and Drake Passage transports follow
each other closely, while the transport through the Dumont d’Urville Sea section is
consistently higher. ORCA025 is shown for the 1978 to 2007 timeseries and are as
described in section 2. Compare with ORCA1-N403 in figure 3.12 and ORCA0083
in figure 3.14
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Figure 3.14: Diagrams of heat (PW), mass (Sv) and salt (kT s−1 ) transport through
the Drake Passage for ORCA0083 (blue), Dumont d’Urville Sea (green) and East
Weddell (red). Further, the East Weddell and Drake Passage transports follow
each other closely, while the transport through the Dumont d’Urville Sea section is
consistently higher. ORCA025 is shown for the 1978 to 2007 timeseries and are as
described in section 2. Compare with ORCA1-N403 in figure 3.12 and ORCA025
in figure 3.13
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drift further was outside the scope of this work, but it is likely a product of changes
in the ACC counter current, a product of effective diapycnal diffusivity slumping
isopycnals or the impact of reducing deep water production. From assessing the
ACC, we have seen that the transports change significantly between the different
NEMO resolutions. This shows that different processes are active maintaining the
circulation.

67

CHAPTER 3. TESTING THE NEMO MODEL

68

Maike Sonnewald

Chapter 4
Utility dependence on spatial and
temporal scales
In this chapter we present our main results. We start by presenting our method
for assessing the utility of an ocean model in section 4.1. How useful a model is
depends on the research question it is applied to. In light of this, we look at fields
that equilibrate quickly and respond on short timescales, starting at the surface
with the MLD in section 4.2. We go on to assess the surface to deep communication,
assessing the steric height covariance in section 4.3, and present the overturning
in density space and the impact of topographic interactions in section 4.4.1 where
we look at both the long term mean and monthly mean fields. The quantities we
present in these sections were also chosen to allow a focus on important quantities
of interest to the climate modelling community such as the MLD and overturning.
We are also interested in assessing to what extent the balance of forces changes with
increasing resolution, and in what sense increasing the degrees of freedom impacts
how the model realises the heat transport. We do not present an exhaustive analysis
of either the utility or the changes in the mechanisms of energy dissipation in
NEMO. However, our analysis provides valuable insight into both these questions.
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Figure 4.1: The accuracy and precision of a model are distinct concepts. The
precision is based on how reproducible a result is, while the accuracy is a measure
of how far the model result is from the truth we want to describe. Sketch based on
http://en.wikipedia.org/wiki/Accuracy_and_precision.

4.1

Elements of utility

When we compare the performance of ocean models the metric to use is not obvious, and no consensus exists to facilitate intercomparison of models. Section 1.2
introduced the need to assess the usefulness of a model in a more holistic sense, in
terms of assessing its ability to help address a given research question. This is a
key question, because different models are suitable for testing different hypotheses,
and a more concrete discussion of this in the literature could be beneficial in terms
of focusing modelling efforts. Here we present our method for assessing the usefulness of the different model runs used in this work. We do not presume to present
a finished measure of model utility, but instead wish to present what we would
deem to be a sensible starting point for further discussion. With this measure of
the model utility, or usefulness, we aim to assess more than just establishing how
well the model performs when tested against data or high resolution versions of
itself (Shutts and Palmer, 2007). We refer to the model accuracy as outlined in
figure 4.1, with an implicit assumption of a known “truth” value we can use as a
reference to measure the accuracy of our model.
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The utility of an ocean model is something that is often discussed in terms of
testing a model against data or a higher resolution version of the model (Marsh
et al., 2009; Shutts and Palmer, 2007). The implicit assumption is that the closer
the model is to being a faithful rendition of the real world, the more useful it will
be. While this is certainly a major factor, we will explore a definition of utility
closer to how the term is used in economics. Here, utility refers to the satisfaction
experienced by the consumer (Marshall, 1920). In terms of ocean modelling, the
consumer is the scientist working with the produced simulation. A key fact to keep
in mind is that most scientists working within oceanography, and climate science in
general, do not have a computer science background. Interacting with computers,
particularly supercomputers, is simply a means to an end. This is often reflected
in the choice of language and style of analysis, and considering the consumer is
a key element to effectively assessing ocean model utility. Using this definition,
we distance ourselves from regarding a simulation as a rendition of the real world,
moving the focus to viewing it as a tool for exploring hypotheses.
Using such a conceptual framework for model utility, it is possible to ask whether
the increased accuracy we gain from increasing horizontal resolution is acceptable
for the increased difficulty in computational cost, storing and sharing the data
as well as a lack of tools available to facilitate analysis. This section explores
this concept in terms of assessing the effect of changing horizontal resolution on
model utility, which we assess as a cost function based on a measure of accuracy,
computational cost, storage difficulty and difficulty in analysis. Our aim is not
to perform an exhaustive analysis, but to highlight more counter-intuitive effects
of the recent drive towards higher horizontal resolution within the oceanographic
community.
We outline four elements of utility: The first three are the computational cost
(C), storage space (S) and the analysis inconvenience (In), which are applied as
penalties to our measure of accuracy (A). Here A is estimated from the basis of
an EOF analysis, representing the similarity of the described variance. In this
manner, we analyse interesting fields from chapter 4 to assess how much is gained
from moving to higher resolution. To illustrate how each of the cost functions of
utility varies with increasing model resolution, we introduce a formalism where we
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Figure 4.2: The relationship between the different penalty incurred from the elements of utility as a function of resolution: Computational cost (C), storage space
(S) and analysis inconvenience (In). The stippled black lines represent the resolutions considered here; 1◦ , 1/4◦ and 1/12◦ .
define them as notional functions of the model resolution. The model resolution is
defined here as x, in units of degrees. We stress that these functions are reasonably
though arbitrarily chosen, and based on our experience and conversations with
other users of high resolution model output. For our C and I, we choose exponentially increasing functions. This is because the increase in resolution is thought to
become exponentially more difficult, and we know that we quickly reach the limits
of what is feasible. This is not the case for S. This is because we can often save
only temporally or spatially averaged fields, or compute quantities of interest while
the model is running. This means that the scaling of S is chosen to be linear rather
than exponential. However, we stress that we do not intend to present these as absolute, and these are likely to change depending on what computational resources
are available to the user. Nevertheless, we hope that this work will highlight the
importance of considering these factors when modelling choices are made.
Computational cost (C) involved in running a model is often an important
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bottleneck; implied here is both how efficiently the model is able to run in the
sense of how much time it takes, but also how elegantly it is written in terms of its
scalability on larger machines. How a model scales, and how efficient it is to run,
depends on a wide array of factors. However, the computationally intense high
resolution usually implies that only one run is possible, with limited confidence
in its reaching dynamic equilibrium. Running ensembles with high resolution to
explore the effect of model parameters is seldom done, and runs spanning more
than decades are confined to idealized or spatially limited cases:

C = −0.4x−1 ,

(4.1)

where x is the resolution in degrees, as defined above, and 0.4 is a constant chosen
to reflect the experience of those working in the HPC field.
Storage space (S) needed to store the model data can pose a considerable
difficulty, particularly if the simulation is run on a non-local machine. This is
a function of the increase in storage space needed, but also influenced by ease
of access to the data. When the simulation is complete, the storage of derived
fields with increased resolution becomes increasingly difficult. This latter factor
is covered in the discussion of “analysis inconvenience” below. Because of the
simple scalability of acquiring more storage space, and the possibility of spatial
and temporal averaging of fields to reduce the space needed, we chose a linear
function to represent the storage space penalization:

S = −4x + 5,

(4.2)

where the constants 4 and 5 are again chosen to reflect the experience of those
working in the HPC field needing to store large amounts of data.
Analysis inconvenience (In) involved in exploring the model output is often
a considerable problem. Constraints in keeping needed fields in memory, difficulty
with innput/output and a lack of tools designed to cope with the volume of data
form a considerable challenge when the resolution increases. Furthermore, an increase in model resolution might necessitate a move to HPC facilities designed to
cope with the computational load and analysis, which could in turn place addi73
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tional knowledge requirements on users. Care can be taken, with large datasets
being treated in parallel, but the difficulty involved in either writing the analysis
in C/Fortran and applying the MPI/OpenMP/Mixed mode requires considerable
training. Advances within languages such as Python, with wrapping Python code
as C, decorators or Python native “parallelization” avoiding the common fencepost errors associated, leading to that the analysis on large datasets is possible but
the naive approach available for smaller datasets is usually not plausible, meaning
considerable difficulty in implementation. The existing frameworks for analysis
and available resources are still being developed by the oceanographic community
to cope easily with data the size of ORCA0083. In terms of the work done here,
ORCA1 is pleasant to work with and perfect for prototyping, ORCA025 is manageable but cumbersome when memory becomes limiting, while the algorithms applied
need complete restructuring and optimization to work for ORCA0083:
 
2
In = −0.2x ln
,
x
−1

(4.3)

where the constants 0.2 and 2 are again chosen to reflect the experience of those
working in the HPC field to reflect the increase of difficulty in analysis.
To assess the utility, the computational cost, storage space and inconvenience
involved are assumed to stay constant for a given model run. We assume that
they are direct functions of the resolution, although the complication of different
choices of physics or nested biological or chemical models would naturally play a key
role if applying this more generally. Figure 4.2 illustrates the relationships of the
penalization functions to the resolution. Here the resolutions we use are marked
as stippled black lines. Table 4.1 shows the relevant values for the resolutions
considered here.
Accuracy (A) is a key feature in the assessment of utility, which we use here as
a term to refer to the similarity of the fields in terms of the variance (σ described
in equation 2.10) found in the different EOFs. As described in section 2.3.3, where
we remove the mean and seasonal signal to capture the variability associated with
the ocean dynamics. Using the EOF decomposition was found to be a good way of
comparing the global fields, and we use the scaled difference between our baseline
(σEOF baselinei ) and the model field to be tested (σEOF modeli ). If the σEOFi fields are
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identical we have an accuracy of 100%, with deviations estimated according to:

Ai = 100 − |σEOF baselinei − σEOF modeli |c ,

(4.4)

where i = 1, ..., N , where N is the number of computed EOFs. The resultant vector
A is what we use for our measure of accuracy, and c is a constant chosen as 1.3 for
observational data and 2.3 for the intra-comparison of the NEMO resolutions. We
arrived at this equation to describe A due to the relatively small difference in terms
of |σEOF baselinei − σEOF modeli |, and found it was necessary to tune c to give results
with a discernible difference between the NEMO resolutions. Again, we stress
that this represents an arbitrary choice made to highlight the salient overarching
point in our analysis. The σEOF baselinei is mainly chosen to be the high resolution
run as in Shutts and Palmer (2007). This is a common practice and reflects the
idea that increasing the resolution leads to increases in accuracy. However, for
the MLD observational data formed an important part of our analysis so we use
this as σEOF baselinei here. The observational fields we use are climatologies. Using
the monthly averages we gain a fairer comparison, assuming that this averages out
biases in the observational data as well as the model data. As figure 4.1 illustrates,
one can regard using these different σEOF baselinei as measuring the accuracy when
observational data is used, but similar to precision when we use ORCA0083 as
we are comparing the skill of the lower resolution model in reproducing the high
resolution model results in an ensemble sense.
Our measure of utility
We define our vector of our measure of Utility as the sum of the above:

Utility = A + (In + C + S) I,

(4.5)

where A is the vector of accuracies estimated according to equation 4.4, and the
values for In, C and S are scalars listed for the different resolutions in table 4.1, I
is a vector with 1 entries of length n. This is the framework we will use in section
5 to assess the utility of NEMO based on the analysis of the fields we present in
the remainder of this chapter.
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ORCA0083-N01

Resolution

1

1/4

1/12◦

C

0.40

1.60

4.82

S

1.00

4.0

4.67

I

0.14

1.66

7.67

Table 4.1: The penalization coefficients for the elements of utility explored here:
Computational cost (C), storage space (S) and analysis inconvenience (I).

Figure 4.3: Simplified schematic illustrating the mixed layer. We see a shoaling around
the equator, with deeper areas towards the higher latitudes. http://oceanmotion.org/
html/background/ocean-vertical-structure.htm

4.2

Mixed Layer Depth

The mixed layer in the ocean is the surface layer that directly interacts with the
atmosphere to exchange heat, momentum, gases and other tracers. Correctly estimating the vertical extent of this layer is important to effectively assess the rate
at which the atmosphere and ocean exchange momentum, heat and other tracers.
The MLD is a key feature of ocean models, and of great interest to understand
climate as interactions here are an important part of how the deeper properties
of the ocean are set, and how heat is subducted and removed from or released to
the atmosphere. The MLD is the product of stratifying and destabilizing effect of
evaporation-precipitation, heating, wind induced momentum transfer and advective forcing. These act together to determine the MLD. Assessing the change with
resolution in the ability of NEMO to capture MLD dynamics is the focus of this
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section. This is a key feature in the utility of an ocean model, and thus becomes a
natural place to start our investigation.
Stommel (1979) coined the term “Ekman’s Demon” to describe how winter processes dominate the waters subducted below the Ekman layer. These constitute
the mode waters and are of great interest as they have the ability to store heat. We
have seen that a re-emergence mechanism of waters subducted the previous year
can significantly alter SST, with winter heat fluxes resurfacing to perturb remote
locations (Junge and Fraedrich, 2007; Taws et al., 2011). The term “Ekman’s
Demon” refers to a thought experiment presented by Maxwell, which highlights
the statistical nature of the laws of thermodynamics. Here an omniscient demon
sorts atoms according to their kinetic energy by opening and closing a hatch. In
the ocean, Stommel (1979) highlights that the depth of the winter mixed layer is
so deep that it can catch-up any waters produced in summer, effectively meaning
that the winter water properties are what supplies the mode water. Therefore, the
waters that are subducted are dominated by the winter conditions. However, Marshall et al. (1993) point out that the summer conditions also contribute to setting
the mode water properties.
Using the classical laminar view of the ocean, the schematic in figure 4.3 illustrates the top mixed layer overlaying the generally deeper layers. Overall, the
mixed layer depth (MLD) is deepest in the mid-latitudes, but we observe large
regional differences moving away from this laminar view. Figure 4.4 illustrates the
plethora of processes influencing the mixed layer. This illustrates that both interactions across the air-sea interface, as well as the physics within the layer itself
and the large scale advection, act to shape its variability (Taylor and Ferrari, 2010;
Brannigan, 2015). Capet et al. (2008) demonstrated that a transition occurs when
the horizontal resolution is made finer than 1km in the California Current, as flow
structures emerge associated with the time-averaged eddy fluxes. Taylor and Ferrari (2010); Brannigan (2015) further elaborate on the processes and instabilities
that take place to set the MLD.
Global ocean models cannot capture the small scale physics, and the available
forcing fields suffer from lack of adequate data resulting in poor spatiotemporal
resolution (Li et al., 2003). Capturing the MLD dynamics relies heavily on pa-
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Figure 4.4: What causes the MLD? Image illustrating mechanisms that cause MLD variability from: http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_
Depth.php
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rameterizations and physics schemes, as well as the numerical schemes to simulate
the ocean physics. In NEMO we know that the wind forcing is not resolution
dependent, as described in section 2.1.1. Further, NEMO uses the TKE scheme
to determine the vertical eddy viscosity and diffusivity coefficients as described in
section 2.4.
The MLD is difficult to capture adequately in many ocean models, particularly
in the Southern Ocean where there is a striking zonal asymmetry. Figure 4.5 is
borrowed from Downes et al. (2015), where many CORE forced models were run,
and the MLD in the Southern Ocean were compared. Downes et al. (in prep)
illustrates that many models can have MLD biases of 100s of meters, and that the
bias can be both positive and negative even with the same forcing dataset, which
may seem surprising in light of her earlier work (Downes et al., 2010). Investigating
this bias was part of the motivating factor for this work. We want to investigate
if the MLD dynamics were sensitive to changes in horizontal resolution, and how
the associated moments change. Due to the importance of the Southern Ocean
in mode water formation, we focus our investigation here, specifically investigating
the factors that lead to the zonal asymmetry. Further, we know that the region has
vigorous wind forcing, so we investigate the associated buoyancy transport across
fronts as discussed by Marshall et al. (1993); Nurser and Marshall (1991); D’Asario
et al. (2011).
This section first describes the definition of the MLD in section 4.2.1, highlighting possible sources of error and inconsistencies. We then present the climatological
MLD in NEMO in winter and summer in section 4.2.2. Section 4.2.2 also illustrates
the possible caveats arising from our criteria, and from performing our calculations
offline. We then introduce the observational datasets in section 4.2.3, comparing
the discrepancies by re-gridding the NEMO data. We then go on to look at the
PDFs to highlight differences in the distributions in section 4.2.4. We focus on
the Southern Ocean region used by Dong et al. (2008). We go on to investigate
the asymmetry in the Southern Ocean MLD in section 4.2.5, using the 1D PriceWeller-Pinkel (PWP) model in section 4.2.5, retrieving and describing the surface
forcing in section 4.2.5 as well as the stratification in section 4.2.5. We also assess
the Ekman buoyancy flux in section 4.2.6, and finally conclude with a discussion
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Figure 4.5: Downes et al. (2015), examples of the September bias from the de Boyer
Montegut et al. (2004) dataset in CORE forced runs. Note the bias is measured
on the order of 100s of meters.
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in section 4.2.7.

4.2.1

Mixed Layer Depth definition

The MLD is estimated in a number of different ways in the literature. The MLD
is estimated using the impact on the stratification. As a shorthand, the seasonal
thermocline is often used, but this can be inappropriate in regions where changes in
salinity play an important role setting the stratification such as the higher latitudes.
In general, a threshold method is used to determine the extent of the mixed
layer. Here, we can use salinity, temperature or density, and commonly represents
time averages. Commonly used are Difference criteria (∆T ) from a surface value
are often used:
∆T = |Ts − Td |,
where T is the temperature, and s represents the surface and d the deeper values.
We can also assess the rate of change in a gradient criteria:
∂ρ
.
∂z
where ρ is the density and z is the depth. Usually either T or ρ are used as T
dominates the density in all but the high latitude ocean. The estimation of the
MLD is highly sensitive to the choice of criteria and surface value. Dong et al.
(2008) and de Boyer Montégut et al. (2004) suggest that a surface value taken at
20 m gives good results even in summer. Dong et al. (2008) estimated that this
gave precise MLD measurements in the Southern Ocean with 82% of the Argo
profiles used in the study. Figure 4.6 illustrates how the criterion chosen impacts
the MLD estimate. Furthermore, as Taylor and Ferrari (2010) point out, vertical
gradients in density can still persist in layers where the turbulent layer is seen to
have homogeneous potential vorticity (PV). This illustrates that we are introducing
potential ambiguities in the meaning of the MLD measured using a tracer gradient
criterion.
In NEMO, a density difference criterion of 0.01 kgm−3 is used in the online
calculations. Brainerd and Gregg (1995) and Thomson and Fine (2003) suggest
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Figure 4.6: Figure from Dong et al. (2008), with ρ (black) and T (gray), the dots
and circles indicate the MLD using the difference and gradient criteria respectively. It
illustrates the importance of selecting criteria appropriately.

this gives a more stable estimate of the MLD. The routine was written by S.
Masson and G. Madec and can be summarized as:
nmln(:,:) = mbkt(:,:) + 1

! Initialization to the number of w

ocean point
imld(:,:) = mbkt(:,:) + 1
DO jk = jpkm1, nlb10, -1

! from the bottom to nlb10

DO jj = 1, jpj
DO ji = 1, jpi
IF( rhop(ji,jj,jk) > rhop(ji,jj,nla10) + zrho_c )
nmln(ji,jj) = jk ! Mixed layer
IF( avt (ji,jj,jk) < zavt_c

)

imld(ji,jj) = jk

!

Turbocline
END DO
END DO
END DO
! depth of the mixing and mixed layers
DO jj = 1, jpj
DO ji = 1, jpi
iiki = imld(ji,jj)
iikn = nmln(ji,jj)
hmld (ji,jj) = fsdepw(ji,jj,iiki ) * tmask(ji,jj,1) !
Turbocline depth
hmlp (ji,jj) = fsdepw(ji,jj,iikn ) * tmask(ji,jj,1) ! Mixed
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layer depth
hmlpt(ji,jj) = fsdept(ji,jj,iikn-1)

! depth of

the last T-point inside the mixed layer
END DO
END DO
IF( .NOT.lk_offline ) THEN

! no need to output in offline

mode
CALL iom_put( "mldr10_1", hmlp ) ! mixed layer depth
CALL iom_put( "mldkz5" , hmld ) ! turbocline depth
ENDIF

Here the criterion zrho c is 0.01 kgm−3 . We start from the bottom and iterate
upwards, using a surface value from 10 m (nlb10 = 10m), to avoid the problem of
getting stuck in the surface crinkles of stratification as highlighted by Dong et al.
(2008).

4.2.2

ORCA1 and ORCA0083

Throughout our MLD analysis we focus on the Southern Ocean zonal asymmetry.
Thus, to display the MLD we chose January and September, as these are the
months where the shallowest and deepest MLD were found. In other analysis we
refer to the June value, this is due to our interest in the conditions present to
allow the development of the deep MLD in the Southern Ocean. However, results
presented are based on looking at all months as animations.
Using the 30 year timeseries, figure 4.7 shows the climatological MLD of September (end of winter, Southern Hemisphere). We do not exclude the first four years,
as the surface is thought to equilibrate and not drift. We see deeper mixed layers in
the Southern Hemisphere, and shoaling in the Northern Hemisphere, as we expect
from the changing seasonality of the surface forcing. We see a zonally asymmetric
pattern in the Southern Ocean, where the Atlantic sector of the ACC has shallow
mixed layers of around 130m, while in the Pacific sector depths can reach more
than 300m. We clearly see the Pacific-Antarctic Ridge, in the Pacific sector of the
Southern Ocean, as an area where the MLD is less deep. We see a shoaling asso83
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(a) ORCA1-N406

(b) ORCA025-N401

(c) ORCA0083-N001

Figure 4.7: MLD climatology for September using the criterion ∆ρ = 0.03kgm−3 as in
de Boyer Montégut et al. (2004) and Dong et al. (2008). Colour scale in m. Note broad
similarities, and see figure 4.8 for a comparison.
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ciated with the standing meander at the tip of South Africa as well as the Brazil
current and Zapiola region. The deeper regions of the MLD in the Southern Ocean
can be seen to be broadly associated with areas where the ACC is heading south.
Figure 4.7 illustrates that the NEMO resolutions have very similar MLD distributions in climatological September. However, we see that there are differences
in the expanse and structure associated with the deeper MLDs, as well as the
shallower MLDs around the equator. We see that the deep MLD region in the Pacific Southern Ocean sector has a similar northern expanse in all three resolutions.
Looking at the southern extent of the deep MLDs we see that differences can be
found in the areas where we see the Pacific-Antarctic Ridge and Southwest Indian
Ridge, and other areas of steep bathymetry. This is expressed as the shallow regions having more fine scale detail and extending further away from the ridges. We
also see that the Indian Ocean section in the Southern Ocean increasingly extends
its deep MLD region further south with resolution. Further, we see changes around
the Antarctic continent in the zonal means.
In figure 4.8 we show that the MLD becomes deeper with increasing resolution.
We see a very similar overall shape, with deeper MLD in the Southern Hemisphere
with a maximum around 50◦ S. In ORCA0083 we see that the latitudinal picture
is less patchy than in ORCA1 where we see a more noisy distribution of localized
spikes. We see this to a lesser extent in ORCA025. Overall, we see a tendency
for increased smoothness with increased resolution. This is due to the increased
number of points. The global average PDFs show that ORCA1 and ORCA025
track each other quite closely, with increased noise with deeper MLDs in ORCA1.
However, in the upper 50m we see that ORCA0083 has a tendency to prefer slightly
deeper MLDs, while ORCA0083 is less likely to have MLDs around 80 to 150m
than ORCA1 and ORCA025.
Figure 4.9 shows the climatology of MLD for January. Here we see deep MLDs
in the Northern Hemisphere, with the Atlantic sectors showing deep MLDs of over
300m. In the Pacific we see MLDs of around 150m, associated with currents like
the Kuroshio. The Gulf Stream produces a deepening of similar magnitude. The
GIN and Labrador seas are associated with deep MLDs, which also extend into
the Arctic Ocean. In both September and January we see a pattern around the
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Figure 4.8: The Probability Density Function for the MLD of climatological
September. The top three panels show the latitudinal PDFs, showing from the
top ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally
averaged PDFs. In all plots the x axis represents the bins, and all sum to one. The
bins represent MLD (m).
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(a) ORCA1-N406

(b) ORCA025-N401

(c) ORCA0083-N001

Figure 4.9: MLD climatology for January using a criterion ∆ρ = 0.03kgm−3 as in de
Boyer Montégut et al. (2004) and Dong et al. (2008). Color scale in m.
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Figure 4.10: The Probability Density Function for the MLD of climatological January. The top three panels show the latitudinal PDFs, showing from the top
ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally averaged PDFs. In all plots the x axis represents the bins, and all sum to one. The
bins represent MLD (m).
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equator, with the equatorial currents to the north and south having deeper MLD,
and the Equatorial Counter Current being more shallow.
In the January MLDs in figure 4.9 we see that there is increasingly fine scale
structure around the MLDs around the WBCs. The deeper MLDs in the Labrador
and GIN seas appear to spread southward over larger expanses. We also see an
increase in deeper MLDs in the Southern Ocean. We see that in the Northern
Hemisphere, ORCA1 produces deeper MLDs in the Pacific associated with the
Kuroshio, with its influence less smoothed out than in ORCA025 and ORCA0083.
In both June and January we see a pattern around the equator in ORCA0083,
with the equatorial currents to the north and south having deeper MLD, and the
Equatorial Counter Current being more shallow.
Figure 4.10 shows the PDFs associated with the climatological January MLDs.
We see that the deeper MLDs are clustered around the Northern Hemisphere, but
that a peak of deeper MLDs remains in the Southern Ocean region. We see a
tendency towards the deeper regions moving southward with increasing resolution.
We also see a tendency towards a smoother distribution with increasing resolution,
with ORCA1 being more noisy, with localised sharp peaks. We also see these
features in ORCA025, but with increasing numbers of points the distributions
become increasingly smoother. In the global average we see that ORCA0083 has
a slight tendency towards deeper MLDs. The three NEMO runs follow each other
closely until 75m, and after this ORCA025 and ORCA1 are quite close, while
ORCA0083 deviates slightly towards deeper values.

Averaging error (eddy correlation) and criterion caveats
The online calculation of the MLD in ORCA is unfortunately done with a ∆ρ = 0.01
kgm−3 criterion, while the available MLD observational datasets use a criterion of
∆ρ = 0.03 kgm−3 on the individual profiles (vertical sounding), before smoothing
and computing climatological datasets. Figures 4.7 and 4.9 were estimated from
5-day data using the criterion of ∆ρ = 0.03 kgm−3 . We know the MLD has a
fast response to perturbations, and thus we could have eddy correlation problems
where the 5-day averaging of the data leads to large biases. This is because the T
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and S fields we use to estimate the density can change rapidly, and we risk errors
associated with aliasing due to our 5-day averaging. We investigate the sensitivity
of the MLD to this change in criterion before we compare to the available datasets.
Figure 4.12 illustrates the difference in criterion. We focus on June, as this is
where more dramatic changes take place in the Southern Ocean. We have computed the MLD in ORCA0083 with the 0.01 kgm−3 density criterion for the 5-day
and monthly averaged data. Theoretically, we know the MLD should be similar,
but as Dong et al. (2008) demonstrates, the choice of criterion can produce large
discrepancies. Further, we arrive at different results if we estimate MLD online and
average in time, or if we estimate the MLD from the temporally averaged T and S
fields. Figure 4.11 shows the difference in the climatologies of the online and offline
data, both with a 0.01 kgm−3 criterion but different temporal averaging situations.
Figure 4.11a shows the difference between the monthly averaged climatology,
so here we have estimated the climatology of MLD from monthly averaged fields
using the 0.01 kgm−3 density criterion, and compare with the climatology of the
online monthly average. We see that there are large regions where errors in the
order of >50m are possible, with localized errors in order of 100m. Here, the offline
calculation is systematically shallower where we see larger biases. However, for the
smaller errors the direction of the bias is both positive and negative and on the
order of ±5m.
Figure 4.11b shows the difference between the 5-day averaged climatology, so as
above we have estimated the climatology of MLD from 5 day averaged fields using
the 0.01 kgm−3 density criterion, and compare with the climatology of the online
5 day average. We see that the error is around ±5m, with a maximum of around
15m in the Southern Ocean Pacific sector. In the Southern Hemisphere the bias
is largely negative, meaning the offline calculation is deeper, while the Northern
Hemisphere is shallower.
This is consistent with what we expect, as we know that the MLD can change
dramatically over the space of a month, and thus that we can expect larger eddy
correlation errors. However, as a result of this analysis, all MLD estimations use
the 5-day data.
Most of the observational data is estimated using a density criteria of 0.03
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(a) ORCA0083-N001, online-offline Monthly average
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(b) ORCA0083-N001, online-offline 5 day average

Figure 4.11: The averaging error (eddy correlation) due to online calculation vs. estimation after averaging. Note that the winter hemisphere is consistently negative. Colour
scale in m.
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(b) ORCA0083-N001, 0.03-0.01 kgm−3 5 day average

Figure 4.12:

Deminstrating the difference induced by changing the criterion in

ORCA0083 from 0.03 to 0.01 kgm−3 for monthly and 5 day averages. Figures are climatological averages and colour scale in m.

92

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

kgm−3 . This is not what is used in the online calculations in NEMO. In figure
4.12 we assess what the impact of using a different criterion is. Figure 4.12a shows
the difference in the MLD for climatology of the 0.01 and 0.03 kgm−3 criterion
estimated for the monthly data. We see large discrepancies in the Southern Ocean
on the order of 100m in the Pacific sector. Here the 0.01 kgm−3 criterion is systematically shallower, which we expect as we are assessing the density difference
from the surface.
Figure 4.12b is the difference in the MLD for climatology of the 0.01 and 0.03
kgm−3 criterion estimated for the 5 day data. Here, the errors increase relative to
figure 4.12a, which we expect from the noisier fields. We observe that the regions
of large discrepancies have increased, and some patches with discrepancies in the
order of 100m are appearing even in the Northern Hemisphere.
Figure 4.12 illustrates the importance of using a consistent criterion to estimate
the MLD. Thus, we arrive at a more consistent MLD comparison with observations
if we use the 5 day averaged fields to estimate the MLD using the 0.03 kgm−3
criterion. Throughout the MLD section we use the 5-day data to minimise the
eddy correlation error.

4.2.3

Observational data

To assess how well NEMO captures the MLD dynamics, we use available observational datasets of MLD. These both use the 0.03 kgm−3 criterion, and various
spatial and temporal averaging schemes. The data are given in terms of climatologies. Other MLD climatologies are also available in Monterey and Levitus (1997),
but due to the large uncertainties in MLD from WOCE we use de Boyer Montégut
et al. (2004). However, de Boyer Montégut et al. (2004) has large holes in the
Southern Ocean as historical estimates of salinity observations are sparse. Dong et
al. (2008) is based purely on Argo profiles, and therefore offers an improvement.
Here we use both de Boyer Montégut et al. (2004) and Dong et al. (2008).
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de Boyer Montégut et al. (2004): Global MLD
This dataset was produced by de Boyer Montégut et al. (2004)1 , and uses individual
profiles of the MLD, from which the global climatology is computed. Here the
MLD of interest is the seasonal one, and a mix of data sources was used. These
were hydrographic profiles from the National Oceanographic Data Center and the
World Ocean Circulation Experiment database, with a total of 4,490,571 original
profiles. These are a composite of 1941 to 2002, including Mechanical eXpendable
BathyThermograph (XBT), BathyThermograph (MBT), Profiling FLoats (PFL)
and Conductivity-Temperature-Depth (CTD). de Boyer Montégut et al. (2004)
highlight the difference in spatial coverage between the Northern and Southern
Hemisphere, with a lack of data in the Southern Ocean.
Figure 4.13 shows the climatological January and June MLD. We see a similar
pattern to that simulated in NEMO in figure 4.7 and 4.9, with deeper MLD in
January in the high latitudes in the Northern Hemisphere centred around the GIN
and Labrador seas.
In the January climatology of figure 4.13a, we see the imprint of the WBCs,
particularly the Gulf Stream. In the Southern Ocean we see the track of the ACC,
with two dots standing out. We choose to ignore these as spurious, as they do not
feature in the Dong et al. (2008) dataset focused on the Southern Ocean region.
Further, we mask out the land (grey) and ice (white) regions.
Figure 4.13b shows the June climatology of MLD. Here we see that the Northern
Hemisphere ice is much reduced, and the MLD has shoaled. In the Southern
Hemisphere we see the zonal asymmetry in the Southern Ocean.
Using bilinear interpolation, we regrid the NEMO data onto the de Boyer
Montégut et al. (2004) grid to have a fair comparison. Figure 4.14a shows the
January MLD. We see that the bias is within tens of meters. In ORCA1 we see
a negative and positive zonally consistent bias, suggesting that the position of the
ACC could be the cause of the bias. This is less prominent in ORCA0083 with
a predominantly negative bias which increases closer to the Antarctic continent.
1

Data available at:http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_

Depth.php
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(b) deBM, June

Figure 4.13: MLD climatology for January and June in de Boyer Montégut et al. (2004).
Using a 0.03 kgm−3 criterion, with missing data or ice in white and land in grey. Note
the deeper MLD in January in the Northern Hemisphere, and in June in the Southern
Hemishpere. Colour scale in m.
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Figure 4.14: The bias of the de Boyer Montégut et al. (2004) dataset and ORCA1 and
ORCA0083. Top for January and bottom for June, where we see that ORCA0083 is
consistently deeper in the Southern Ocean. Colour scale in m.
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We see a negative bias in the Northern Hemisphere in the WBC regions in both
ORCA1 and ORCA0083. Further, the Arctic has a poor fit, most likely due to
lack of data. Figure 4.14b shows the June MLD comparison. We see that the
Northern Hemisphere has a much smaller bias, mainly within 5m. The Southern
Ocean has an increasing negative bias, but is still largely within tens of meters. We
also see that ORCA1 develops a larger positive bias in the tropical Pacific. The
comparison is likely influenced by the differing timeseries that were used to build
the climatologies. We used the available NEMO data from 1978 to 2007, while de
Boyer Montégut et al. (2004) used a composite of 1941 through 2002.

Dong et al. (2008): Southern Ocean Argo MLD
The dataset from Dong et al. (2008) uses only Argo data, and is focused on the
Southern Ocean. Dong et al. (2008) suggest that the sparse data coverage in
the Southern Ocean could pose a problem for de Boyer Montégut et al. (2004).
Here, about 42,000 Argo profiles were used spanning the period from July 2001
to September 2006 with the Southern Ocean defined as the region 30◦ S-65◦ S, 0◦ E360◦ E. Most profiles were collected between 2004 to 2006, but all are with a quality
flag of 1 or 2, meaning good data and probably good data respectively.
Figures 4.15 and 4.16 illustrates a broadly similar distribution of MLD to figure
4.13. We see a relatively shallow MLD in January in figure 4.15, with some deeper
regions along the ACC path. In June, figure 4.16 shows the start of the deepening
in Austral winter, with the zonal asymmetry forming. We see that the errors also
increase in June, and follow the deeper MLD regions.
Figures 4.17 and 4.18 show the bias of the NEMO data from the Dong et al.
(2008) Argo observations. We put the NEMO data on the observational grid.
We see that the strong zonal pattern of a negative bias towards the Antarctic
continent and a positive bias to the north which we saw in figure 4.14 is much less
prominent. The NEMO data is largely within the error estimate from Argo. We see
that in January, figure 4.17 we see that ORCA1 is some tens of meters too shallow.
ORCA0083 is generally closer, with a mixture of a negative and positive bias. In
June, seen in figure 4.18, we see larger biases, but still within tens of meters. The
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Figure 4.15: MLD climatology for January in Dong et al. (2008). Using a ρ 0.03 kgm−3 .
Colour scale in m. Note the shallow MLD, with a slight tendency to deepen around the
ACC track.
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Figure 4.16: MLD climatology for June in Dong et al. (2008). Using a ρ 0.03 kgm−3 .
Colour scale in m. Note the deeper MLD compared to figure 4.15. These are centered
around where the ACC heads south. Further note that the associated errors increase
with the deepening of the MLD.

99

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

Figure 4.17: Figure highlighting the difference between the observational Argo dataset
and the NEMO based MLD in January. Colour scale in m. Note the relatively small bias
compared to figure 4.18.
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Figure 4.18: Figure highlighting the difference between the observational Argo dataset
and the NEMO based MLD in June. Colour scale in m. Note the relatively larger bias
compared to figure 4.17.
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patterns are quite different between ORCA1 and ORCA0083. Lastly, we see that
the Argo error has a very similar distribution to the bias seen in ORCA1.

4.2.4

PDF comparison

We investigate the difference between Dong et al. (2008) and de Boyer Montégut et
al. (2004) dataset and the NEMO simulations to assess the importance of changing
resolution on performance. We also assess changes in the NEMO simulations by
assessing differences in the PDFs. The method for looking at the PDFs is presented
in section 2.3.2. The PDFs reveal changes in the depth structures, highlighting
changes in the likelihood of MLD occurrences.
Figure 4.19b shows the MLD in Dong et al. (2008) and de Boyer Montégut et
al. (2004) for equivalent 30◦ S-65◦ S Southern Ocean regions. Red stars indicate
the depth levels. We see that the January Southern Ocean PDF has a similar
distribution, with Dong et al. (2008) showing slightly deeper depths, having a
broader PDF, while de Boyer Montégut et al. (2004) is more focused at the surface.
Figure 4.19b shows the September MLD in Dong et al. (2008) and de Boyer
Montégut et al. (2004) for equivalent Southern Ocean regions. Here we see the
much deeper MLDs associated with winter deepening, showing a much longer tailed
PDF. The mean has now increased and is found to be below 100m in both cases.
We see that the Dong et al. (2008) dataset appears to have a smoother distribution.
This difference in smoothing could be due to the datasets being produced using
different data and the spatio-temporal smoothing methods used.
In figure 4.19a we show the January MLD PDF for the ORCA1 and ORCA0083
runs. We see that the skewness of the distributions are already quite different,
while the means are similar. ORCA0083 tending towards deeper depths. Figure
4.19a shows the equivalent plot for September. We see the long-tail distribution
again, indicating that we have deep MLDs. The mean MLD has increased and for
both ORCA1 and ORCA0083 the distribution is no longer centred in the surface
levels. Further, we see that the mean of ORCA0083 is significantly deeper than
ORCA1.
Comparing the NEMO and observational data we broadly see the same features,

102

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

0

Maike Sonnewald

Southern Ocean MLD PDF, Clim

MLD (m)

100
200
300

ORCA1 Jan
ORCA1 Sept
ORCA12 Jan
ORCA12 Sept

400

500
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
Probability
(a) Model data

0

Southern Ocean MLD PDF, Clim

MLD (m)

100
200
300

Argo Jan
Argo Sept
deBM Jan
deBM Sept

400

500
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
Probability
(b) Observational data

Figure 4.19: Probability distribution functions of MLD (m) for the ORCA1, ORCA0083,
ARGO and beBM datasets for Dong et al. (2008) equivalent regions. Red stars show the
depth levels. Figure 4.19a shows ORCA1 and ORCA0083 for January and September,
while figure 4.19b shows the ARGO and beBM datasets for January and September.
Note the good agreement between the observational data, while a deepening is seen in
the model data increasing resolution.
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with a tendency towards deeper MLDs in Austral winter. We also see that the
NEMO simulations fail to represent the smoother nature of the MLD structure in
winter, keeping a sharply peaked structure and not the smoothly domed structure
we see in the observational data.

4.2.5

Causes of zonal asymmetry in MLD patterns

One of the most striking features we observe is the zonally asymmetric deepening of
winter MLD in the Southern Ocean. We go on to investigate this feature looking
at the surface forcing as well as the stratification in the region, assessing their
potential for creating the observed features using the 1D PWP model (Price et
al., 1986). To do this, we choose two regions which are representative of the deep
and shallow MLD regions shown in figure 4.21 where the deep region is 112-77◦ S
64-52◦ W and the shallow is 52-38◦ S and 12◦ W to 12◦ E. Here the Pacific patch is
the deep region close to the Amundsen Sea, while the Atlantic patch is located
within the shallow MLD region adjacent to the Aghulas region.
Forcing data
The surface forcing is derived from the model, and is described in section 2. We
estimate the associated model surface buoyancy forcing (M BF ) as:

M BF = −gαQ0 /ρcp + gβ(E − P )S0 .

(4.6)

Here the first term on the right is the thermal buoyancy forcing (TBF), and the
second the haline buoyancy forcing (HBF), for E − P we use the “sowaflcd” variable which represents the concentration/dilution flux. The g is the gravitational
acceleration, Q0 is the air-sea heat flux, cp is the specific heat capacity and S0 is the
surface salinity. We estimate the thermal expansion (α) and haline (β) contraction
coefficient using an equation of state consistent with that used in NEMO. Figures
4.22 and 4.23 illustrate the terms’ magnitude over the Southern Ocean. We see
that the TBF is much stronger that the HBF. As we would expect due to the strong
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Figure 4.20: Illustration of location of patches used to force the PWP model. The Pacific
patch is the deep patch (112-77◦ S 64-52◦ W), while the Atlantic patch is the shallow patch
(52-38◦ S and 12◦ W to 12◦ E).
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interaction between wind stress, surface fluxes and currents, this is seen to follow
the path of the ACC, flowing southwards across the Pacific, veering North after
the Drake Passage. The TBF is consistently seen to be removing heat, also in the
Atlantic sector. The HBF is seen as a term that both removes and adds buoyancy.
We see a generally negative HBF tendency over the deep MLD areas.
To assess the cause of the deep mixed layers, the stratification present at the
onset of stronger surface forcing associated with winter is important, as this sets the
energy barrier the winter storms must overcome to mix waters down. Advection
of properties plays a significant role in setting the stratification, and maintaining
the energy barrier the local buoyancy forcing acts against.
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Figure 4.21: We illustrate changes in forcing and stratification using meridional slices. The while lines illustrate the location of the slices. The
while line in the Pacific sector of the Southern Ocean (98◦ W) shows the East Amundsen deep MLD, while the slice in the Atlantic sector (30◦ E) off
the coast of Africs shows the Agulhas shallow MLD area.
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Figure 4.22: The haline (HBF, W m−2 ) buoyancy flux in the Southern Ocean for climatological start of Austral winter in June. Compare with

black contours show the MLD (m), illustrating the deep MLD in the Pacific sector and shallow Atlantic sector. Note that we do not see a striking
difference in the fluxes to account for the 100s of meters difference in MLD.
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the thermal buoyancy flux (figure 4.23). We illustrate the terms with the same colorbar, as they contribute equally to the MBF (W m−2 ). The
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Figure 4.23: The thermal (TBF, W m−2 ) buoyancy flux in the Southern Ocean for climatological start of Austral winter in June. Compare with

contours show the MLD (m), illustrating the deep MLD in the Pacific sector and shallow Atlantic sector. Note that we do not see a striking difference
in the fluxes to account for the 100s of meters difference in MLD.
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the haline buoyancy flux (figure 4.22). We illustrate the terms with the same colorbar, as they contribute equally to the MBF (W m−2 ). The black
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Stratification
Deep area: Amundsen
A region of deep MLD is found in the Amundsen Sea. Figure 4.24a shows a
meridional slice (98◦ W) of climatological September for temperature and salinity.
In both plots thin contours denote isopycnals whereas bold contours show the
MLD. We see the mode water as a lens of water at a density of ∼ 27kgm−3 . We see
isopycnals outcropping at the surface, with a layer (lens) of warm and salty water
forming a lid at the surface at 40◦ S. The mode water is sandwiched between more
saline waters. We see that the deep MLDs are centred around the areas where
the isopycnals outcrop, particularly adjacent to the lens of lighter waters. To the
south, we see that the MLD moves closer to the surface where we see the ice edge.
Figure 4.24b shows meridional and zonal velocities for climatological September
for the Amundsen Sea region with deep MLD. The contours show the climatological
isopycnals, while the thick contour shows the climatological MLD. We see that
the zonal velocity is stronger overall than the meridional, as we expect from the
zonal nature of the ACC. The flow is seen to be strongly barotropic, overlaid with
a baroclinic, surface intensified component. The strong velocities coincide with
regions where the isopycnals are steep and outcrop, and we can see that particularly
the zonal velocities correspond well to the isopycnals. We see that the deep MLD
extend northward beyond the region directly associated with the ACC. The noisy
structure in the climatological mean is interesting, and illustrates the persistence
of eddy features.
Figure 4.25 shows the climatological buoyancy forcing and the ice extent. We
also show the Ekman buoyancy forcing (EBF), see section 4.2.6 for a description.
We see the deep MLD were from 65 to 50◦ S, and we see that the TBF is much
larger than the HBF or the EBF. There are two areas of higher TBF peaking at
60 and 35◦ S, with the southern one coinciding with the deeper MLD. We see an
increase in the EBF over the region with deeper MLD as well, but the HBF stays
small. Further, we see that the ice extent is small over the region of deeper MLD.
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(a) ORCA0083-N01, temperature and salinity

(b) ORCA0083-N01, meridional and zonal velocity

Figure 4.24: For the deep MLD section in the Amundsen Sea region (98◦ W) we show a
meridional slice through the deep region of climatological September of 4.24a) temperature (left) and salinity (right). 4.24b) meridional (left) and zonal (right) velocity. Thin
contours are isopycnals, while the MLD is the thick contour.
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Figure 4.25: The buoyancy flux for the deep MLD area in the Pacific sector (98◦ W). The plot is for the area equivalent to the sections in figure
4.24, with the sharp red line indicating the Antarctic continent. The ice thickness is dark red (ice covered) over Antarctica and moves towards blue
(no ice) to the north.
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Shallow area: Aghulas
In figure 4.26 we see the meridional sections (30◦ E) of the shallow patch for
temperature and salinity. The bathymetry shows Antarctica to the left and right
we see South Africa. We see that there is a strong influence of the Aghulas leakage.
We see warm temperatures and increased salinity. In the salinity we see a lens
of fresher water on the surface just north of Antarctica. This is subducted as we
look north in the shape of a freshened tongue displaced down by the very warm
and buoyant Aghulas leakage. This is in line with the MLD distribution, with the
MLD hugging the extent of the fresh lens at the surface. As this is subducted
around 50◦ S we see slightly deeper MLD, but a cap of warmer temperature keeps
the isopycnals horizontal.
Figure 4.26b shows the climatological meridional and zonal velocities in September for the Aghulas region with shallow MLD. The contours show the climatological
isopycnals, while the thick contour shows the climatological MLD as in figure 4.26a.
As in figure 4.24b we see a strongly barotropic structure, with surface intensified
flow. The zonal velocities are strongly eastwards, specifically between 35 and 55◦ S,
and the large regions of strong velocity coincide with the regions of strongly sloping
isopycnals. We see that these regions of strongly sloping isopycnals also correspond
to a strong meridional flow. Further, we see the Aghulas leakage as a westwards
moving current hugging the coast of South Africa, with associated isopycnals sloping up.
Figure 4.27 shows the climatological September buoyancy forcing for the shallow
meridional transect. Here we see a stark contrast to figure 4.25 in that both the
haline and Ekman buoyancy forcing are active, but both are still small compared
to the TBF which is much larger than in the deep region, particularly over the
Aghulas region. Further, we see that a cover of ice cannot account for the shallow
MLD.
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(a) ORCA0083-N01, temperature and salinity

(b) ORCA0083-N01, meridional and zonal velocity

Figure 4.26: For the deep MLD section in the Aghulas region (30◦ E) we show a meridional slice through the shallow region of climatological September of 4.26a) temperature
(left) and salinity (right). 4.26b) meridional (left) and zonal (right) velocity. Thin contours are climatological isopycnals, while the climatological MLD is the thick contour.
We see Antarctica to the left and South Africa to the right in each plot.
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Figure 4.27: The buoyancy flux for the shallow MLD area in the Aghulas region (30◦ E). The plot is for the area equivalent to the sections in figure
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To highlight the change in stratification, figure 4.28 shows the climatological
September average of temperature and salinity over the deep and shallow patch.
Here, we see that the difference in the stratification highlighted as the shallow
patch is seen to have a strong kink in its profiles, while the deep region is much
more smoothly changing.
ORCA1 deep and shallow Southern Ocean MLD
Figure 4.29 illustrates that we see a very similar picture in ORCA1. We do not
show all figures for ORCA1 of the MBF, as these are very similar to ORCA0083.
However, we have performed the same analysis for ORCA1.

1D model: Price Weller Pinkel, 1986
Assessing the stratification and surface forcing we see that the shallow and deep
patch appear to be strikingly different regions, although both are within the Southern Ocean. The MLD is set by the interactions of the surface forcing and stratification, governed by physical principles. The physical mechanisms that are active to
set the MLD happen on a range of scales, and cannot easily be represented. However, the overarching properties of stability set by gravity, shear flow and the inherent stability in the mixed layer were used in the Price et al. (1986) model (PWP
hereafter). This model represents a 1D column used to estimate the variability of
the mixed layer. Figure 4.30 illustrates how the PWP model takes a stratification
profile, and runs with a prescribed surface forcing to produce the MLD evolution.
We use this to assess the difference in the shallow and deep patches, investigating
which aspects of the forcing have which effect.
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Figure 4.28: The stratification profiles of temperature (◦ C, top x-axis) and salinity
(lower x-axis) for the deep (stars) and shallow (solid) areas. Note the sharp change
in surface features for the shallow region, while the deep region has a much smoother
transition.
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(a) ORCA1-N406, temperature (left) and salinity (right) for the deep region

(b) ORCA1-N406, temperature (left) and salinity (right) for the shallow region

Figure 4.29: The stratification from climatological August plots for ORCA1 from the
deep (bottom: East Amundsen) and shallow (top: Agulhas). We see that this is very
similar to ORCA0083.
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Figure 4.30: Schematic illustrating the PWP model. A 1D column of water has its
initial stratification prescribed, and is run with prescribed surface forcing according to
the stability criteria.

The PWP model is based on mixing based on three stability criteria:

Static stability
∂ρ
≥ 0,
∂z
mixed layer stability

Rb =

g∆ρh
≥ 0.65,
ρ0 (∆V )2

and shear flow stability below the mixed layer

Rg =

g∂ρ/∂z
≥ 0.25.
ρ0 (∂V /∂z)2

Here, the static stability criterion mixes properties down until the water column
is sorted after increasing density. The mixed layer stability is set by the bulk
Richardson number (Rb ), this relates the vertical stability to the vertical shear
at the base of the mixed layer. The V is the velocity, which is primarily set by
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the surface wind forcing, with ∆() being the difference between mixed layer and
the layer just beneath. Note that this is dependent on the velocity (V ) which is
input from the surface wind forcing. The shear flow stability is set by the gradient
Richardson number (Rg ), which assesses the rate of the production/destruction of
buoyant to shear turbulence.
We adjusted the irradiation profile, of how the light decays with depth, to correspond to that in NEMO. The model interpolates the depths to a vertical resolution
of 1m.
PWP results
Figure 4.31 illustrates the PWP MLD profiles after initializing and forcing the
1D model with data from the deep and shallow patches in ORCA0083; forcing
is 5-day means for 1982. Figure 4.31a shows the deep patch. We see the MLD
estimate from the same area as the green line, and the PWP model run with the
full forcing is the black. We see that the PWP and ORCA0083 MLDs follow each
other closely, reaching depths of 450m. PWP starts to restratify slightly before
ORCA0083, but both come back up to the same depth around 75m. We see that
PWP is less smooth than ORCA0083. The yellow line shows the effect of removing
the evaporation-precipitation (E-P) forcing. We see that this has little impact on
the deepening of the MLD, but when we restratify we see that the E-P fluxes act
to keep the MLD slightly deeper. The red line illustrates the effect of having no
heat flux (Q). We see that there is a slight and gradual deepening of 80m over
Austral winter, but after this the MLD does not restratify properly. The lack of Q
forcing also affects the density, making the triggering of the criteria less likely. The
PWP run with no Q forcing highlights the importance of this forcing, where we see
that we cannot deepen the MLD or re-stratify without it. The blue line illustrates
the effect of having no wind forcing. This highlights the effect of the wind and
the mixed layer and shear flow stability criteria that rely on wind induced velocity.
Here, we have no “mixed layer stability” and “shear flow stability” mixing, and only
consider the static stability. This again illustrated that the Q forcing is essential for
the deepening of the MLD, which is able to happen using only the static stability.
The sharp restratification is surprising, but arises from the situation where Q is
greater than 0, meaning no MLD.
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Figure 4.31b is as in figure 4.31a, but using forcing data from the shallow area.
We see that the MLD does not go much below 100m, and the PWP and ORCA0083
models track each other quite closely. The PWP model is again less smooth than
ORCA0083. Here, the E-P forcing acts to make the MLD more shallow, and
removing the E-P flux is seen to deepen the MLD by 30m following the Austral
winter. The Q-flux can again be seen to facilitate the re-stratification of the MLD.
We see that the wind forcing is not important for the deepening of the MLD, but
again see a surprisingly sharp re-stratification in its absence.
To highlight the importance of the initial stratification profile, we show the
effect of swapping these in the PWP model in figure 4.32. Figure 4.27 and 4.25
illustrate that the forcing associated with the two patches cannot fully account for
the dynamics we see, and we see that the buoyancy forcing found over the shallow
patch is more intense than over the deep patch. Figure 4.32a shows the forcing
from the shallow patch run with the stratification profile from the deep patch. We
see that the MLD deepens more readily than in figure 4.31a, and overall the MLD
profiles of the full PWP and ORCA0083 are seen to be comparable. Figure 4.32a
highlights the potential effect of the more intense E-P fluxes. We see that the E-P
fluxed add to the deepening, and prevent the restratification. In Austral summer
they lead to shallower MLDs. The lack of a Q flux can again be seen to cause a
deepening of only ˜80m, but here we re-stratify in Austral summer. The wind can
be seen to lead to a lack of MLDs in Austral summer.
Figure 4.32b illustrates that using the forcing from the deep area, but the stratification profile from the shallow patch, we still see consistently shallow MLDs.
Here the PWP forcing has some difficulty re-stratifying, which we could contribute
to the change in the E-P flux. The Q flux is seen to have little effect, while the
wind forcing is again seen to be important for keeping a MLD in the absence to
the strong winter fluxes.
Figure 4.33 illustrates the same set of PWP model experiments as shown in
figure 4.31, using forcing and stratification profiles from ORCA1-N406.
From the results of the PWP model we see that the advection that acts to set up
the stratification profile is hugely important to the resultant MLD variability. It is
the major difference between the deep and shallow regions we see in the Southern
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(a) ORCA0083-N01, PWP deep patch

(b) ORCA0083-N01, PWP shallow patch

Figure 4.31: Figure showing a set of experiments with ORCA0083-N01 data forcing the
PWP model started with June (Winter) conditions. In figure 4.31a a patch where MLD
is deep in the Southern Ocean was chosen, while figure 4.31b shows an equivalent set of
experiments for a shallow patch. Forcing is 5-day means for 1982.
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(a) ORCA0083-N01, PWP deep patch

(b) ORCA0083-N01, PWP shallow patch

Figure 4.32: Figure showing experiments with ORCA0083 forcing swapping stratification profiles to illustrate the MLD dynamics the energy barrier posed by stratification has
on the PWP model started with June (Winter) conditions. In figure 4.32a stratification
where MLD is deep in the Southern Ocean is used, with surface forcing from the shallow
patch. This is swapped in figure 4.32b.
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(a) ORCA1-N406, PWP deep patch

(b) ORCA1-N406, PWP shallow patch

Figure 4.33: Figure showing a set of experiments with ORCA1-N406 data forcing the
PWP model started with June (Winter) conditions. To the left a patch where MLD is
deep in the Southern Ocean was chosen, and to the right is an equivalent shallow patch.
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Ocean. Further, we see that the freshwater lens and ice cover are not influential in
setting the stratification, while the advection is central. This is apparent from the
importance of the stratification profile which is set up by the advective processes
and is complimentary to Lee et al. (2007) who discuss the advection of stratification.
We highlight this by reproducting the MLD extent when the fluxes are swapped
around. We see that this is the case from high resolution ORCA0083 to low in
ORCA1.

4.2.6

Ekman buoyancy flux

For Marshall et al. (1993); Nurser and Marshall (1991) we see that the buoyancy
contribution of the surface wind is added to the surface heat fluxes. This is referred
to as the Ekman buoyancy flux (EBF), and is the gain/loss in buoyancy associated
with the wind being aligned with fronts. Here the wind induced transport carries
waters with different buoyancy properties across the front, creating a buoyancy
flux as illustrated in figure 4.34. We estimate the EBF as:

EBF = −TEk · ∇h b,

(4.7)

where TEk is the Ekman transport,
TEk = (

τy −τx
,
),
ρf ρf

(4.8)

and the buoyancy b is estimated as:
b = −gρ/ρ0 .

(4.9)

The EBF term is interesting because we know that the winds are quite strong
in the Southern Ocean. We further observe that when increasing the resolution
in NEMO we see an increased number of fronts. This could indicate that the
combination could lead to an enhanced EBF with resolution. This is therefore an
interesting quantity to compare between the NEMO runs.
Figure 4.35 illustrated the EBF in ORCA0083-N01 for climatological March and
September. We see that areas where fronts outcrop are regions of larger EBF such
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Figure 4.34: A sketch illustrating the buoyancy flux associated with the wind (MEk )
pushing over fronts in terms of the Ekman driven buoyancy flux (EBF ). The colour of
the arrows indicates the direction of the transfer, with the lighter (buoyancy increase)
water being transferred from right to left etc.

as the ACC, and WBC regions. We see the East Greenland current as well as other
coastal features such as off the Horn of Africa and in the South Caribbean. The
Equatorial region is seen as a strong feature migrating North and South with the
seasons. A striking feature here is the lack of seasonality in the Southern Ocean.
We see a strengthening in areas such as the sector West of Australia, but overall,
the seasonality that is clearly present in the Northern Hemisphere is absent.
Figure 4.36 shows the monthly/5-day mean. We see that we have the EBF distributed over wider areas in ORCA1, while it is much more patchy having negative
and positive areas outlining fronts in ORCA0083.
Figure 4.37 highlights the September Southern Ocean region based on a 5-day
mean of the EBF (colours, W m−2 ) and the MLD (contours) there to highlight the
deep region in the Pacific sector and Indian Ocean sector. We highlight the deep
regions of MLD in the Pacific sector. We see that the MLD contours coincide with
the EBF, but not more intense over the regions of very deep MLD. We notice that
the regions of higher EBF tend to be on the southern area of larger MLDs, and we
also note that the largest MLDs are not necessarily co-located with large values for
EBF.
Together with figure 4.35, figure 4.37 highlights that the EBF cannot account for
the MLD variations. The EBF does not have a seasonality of sufficient magnitude
in the Southern Ocean, and since it would be important locally we observe that it
is not active in the regions of deepest MLDs.
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(a) ORCA0083-N01, EBF climatological March
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(b) ORCA0083-N01, EBF climatological September

Figure 4.35: The EBF (W m−2 ) for climatological March (figure 4.35a) and September
(figure 4.35b) in ORCA0083-N01. Note the lack of a strong seasonal cycle in the Southern
Ocean.

127

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

(a) ORCA0083-N01, September 18th 5-day average 2007
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(b) ORCA1-N403, EBF September 2007

Figure 4.36: The EBF (W m−2 ) for a five day average ORCA0083-N01 and a monthly
average ORCA1-N403. Note the difference in colourscale.
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September 2007. Note that the region in the Pacific sector we have seen has the deepest MLDs is not associated with especially strong EBFs.

Figure 4.37: Figure illustrating the ORCA0083 MLD (black contours) and EBF () in the Southern Ocean for the 5-day average around the 18th
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Figure 4.38: The impact of the EBF on the TBF and HBF in 1982 for the deep region
in the Pacific sector.

Ekman buoyancy flux in PWP
To assess the impact of the EBF we incorporate this into the fields from ORCA0083
we have used to run the PWP model. We add this to the associated 5-day TBF
and the HBF according to:

BF = T BF +

τy δT
cp ρ 0 ,
ρ0 f δx

(4.10)

BF = HBF +

τx δS
cp ρ 0 .
ρ0 f δx

(4.11)

Figure 4.38 illustrates the change in the HBF and HBF with and without the
EBF contribution. We see that the TBF is positive, while the HBF can be either
negative or positive. For the HBF we see that the EBF largely adds a positive
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contribution, but this seems stronger in ORCA1 than in ORCA0083. For the
TBF, the EBF is also a positive contribution, with some exceptions in Austral
winter. We see that ORCA1 seems less smooth than ORCA0083, and largely that
the EBF has a slightly higher influence.
The appearance that ORCA0083 has a smaller EBF influence than ORCA1
seems surprising, but could be due to a more persistent frontal structure in ORCA1.
Figure 4.37 highlights that there is a positive and negative EBF influence in
ORCA0083, while figure 4.36b illustrates that ORCA1 has a more consistent sign.
The mean effect could therefore be larger in ORCA1, even though we have more
EBF in ORCA0083 in the absolute sense.

4.2.7

Summary

We have seen that the NEMO model is well suited to reproduce the MLD we see in
observations. We have seen a slight tendency in ORCA0083 towards deeper MLDs,
with ORCA025 and ORCA1 having more similar PDFs than ORCA0083, but we
have seen that this difference is within the observational error based on the Argo
derived Southern Ocean climatology from Dong et al. (2008). This similarity in
MLD with a bias on the order of tens of meters is in contrast to the large biases
presented by Downes et al. (2010) where a bias of hundreds of meters was seen.
The similarity in MLD between the NEMO resolutions could be attributed to
using the same vertical resolution and the same vertical mixing scheme as described
in section 2.4. However, the ORCA1 and ORCA025 runs following each other
closely is most likely due to not resolving eddy features.

4.3

Steric height variability in NEMO

The link from the sea surface and MLD to the bottom must happen through the
interior of the water column. This can either take place in a barotropic fashion,
or through baroclinic interactions. We see that an important feature that higher
resolution allows, is a richer baroclinic field which starts to resolve eddies. To
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investigate this, we assess the change in the baroclinic variability using the steric
height variability as a proxy.
The height of the water column is a complex product of the properties of the
water between the surface and the sea floor. At the sea floor, the bottom pressure
(pb ) of the water column reflects the weight of the water directly above, but because
different water mass densities have different volumes this is not directly correlated
to the surface sea surface height (SSH, η). In this manner, while instantaneous
snapshots of steric height and SSH are very similar, the variance associated with
the fields reveal interesting differences. As formulated by Gill and Niiler (1973),
we can write η as:

η=

1
(pb − pa ) + SH,
ρ0 g

(4.12)

where SH is the steric height, pa is the pressure at the atmosphere, and the pb is
given by:

Z

η

ρgdz.

pb = pa +

(4.13)

−H

Here dz is the thickness of the grid point, H is the depth of the water column
including the SSH, ρ0 is the reference density and g is the gravitational constant
(g= 9.81m2 s−1 ). Equation 4.12 illustrates the expression of η as a product of the
pb and the steric contributions and we can be assessed writing:

pb
=g
ρ0

Z

0

−H

ρ0 − ρ
pa
dz + gη + ,
ρ0
ρ0

(4.14)

where the SH is identified as:

Z

0

SH =
−H

ρ0 − ρ
dz.
ρ0

(4.15)

The steric height of a water column illustrates to what extent it deviates from a
reference state determined by the pressure. In the ocean, the steric effect is a result
of the volume changes with temperature and salinity2 .
2

These arise from the cost in energy associated with changes in overlapping electron clouds
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The ρ0 and the insitu ρ were calculated using the python seawater-1.1 package which uses the UNESCO’s joint panel on oceanographic tables and standards,
UNESCO 1981. For subsequent calculations we use the simplification offered by
Jackett and McDougall (1995). This means that we use the Boussinesq Approximation, assuming the seawater is incompressible. However, for the SH calculations
we have used the UNESCO EoS which does allow for the effects of compressibility.
However, this effect is assumed to be small (pers. com Dr. Joanne Williams). In
this manner we calculate the density according to:
ρ = density(S, T, p),

(4.16)

ρ0 = density(35.0, 0, 0),

(4.17)

where S refers to the grid point salinity and T refers to the temperature and p to
the pressure. The T, p and S are output as average values in the center of a grid
cell. Thus the steric height of the water column is calculated as the full depth sum
of the contributions of the individual grid points in the water column.
The steric height is interesting because it can reveal where baroclinic as well
as barotropic components of the ocean flow are important as illustrated in figure
4.39. These are the result of vertical gradients in the density, and often result from
isopycnal mixing (or mixing along equal lines of density), and often occur in regions
of strong eddy energy as Ponte (2012) describes. This feature is often included in
ocean models using the Gent-McWilliams (GM) parameterization scheme. However, the SH can also reflect static changes in the height of the water column. In
this sense, we look at the SH as well as the sea surface height (SSH) and the bottom pressure to assess sources of variability. The SH is investigated in terms of the
source of variability in the surface or deep ocean, as well as the degree to which
these covary. This illustrates areas where the baroclinic activity is significant, and
where these can potentially act to directly communicate stresses from the surface
to the deep. Figure 4.39 is a sketch illustrating the possible causes of SH variability.
when molecules are brought close together (Pauli or Born repulsion, Housecroft and Sharpe
(2008)), affecting their reactivity and importantly their preferred shape
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(a) Vertical heaving

(b) Horizontal meandering

Figure 4.39: Schematic illustrating possible causes of steric variability. Examples for
vertical heaving include the Weddell gyre, while horizontal meandering can be seen in
systems like the ACC.
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Figure 4.40: ORCA1-N406 full depth steric height (m), May 2007. Note that we
can clearly see the bathymetric features.
Steric height in NEMO
To illustrate the SH, snapshots from May 2007 in ORCA1 are shown below.
Full depth
The full depth steric height is calculated as the sum of all grid points in the
water column that are not land. The bathymetry is visible in figure 1a as regions
of relatively low (shallow) or high (deep regions) steric height. We clearly see the
ridges outlined, as well as the shelf and deeper regions such as around the North
Pacific.
The shallow steric height is calculated as the sum of grid points shallower than
2000 m that are not land. Here, the impact of bathymetry deeper than 2000 m
is not visible, but the ocean gyres can be picked out and an increase from the
equator to the subtropics is visible. We see a sharp change in the Southern Ocean,
where the boundary of the ACC shows us the transition between the different water
masses.
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Figure 4.41: ORCA1-N406. Shallow (<2000 m) steric height, May 2007.
The deep steric height is calculated as the sum of grid points deeper than 2000 m
that are not land. Here the deep bathymetry is clearly visible, but regions shallower
than 2000 m are not included. The same general increase in the deeper regions
around the equator and subtropics is observed. We see that the ridges are visible
here, as well as many bathymetric features. The transition in the Southern Ocean
is less sharp, and we see an intrusion of higher SH in the Pacific Sector.
Steric height variability in NEMO
The strong influence of the depth on the steric height is a disadvantage when using
it to diagnose the baroclinic component of the flow. Thus we choose to look at the
variability of the steric height. Before doing this though, we remove the seasonal
signal by subtracting the climatological year as the mean of each available month.
The standard deviation (StD) is calculated according to:

s
StD =

PN

n=0 (SHn

N
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Figure 4.42: ORCA1-N406. Deep (>2000 m) steric height, May 2007. Note that
we see the bathymetric features here.

PN
M=

SHn
,
N

n=0

(4.19)

where N is the time and SH is the steric height calculated as the sum over the
depth considered, and M is the mean. The format of the data makes calculating
the StD a little difficult, due to the very large quantity of data. Thus we adopt
Welford’s method for calculating StD iteratively. This is mathematically equivalent
to the above, but makes the calculation feasible with the computational resources
at hand.

Full depth
The full depth steric height variability is calculated as the sum of all grid points in
the water column that are not land, seen in figure 4.43. The plots illustrate that
ORCA1 has much less variability, but ORCA025 and ORCA0083 look qualitatively
similar. The WBCs and their extentions are visible, as is the ACC. We can still
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see higher variability in the WBCs in ORCA1, but much weaker than in the higher
resolutions. However, we do not see a weaker signal we can clearly associate with
the ACC. This is clearly visible in ORCA025 and ORCA0083, with bands of higher
SH variability along the track we know the ACC flows along. These are associated
with the eddy activity that the ACC spins off. We clearly see the Zapiola region
as well as the standing meander off the tip of South Africa. However, we see that
these features appear sharper in ORCA0083. This is similar for the WBCs. We
also see that the path of the Gulf Stream seems to change, with the ORCA0083
run separating earlier while ORCA025 hugs the coast and is more spread out. We
also see a feature in the Labrador Sea in ORCA025 which is absent in ORCA1 and
ORCA0083.
Figure 4.44 shows the PDF of the steric height variance in ORCA1, ORCA025
and ORCA0083. We confirm the general increase in steric height variance with
increasing resolution seen in figure 4.43. Adding a concrete and comparable confirmation where we see that ORCA0083 generally has higher steric height covariance,
with particularily high values in the ACC, subtropics and midlatitudes. The resolutions have increasingly long-tailed distributions, with the median moving towards
higher values for the global average. ORCA1 is more intermittent, and has more
steric height variance centered on the equatorial and subtropical regions, most
likely due to the increase in resolution in this region. This is not unexpected, as
the grid resolution increases to 1/3◦ here allowing more finescale variability which
causes steric variability.

Shallow, <2000 m
The shallow (<2000 m) steric height variability is calculated as the sum of all grid
points in the water column that are not land and less than 2000 m deep. Figure
4.45 is similar to figure 4.43 above for the full depth water column. We see that
the ORCA025 feature in the Labrador Sea is less strong, but overall, most of the
striking features in the full depth SH can be attributed to the upper ocean.
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(a) ORCA1-N406

ORCA025-N401 steric height, detrended
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(b) ORCA025-N401

ORCA0083-N01 steric height, detrended
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(c) ORCA0083-N01

Figure 4.43: The steric height (m) StD of the full depth, detrended and deseasoned
NEMO data. Note the increase in variance, shown by an increase in the red,
associated with regions of strong eddy activity.
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Figure 4.44: The PDF of the StD steric height bins (m) in the detrended and
deseasoned NEMO data from figure 4.43. The top three panels show the latitudinal
PDFs, showing from the top ORCA1, ORCA025 and ORCA0083. The bottom
figure shows the globally averaged PDFs. In all plots the x axis represents the
bins, and all sum to one.
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(a) ORCA1-N406

(b) ORCA025-N401

(c) ORCA0083-N01

Figure 4.45: The steric height (m) StD of the shallow water (<2000 m). Note the
similarity to figure 4.43 showing the full depth SH StD.
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Deep, > 2000 m
The deep (>2000 m) steric height variability is calculated as the sum of all grid
points in the water column that are not land and more than 2000 m deep, seen in
figure 4.46. Overall the variability here is much less than in the shallower water. We
see again that ORCA1 has less variability. ORCA025 and ORCA0083 show larger
variability in the ACC region as well as some WBC regions such as the Gulf Stream.
A streak in the equatorial Pacific is visible in ORCA025 and ORCA0083. The
patterns in ORCA025 and ORCA0083 are similar, but ORCA025 is seen to have a
generally stronger and more spread out influence. This is visible in most regions,
and particularily seen in the Zapiola, Larbrdor Sea and Gulf Stream regions.
Deep to shallow ratio
The deep (>2000 m) to shallow (<2000 m) ratio of the steric height variability
illustrated in figure 4.47 demonstrates the regions where the deep variability has
a larger impact on the overall steric height than the shallow. We can see that
the numbers here are comparable between the three resolutions, and all center
around the Southern Ocean, with some small exceptions in the GIN seas, Northern
Kuroshio and the upwelling regions around Peru. However, the dominant signals
come from the East Weddell Gyre and the Dumont d’Urville Sea, in the east of
the Indian Ocean sector of the Southern Ocean, as well as the Ross Sea/Amundsen
Abyssal Plain region (between the Drake Passage and Australia). We see the
influence of the Pacific-Antarctic Ridge, particularly to the East, as well as the
Scotia Ridge.
Regridded ORCA0083 to ORCA1
To facilitate fair comparisons and make spectral decompositions feasible, we regrid
the data of ORCA0083 and ORCA025 to the ORCA1 grid as described in section
2.3.1. Figure 4.48 illustrates these fields. These allow estimation of the significance
of the difference in the moments. The regridding takes place after the steric height
calculation, with the variance being calculated afterwards.
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(a) ORCA1-N406

(b) ORCA025-N401

(c) ORCA0083-N01

Figure 4.46: The steric height (m) StD of the deep water (>2000 m). The Ocean
values less than 2000 m are masked out. Note the change in the colourscale, with
predominantly lower values.
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(a) ORCA1-N406

(b) ORCA025-N401

(c) ORCA0083-N01

Figure 4.47: The ratio between the deep (>2000 m) and shallow (< 2000 m)
ocean. Larger values indicate the deep ocean has an impact on the variance. Note
the Southern Ocean having high ratios in all three resolutions.
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ORCA0083 regridded ORCA1 StD
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Figure 4.48: Regridded ORCA0083 data to an ORCA1 grid. Shallow (>2000 m)
bathymetry is masked out with in white. Note that the spatial patterns remain
the same, while the associated statistics have changed.
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Figure 4.49: Regridded ORCA0083 data to an ORCA025 grid. Shallow (>2000 m)
bathymetry is masked out with in white. Note that the spatial patterns remain
the same, while the associated statistics have changed.
With figure 4.48 we can confirm that the increased variability is a consistent
feature that persists even when the data is averaged onto the coarser grid. In
this manner we can fairly compare the variance of the low resolution ORCA1
to ORCA0083. Figure 4.48 demonstrates that we still see the same features in
ORCA0083 as were presented in the sections above.

Regridded ORCA0083 to ORCA025
Figure 4.49 illustrates the regridded ORCA0083 data to an ORCA025 grid. We
can confirm the same results as demonstrated in figure 4.48, that the qualitative
comparison we saw in the section above is still consistent.
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Covariance of deep and surface fields
How the deep and surface ocean interact in terms of the steric height variability can
illustrate regions where baroclinic activity is significant enough to give rise to a signal spanning the ocean depth, and can be indicative of where energy is penetrating
from the surface to the deep in an “equivalent barotropic” sense. Here information
from the surface being passed to depths through the interior. Figure 4.50 shows
the covariance, where we see that ORCA1 has very little covariance (maximum
values of |2 × 10−4 |), with small regions north of the Ross Gyre and the Ross Sea
and in the North Pacific. ORCA025 and ORCA0083 have high covariance in the
WBC regions, with the Kuroshio region being much more confined in ORCA025
than in ORCA0083. The Gulf Stream region appears more similar. We see that
the Labrador Sea region is a stronger feature in ORCA025 and ORCA0083. Bands
of correlation-anticorelation can be seen in the tropics. The ACC is a major feature in both ORCA025 and ORCA0083, but the local patterns are quite different,
such as in the Drake Passage. ORCA025 shows this as a region of high covariance
throughout, while ORCA0083 focuses on the region straight before. The Agulhas
region is much more marked in ORCA0083. In ORCA025 the Ross and Weddell
Gyres are regions of little or negative covariance. However, the Ross Sea has higher
covariance. In ORCA0083 the Weddell gyre also has little or negative covariance,
but the Ross Gyre is highly co-varying.
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ORCA1-N406 covariance, detrended
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ORCA0083-N01 covariance, detrended
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Figure 4.50: The covariance of the deep (> 2000m) and shallow (< 2000m) steric height
(m) in ORCA1, ORCA025 and ORCA0083 (fig. 4.50a, 4.50b and 4.50c, respectively).
Note the marked increase moving to resolution higher than 1◦ . Strong covariance is seen
to be associated with regions of strong eddy activity.
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Figure 4.51: The PDF of the covariance of the deep and steric height field from
figure 4.50. The top three panels show the latitudinal PDFs, showing from the
top ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally
averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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Figure 4.51 shows the area averaged PDF of the covariance between the surface
and deep steric height field. We see that ORCA1 is significantly different from
ORCA025 and ORCA0083. However, ORCA0083 seems more intermittent than
ORCA025, which is most likely an effect of the coarsegraining of the fields. We
see that ORCA1 has very little covariance, while the covariance in ORCA025 and
ORCA0083 is mainly centered in mid to high latitudes. The Southern Ocean
stands out as a place of high covariance, which is expected due to the meandering
and barotropic nature of the ACC and weaker stratification. We see that certain
areas also have anti-correlated areas. These have a much smaller extent, but are
consistently located around the equator in all resolutions.

4.3.1

Sea surface height variance in NEMO

The variance of the sea surface height (SSH) is output from NEMO in meters.
The deseasoned SSH standard deviation for ORCA1, ORCA025 and ORCA12 is
illustrated in figure 4.52a, 4.52b and 4.52c. These are similar to the full SH variance
seen in figure 4.43. ORCA1 is seen to have the smoothest distributions, with higher
variance found in ORCA025 and ORCA0083. The WBCs stand out, and moving
to ORCA025 and ORCA12 the ACC also becomes a strong feature. However, the
regions that stand out are largely warm currents. The Ross and Weddell Gyres are
not very active, and features we associated with bathymetry in figure 4.43 of the
SH variance are absent in the SSH. From this we see that the source of variance in
SSH cannot fully account for the SH variance.
Figures 4.53a, 4.53b and 4.53c illustrate to what extent the SSH variability is
explained exclusively by the steric height. This is shown by subtracting the steric
height from the SSH. We see that the ORCA1 SSH variability is larger than the
steric height variability. In ORCA025 and ORCA12, values are much smaller,
particularly in the equatorial region. This suggests that the steric variability in
this region could largely be explained by variability in SSH. However, we see the
Southern Ocean as well as the Arctic and North Atlantic leave larger portions
of variability unaccounted for. In the Weddell Gyre, where the SSH variance is
comparatively low in ORCA0083. Note the similarity of the patterns to the bottom
150

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

(a) ORCA1 SSH

ORCA025-N401 StD, SSH (m)

0
200

j

400
600
800
1000
0

200

400

600

i

800 1000 1200 1400

0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025
0.000

(b) ORCA025 SSH

ORCA12 StD, SSH (m)

0
50

j

100
150
200
250
0

50

100

150

i

200

250

300

350

0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0.025
0.000
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Figure 4.52: The standard deviation of SSH (m) in ORCA1, ORCA025 and ORCA12
(fig. 4.52a, 4.52b and 4.52c, respectively). Note the similarity to the SH, with regions of
strong eddy variability having strong variance.
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(a) ORCA1 SSH-Steric height
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Figure 4.53: The difference between the SSH and the steric height standard deviation in
ORCA1, ORCA025 and ORCA12 (fig. 4.53a, 4.53b and 4.53c, respectively). These figures illustrate where a significant portion of the steric height variability can be explained
by the SSH. Note that the difference between the SSH and steric height resembles the
bottom pressure.
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pressure, which follows from equation 4.12.

4.3.2

Bottom pressure variance in NEMO

We calculate the bottom pressure following equation 4.13. Here, the in situ density
ρz is calculated according to:
ρz = density(Sz , Tz , pz ) − 1035,

(4.20)

where we subtract the reference density 1035 kgm−3 . This is different from the
steric height as we do not assess the deviation of the ratio from the reference
density. In this manner, the bottom pressure reflects the mass of the water column,
while the steric height reflects the internal processes in the water column. This
makes the steric height variability a good proxy for baroclinic variability. Figure
4.54 shows the bottom pressure variance in NEMO. We see the faint outline of the
mid-Atlantic Ridge as well as higher activity in the WBC regions and the Southern
Ocean. This suggests that advective processes may be acting to significantly change
the watermasses present or significant changes in the sea surface height are taking
place. In ORCA025 and ORCA0083 we see that patches of higher variability can
be associated with regions of higher eddy variability such as the Zapiola current
region and the path of the ACC. We see that the Bering Strait is a region of high
variability, as well as the Antarctic shelf region. However, we again see that the
bottom pressure cannot fully account for the SH variance we see.

4.3.3

High and low frequency variability

When we try to attribute the sources of variance, it is useful to be aware of the
different processes that can give rise to the SH variance. We can associate varying
timescales to certain features. Some will be locally persistent, closely associated
with things like bathymetric features, while others may be more transient such as
the spin-off of eddy activity in highly active regions. We separate the high and
low frequency signal to isolate these different features. For analysis below, we use
only data from 1982 to 2007, as the Antarctic Circumpolar Current (section 3.3)
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(a) ORCA1-N406 bottom pressure StD

(b) ORCA025-N401 bottom pressure StD

(c) ORCA0083-N01 bottom pressure StD

Figure 4.54: The standard deviation of the bottom pressure (Pa) in ORCA1-N406,
ORCA025-N401 and ORCA0083-N01 (fig. 4.54a, 4.54b and 4.54c, respectively).
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Figure 4.55: Steric height contribution of one grid-cell in the subtropical Pacific in
ORCA1, depth layer 65 for monthly data. There is a clear seasonal signal, short
term variability, as well as a longterm trend and variability.
suggests the first four years in ORCA0083 is spin-up. Looking at one grid-cell,
figure 4.55 illustrates that the steric height contribution from this grid-cell has a
seasonal, interannual and short-term component.
Figure 4.56 illustrates the frequency spectrum. Here, the seasonal signal is
clearly visible as the sharp peak at 0.083 cycles/month, the low frequency part
of the spectrum is to the left of this peak, while the high frequency part can be
fount to the right. To look at the high frequency part, we apply a simple high pass
filter for frequencies higher than 0.093 cycles/month. We include a small buffer
in the filter to reduce spectral leakage. Figure 4.57 demonstrates the inverted
signals, converted from the frequency domain back to the time domain. We see
that the high frequency component contributes relatively little. The low frequency
signal isolates the longer timescale signals, but we see that these cause a much
greater change in the steric height signal. Adding the seasonal signal (so looking
at anything longer than 0.093 cycles/month) reveals that the amplitude of the
seasonal signal is about 1.5 × 10−4 m for a mid Pacific point, modulating the slower
low frequency variability. This is highlighted in figure 4.57, but is expected to be
larger elsewhere.
We apply this technique to the entire domain for the time 1982 to 2007 for the
steric height, sea surface height and bottom pressure. Due to the prohibitively
large size of ORCA0083 data, we do not perform the FFT on each gridpoint, but
work with the fields used in section 4.3: full (full depth), shallow (less than 2000
m) and deep (more than 2000 m). The method is identical to working on the
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Figure 4.56: The frequency spectrum of the steric height contribution of one gridcell in the subtropical Pacific in ORCA1, depth layer 65. Note the seasonal peak.
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Figure 4.57: The components of the steric height contribution of one grid-cell in
the subtropical Pacific in ORCA1, depth layer 65. Low frequency (red, cut-off
0.080 cycles/month), low frequency with seasonal component (green, cut-off 0.093
cycles/month) and high frequency (blue, cut-off 0.093 cycles/month). The signals
were detrended removing the linear trend to facilitate comparison.
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individual gridpoints and summing the contributions afterwards. We also cut off
the edges of the signal seen in the high frequency steric height in figure 4.57, to
avoid spurious signals. Further, for the ORCA0083 data we work on the coarse
grained fields presented in figures 4.48 and 4.49.

Steric height
We investigate the standard deviation of the steric height again, considering only
the high frequency variability (0.093 cycles/month).

ORCA1 steric height
Figure 4.58 shows the high frequency SH variability for ORCA1. We see a weak
signal in the equator and the subtropics, originating mainly in the surface ocean.
The deep ocean shows some variability in the Southern Ocean region, but overall
there is little variability. The ratio of deep to surface variability confirms that the
Southern Ocean is where most of the variability is found, specifically the eastern
Pacific sector and the Indian Ocean sector. However, the overall low variability is
expected as we are not allowing eddy processes.

ORCA025 steric height
Figure 4.59 shows the high frequency SH for ORCA025. We see a general increase
from ORCA1 in figure 4.58 as we expect. The main contributions to the overall
picture again come from the surface, with the tropics, WBCs and their extensions
as well as the ACC region standing out. However, we see that the deep SH variance
is more active, particularly in the Southern Ocean region. The ratio between the
deep and surface SH shows that the Weddell Gyre is particularly influenced by the
deep SH, as well as the Zapiola region. We see the faint outline of the PacificAntarctic ridge in the Pacific sector as a low variability region, suggesting that this
acts to dampen the variability. We also see the Scotia ridge as an area of low deep
to surface SH ratio.
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Figure 4.58: The standard deviation of the high frequency (high-pass filtered with
cut-off 0.093 cycles/month) steric height in ORCA1. Note that the remaining
variance is centered around the equator, and overall diminished.
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Figure 4.59: The standard deviation of the high frequency (high-pass filtered with
cut-off 0.093 cycles/month) steric height in ORCA025. Note that the variance is
seen mainly in strongly eddy related regions such as the WBCs and the ACC.
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Figure 4.60: The standard deviation of the high frequency (high-pass filtered with
cut-off 0.093 cycles/month) steric height in ORCA12. Note that we here see an increase in the variance from ORCA025, which we can attribute to more pronounced
eddy activity.
ORCA0083 steric height
Figure 4.60 shows the high frequency SH variance for ORCA025. We see that the
same regions are active as in ORCA025 as seen in figure 4.59, but the areas are
smaller. Again, the main part of the signal is found in the surface, but we see that
the Southern Ocean has a significant deep influence, which again is specifically seen
in the Weddell gyre area. We see the outline of the Pacific-Antarctic ridge in the
Pacific sector as a low variability region, as in ORCA025.
We see that the high frequency SH variance highlights regions that are known
to have high eddy activity. The Southern Ocean is seen to have a strong SH
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variability, with important processes taking place at depth. The barotropic nature
of the circulation could be particularly important here, in terms of communicating
the signal from the surface to deep ocean.

Covariance in low and high frequencies
To assess possible sources of covariance, we investigate the covariance of the high
and low frequency steric height variance in figures 4.61 and 4.62. Here the higher
frequencies are set to anything higher than annual (cut-off 0.093 cycles/month)
and the low frequencies as anything below annual (cut-off 0.080 cycles/month).
Figure 4.62a, 4.62b and 4.62c illustrate the high frequency covariance in ORCA1,
ORCA025 and ORCA0083, respectively. We see again that little covariance is
present in ORCA1. The covariance in ORCA025 is much sparser, and centered
around the main ACC meanders in the Southern Ocean as well as the WBCs.
In ORCA0083 the pattern is very similar, with some regions showing a higher
covariance (e.g. in the Ross Sea). No negative covariance can be seen. These
regions can be thought of as areas where ORCA025 and ORCA0083 lose energy to
turbulence associated with currents like the WBCs and the ACC.
Figures 4.61a, 4.61b and 4.61c illustrate the low frequency covariance in ORCA1,
ORCA025 and ORCA0083, respectively. We see that the faint covariance that is
present in ORCA1 is found in the low frequencies, and can be thought of as a slow
meandering north and south of the ACC. ORCA025 and ORCA0083 have overall
larger regions of covariance than in the high frequencies. The ACC is seen as a
broader feature, as well as the Western Boundary Currents, with the exception of
the East Australian Current. The Labrador Sea is a strong feature in ORCA025,
with surrounding regions of negative covariance. The alternating bands in the
equatorial regions can be seen in ORCA025, but not in ORCA0083. However,
both ORCA025 and ORCA0083 have larger regions of negative-covariance East of
Australia and South Chile, as well as a region surrounding the positive covariance
of the Brazil current. The Ross Sea is a significant feature in both ORCA025 and
ORCA0083, but the Ross gyre is only a strong feature in ORCA0083. The features
we highlight can be thought of as regions where the properties of the flow are
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Figure 4.61: The covariance of low frequency deep (> 2000m) and shallow (< 2000m)
steric height in ORCA1, ORCA025 and ORCA0083 (fig. 4.61a, 4.61b and 4.61c, respectively).
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Figure 4.62: The covariance of high frequency deep (> 2000m) and shallow (< 2000m)
steric height (m) in ORCA1, ORCA025 and ORCA0083 (fig. 4.62a, 4.62b and 4.62c,
respectively)
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consistent and perhaps connected to bathymetric features. This is suggested by
finding features clearly related to the Pacific-Antarctic Ridge and the Scotia Ridge
in the Southern Ocean.

What gives rise to the variability
To understand the mechanism giving rise to the covariance, we investigate the
horizontal and vertical motions in NEMO. This was originally done using movies,
for a more intuitive understanding, and we illustrate and summarize our findings
here. Only ORCA1 and ORCA0083 are shown. Figure 4.63 shows the potential
density at 2000m in December 1978. The 1027.8 isopycnal is the red contour
visible around areas such as the Southern Ocean indicating the path of the ACC. In
ORCA1, this line is quite smooth, while in ORCA0083 we see much more meridional
displacements and finescale variability. The Atlantic and Southern Oceans have a
slightly higher density than the Pacific and Indian Oceans, but the highest densities
at 2000m are found in the Arctic. The leakage through the Agulhas current is visible
as a white streak from South Africa to South America, and one can make out
equatorial waves. However, overall the picture is very smooth. In ORCA0083 the
ACC region is much less smooth. One can clearly make out eddies and meanders,
and the gradients are much sharper. The eddies making up the Agulhas leakage
are visible, and the effect of the leakage is clearer in a larger and relatively less
dense streak across the South Atlantic. The imprint of the Gulf Stream can also
be seen clearly across the North Atlantic. In the Equatorial region, Rossby waves
are excited near the continents, and radiate westwards.
Figure 4.64 illustrates the shallowest depth where the dense ρ = 1027.8kgm−3
water can be found. Because this is very dense water, we can associate this with
where deep water formation is taking place when this is found at the surface. Low
values indicate that the water is close to the surface, while larger values indicate the
water is found at greater depths. White areas indicate regions where the highest
density is smaller than 1027.8 kgm−3 . Figure 4.64a shows that ORCA1 has a large
pool of dense water in the Weddell Gyre, with dense water formation on its Western
edge on the shelf. Dense water is also being formed along the shelf in the Ross Gyre
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Figure 4.63: A horizontal section at 2021 m depth showing potential density (kg m−3 ) in
December 1978. The contour shows the 1027.8 isopycnal. Figure 4.63a shows the smooth
nature of ORCA1, while figure 4.63b highlights the more variable nature of ORCA0083.
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Figure 4.64: The minimum depth (m) of ρ = 1027.8 in June 1980. Figure 4.64a shows
the smooth nature of ORCA1, while figure 4.63b highlights the more variable nature of
ORCA0083.
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and partially along the shelf in the Ross Sea. Some dense water is also pooling in
the Ross gyre, but is mainly advected around the Antarctic continent westwards,
to end up in the Weddell Gyre. The Arctic also has relatively shallow dense water,
as well as the Atlantic. The deepest minimal extent of the dense waters are found
in the Pacific and Indian oceans, with the Agulhas leakage depressing the minimum
depth in the South Atlantic. Further, in ORCA1, the water pooling in the Weddell
gyre appears to curve around the Scotia Ridge.
In ORCA0083, the ACC stands out as a region where the dense ρ = 1027.8 water
is below 2600m, but its position is spatially highly variable. The region around the
Antarctic continent is known to have a countercurrent to the ACC, as seen in figure
1.1 and described in Heywood et al. (2004). This current flows along the continent,
counterclockwise and in the opposite direction to the ACC. Heywood et al. (2004)
describes how this is not tied to a particular isobath, but is much shallower than
the ACC at 1500m on average. Looking at movies of plots such as shown in figures
4.63 and 4.63b we see that the Ross and Weddell Gyre domes of dense water are
even less deep reaching up to 300-600m. These domes decay during the simulation
though, with the pool of deep water being drained out of the region, while the
countercurrent strengthens. Overall, both the ACC and the countercurrent can be
seen to be highly eddying. The deep water is also formed along the western side
of the shelf in the Weddell and Ross Gyres, along with the Ross Sea. This water
from the Ross Sea and Gyre is advected in a relatively thin current around the
Antarctic continent, and is entrained into the Weddell gyre following a thin edge
current just skirting the shelf. The Weddell Gyre pool of deep water undulates,
initially with a dome stretching from east to west. Throughout the simulation the
dome deflates, leaving the eastern dome. After 15 years, the thin current around
the edge of the Weddell Gyre moves deeper, below 2000m. This is probably due to
a lack of deep water formation. At the start of the 1990s, deep water is no longer
being formed in the Ross Sea and Gyre, with the Ross Sea ceasing its deep water
formation first. By the mid-1980s, the Weddell Gyre shelf has already stopped
producing deep water. The water seems to seep out of the Weddell Gyre through
and around the Scotia ridge. Further south in the Atlantic, the influence of the
Agulhas leakage is much more marked in a broad deepening of the isopycnal and
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clear eddying activity is visible in an East to Westwards propagation. A similar
deepening can be observed in the Gulf Stream region, again with an associated
clearly eddying surrounding field. The influence of the Gulf Stream spreads out as
it crosses the Atlantic. In the Labrador sea deep water formation can also be seen,
with water being formed and pulsing southward into the deeper North Atlantic. A
connection to the Arctic Ocean can be observed through the Denmark Strait.

4.3.4

Summary

In this section we have seen that the baroclinic component, using the SH as our
proxy, becomes increasingly important as a means to communicate between the
surface and the deep ocean. In ORCA1 there is little baroclinic variability, as we
do not resolve the features that give rise to this variability. We see that ORCA025
and ORCA0083 have much higher variability, with the increased covariance of the
surface and the deep present in both the high and low frequency SH variability.
This suggests that both persistent features connected to bathymetry as well as more
chaotic features connected to eddies spinning off currents act to communicate these
features down to the deep ocean.

4.4

Global overturning and bottom steering

In this section, we investigate the changes to the global overturning in density
space in the three resolutions. We chose this representation as it offers a good
indication of how significant the changes we will observe with resolution are in
terms of moving heat/dissipating energy in the system. The global overturning
is linked to the gyre circulation, but the dynamical link remains obscure (Yeager,
2015). We tentatively explore the dynamical link while investigating features of
interest in the overturning. We see the importance of bottom “steering” in the
shape of the baroclinic JEBAR term, and the combined barotropic and baroclinic
bottom pressure torque. Our results suggest these effects are highly sensitive to
changes in horizontal resolution, specifically in the Southern Ocean which we use
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as a case study.
This section is structured as follows; we first present the density space overturning in section 4.4.1, and the methods specific to its assessment. We also present the
long term mean and climatological overturning along with its statistical moments
and their barotropic and baroclinic components in section 4.4.1. Next we present
the transient picture in section 4.4.1, with a focus on the baroclininc and barotropic
decomposition. To help unpick the different contributions, we develop a method to
look at the cumulative contribution to the observed zonally integrated transports
which are presented in section 4.4.1. We go on to investigate the features of the
global overturning, especially features we oberve in the long term mean. We then
discuss the link between the overturning and gyre circulation in section 4.4.2 with
emphasis on the bottom vertical velocity and changes in ∇H, with the implication
of adjustments through vortex stretching. We highlight the link between bottom
pressure torque and the joint effect of baroclinicity and relief (JEBAR) term, with
relevance to the baroclinic and barotropic contributions to the overturning. Section
4.4.4 deals with the bottom pressure torque term, and section 4.4.5 deals with the
JEBAR term. Section 4.4.6 is a brief discussion and summary.

4.4.1

Overturning in density space

To investigate how the large scale features of the overturning circulation move heat
around the Earth system, it is useful to think of the circulation in terms of velocity
contributions ascribable to different layers of density. Changes in heat have a direct
effect on the density of seawater, and is the dominant influence on density in most
of the world oceans apart from in the higher latitudes. This can be used to indicate
the transformation of water masses and pathways taken, in terms of how heat is
redistributed by the system. In this section we explore the full, barotropic and
baroclinic overturning in density space.
We calculate the streamfunction as described in Zika et al. (2012); Nurser and
Lee (2004), seeking to capture meridional exchanges of water masses. We use the
density-depth coordinate system because this is able to capture vertical exchanges
of water masses. To illustrate this, we start with the more conventional depth-space
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streamfunction, and illustrate how this can be re-written for arbitrary tracers. We
have a flow in longitude (x), latitude (y) and depth (z) with velocity u = (u, v, w):

∇ · u = 0.

(4.21)

If we denote the depth (H), we can define a meridional overturning streamfunction ψzy :

∂ψzy
=−
∂y

Z

x2

∂ψzy
wdx;
=−
∂z

x1

Z

x2

vdx,

(4.22)

x1

where x1 (y, z) and x2 (y, z) represent the longitudes of the western and eastern
continental margins. If w = 0 when z = −H (below the bottom topography) we
can write ψzy :

Z

z

Z

x2

v(x, y, z)dxdz 0 ,

ψzy (y, z) = −
−H

(4.23)

x1

where the z 0 indicates the dummy integral. The top panel in figure 4.65 illustrates
this, where we see meridional cells connecting the poleward and equatorial waters.
However, this does not reflect the transformation of watermasses Nurser and Lee
(2004). Ferrari and Ferreira (2011); Zika et al. (2012) illustrate that we can define
our ψ for an arbitrary tracer (C):

Z Z
ψCy =

vdxdz.

(4.24)

C 0 ≤C

Here we integrate the meridional transport at a given latitude associated with the
bin C 0 ≤ C. The lower panel in figure 4.65 illustrates this for the tracer neutral
density. Here we use density (σ) referenced to 2000m throughout. Zika et al. (2012)
illustrate that we can use this for the streamfunction time mean circulation (Ψ) as:

Ψσy

1
=
∆t

Z

t+∆t

Z Z
vdxdzdt.
σ 0 ≤σ

t
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Figure 4.65: Figure from Zika et al. (2012): “(top) Mean depth-latitude streamfunction Czy (Sv) from the ocean component of a climate model (...) (bottom)
Density-latitude streamfunction Cs y (Sv). The 4- (red) and 24-Sv (blue) streamlines are shown with solid contours.” This figure illustrated how we move from a z
coordinate to a σ coordinate framework.
Here, we further decompose the barotropic (BT ) and baroclinic (BC) components
of the streamfunction for the instantaneous and 30 year average circulations:

BC
ψσy
BT
ψσy

Z Z
vBC dxdz,

=
σ 0 ≤σ

Z Z
=

vBT dxdz,

(4.26)

σ 0 ≤σ

BC
BT
ψσy = ψσy
+ ψσy
,

1 R0
vdz and vBT is the remainder as shown in
H z
figure 1.6. Nemo uses a linear free-surface, so we start from 0 and not SSH (η).

where v = vBC + vBT , and vBT =

Methods
Here we look at the full 3D meridional velocity field, vomecrty. The main program
utilized here is cdfmocsig from the CDF toolbox ( LEGI-MEOM). To look at
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the transient behavior of the density space overturning, a script runmocsig was
developed to work with the cdfmocsig program, please see appendix 8.2. This was
written in tcsh, with the only user input needed being start and end years (basic
usage:“runmocsig startYear endYear”).
Within the script, the locations of the appropriate binaries and datafiles are set.
We iterate through the given years, retrieving a list of the appropriate datafiles for
each month in the given year. Appropriate checks are added to ensure the files are
found. This list is then iterated through, linking to the appropriate files, and given
to the cdfmocsig program. The links are removed and the program continues.
The assumptions underlying equation 4.23 mean that a sensible test case for
the streamfunction in density space is to check if it adds up to zero. Furthermore,
when we assess the barotropic and baroclinic components, equation 4.26 illustrates
that this should add up to the full ψσy .

Long term mean overturning
Figure 4.66 shows the 30 year time mean overturning in density space. Here we
see that the deep circulation in the Southern Ocean and its Northward extension
are significantly strengthened increasing the resolution, as well as the deep North
Atlantic cell. To highlight the deep watermasses, we are using a logarithmically
stretched sigma coordinate. Note that the lighter, equatorial and subtropical cells
are strikingly similar.
Figure 4.67 illustrates that the increase in anti-clockwise circulation in the Southern Ocean can be accounted for by the baroclinic circulation. We see a clockwise
dense circulation in the Southern Ocean in the barotropic mean, extending northward and into lighter water masses with increasing resolution. Overall, in the
subtropics, we see a strengthening of the subtropics with decreasing resolution.
However, the anti-clockwise WBCs become increasingly well defined with resolution in the Southern Hemisphere. Further changes in the Northern Hemisphere
include a strengthening of the NADW with resolution, and a weakening of the
baroclinic anti-clockwise subtropical circulation. In the baroclinic mean, the clockwise WBCs in the Northern Hemisphere become better defined and span a wider
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(a) ORCA0083-N01 mean, full

(b) ORCA025-N401 mean, full

(c) ORCA1-N406 mean, full

Figure 4.66: The overturning (Sv) in ρ space, showing the mean circulation from
the 1978 to 2007 time series. To highlight the deep watermasses, we are using a
logarithmically stretched sigma coordinate. We crop the bottom of the plot, where
it goes to zero.
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range of densities with increasing resolution.
We have shown that the transient and mean circulation have similar features.
However, the increasing resolution allows for differing expressions, such as increased
eddying behaviour. Figure 4.68 shows the standard deviation of the full overturning
in density space. Here we use a linear sigma on the y-axis. We see that the
equatorial region is uniformly quite high. This is likely due to looking at the zonal
integral, and we expect that there is more structure present in the different basins.
However, an interesting feature emerges where ORCA025 looks more variable than
ORCA12 in the lighter subtropical waters, as well as in the Northern Hemisphere.
In both ORCA1 and ORCA12 we see clear regions of lower variability extending
polewards from the tropics. These indicate that the pathways, particularly in the
Northern Hemisphere, are reasonably zonally stable. We see higher variability in
the denser waters in the Northern Hemisphere.
Figure 4.69 shows the barotropic and baroclinic components of the variance. We
illustrate that the variance we see in figure 4.68 can be accounted for mainly by
the baroclinic contribution. Here we also find that the increased variance in the
subtropics is not present in ORCA025, and we see that the stronger variability
outside the tropics increases with resolution as we would expect due to ORCA1
not resolving eddy features. In the barotropic, we see an increase in the densest
water masses’ variability with resolution.
Full overturning in density space
When assessing the long term mean, we average out much of the seasonal structure. Assessing the transient features in terms of the monthly averages can be
helpful to understand the structures we see in the overturning. Figure 4.70 illustrates the overall structure of the density space overturning in January and June
1982 for ORCA0083. We plot this using a linear sigma coordinate to highlight
features in the overturning that become more obscure when the sigma axis is logarithmically stretched as in other plots. We observe the bell-shaped structure of the
circulation in this density space representation, with water largely moving clockwise in the Northern Hemisphere, and anti-clockwise in the Southern Hemisphere.
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(a) ORCA0083-N01 mean, barotropic

(b) ORCA0083-N01 mean, baroclinic

(c) ORCA025-N401 mean, barotropic

(d) ORCA025-N401 mean, baroclinic

(e) ORCA1-N406 mean, barotropic

(f) ORCA1-N406 mean, baroclinic

Figure 4.67: The overturning (Sv) in ρ space. Showing the mean barotropic and
baroclinic circulation from the 1978 to 2007 time series. To highlight the deep
watermasses, we are using a logarithmically stretched sigma coordinate. We crop
the bottom of the plot, where it goes to zero.
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(a) ORCA0083-N01 StD, full

(b) ORCA025-N401 StD, full

(c) ORCA1-N406 StD, full

Figure 4.68: The overturning (Sv) in ρ space. Showing the StD circulation from
the 1978 to 2007 time series. Note we use a linear sigma y-axis.
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(a) ORCA0083-N01 StD, barotropic

(b) ORCA0083-N01 StD, baroclinic

(c) ORCA025-N401 StD, barotropic

(d) ORCA025-N401 StD, baroclinic

(e) ORCA1-N406 StD, barotropic

(f) ORCA1-N406 StD, baroclinic

Figure 4.69: The overturning (Sv) in ρ space. Showing the StD barotropic and
baroclinic circulation from the 1978 to 2007 time series. Note we use a linear sigma
y-axis.
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(a) ORCA0083-N01, Jan 1982

(b) ORCA0083-N01, June 1982

Figure 4.70: A figure to illustrate the overall structure of the density space circulation (Sv) using a monthly mean for January 1982. Red colours correspond to
clockwise moving water masses, while blue corresponds to anti-clockwise moving
water masses. Note we use a linear sigma y-axis to highlight surface features.
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The bell-shape can be attributed to the imbalance in the incoming solar radiation.
Equatorial surface water is heated, and as a consequence the lightest watermasses
are found in the equatorial region. Surface water masses are transported away from
the equator, with vigorous subtropical cells visible in the lighter watermasses Döös
and Webb (1994). Towards the poles, water becomes increasingly dense, with the
transport increasingly attributed to denser water masses. Using the density space
overturning framework, we can nicely pick out distinguishing features of the circulation. In figure 4.70a the equatorial light waters and the subtropical cell can be seen
as largely wind-driven, with a strong clockwise component in January. The strong
seasonality here is seen in the anti-clockwise subtropical cell gaining strength in figure 4.70b showing the June circulation. From 20◦ N to 55◦ N we can see the maximal
northward transport in the lightest density classes, indicative of Western Boundary
Current (WBC) transport. We see two arms extending, which we interpret to be
the Kuroshio (lower branch) and the Gulf Stream (upper branch), stretching down
from density class 33 to 36. As we move towards the higher latitudes, the density decreases, indicative of the recirculation we expect in the subtropical gyre. In
the temporal monthly mean we seen a blue anti-clockwise around the WBC, this
could be indicative of the recirculation, but due to its symmetry this disappears
in the long term mean presented in figure 4.70. Figure 4.70b highlights the strong
seasonality in the circulation. In the Southern Hemisphere, we now see a strong
WBC signal from 20◦ S reaching even further South than its Northern counterpart.
The structure here is more complicated, as we have more than two dominant currents re-distributing the heat. Furthermore, we see the deep AABW in the denser
watermass bins, as an anti-clockwise streak along the bottom of the plot. Here we
can also see that the complementary deep water in the Northern Hemisphere most
visible as the bottom streak in figure 4.70a is composed of clockwise moving water.
Assessing the changes with resolution, we plot the density space overturning with
the sigma coordinate logarithmically stretched. This gives a better representation
of the deep watermasses that represent the largest volume in the ocean. In figure
4.71 we focus on the instantaneous field after the initial spin-up, looking at a
summer (June) and winter (January) field in 1982. We present the initial figure
after spin-up, but have assessed the fields as movies of the entire timeperiod. The
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seasonality is demonstrated particularly in the equatorial latitudes, and we observe
a clear seasonality in the arms of the WBCs in all three resolutions. In January,
we see a strengthening of the Southern Hemisphere deep water cell with increasing
resolution. In June, we notice that the strength of the NADW increases with
resolution. Another striking feature is the change in the latitudes associated with
the Southern Ocean. There is again a general strengthening as resolution increases,
in terms of the areas of vigorous circulation spanning greater areas in density
space. These changes indicate that changes in resolution produce differing large
scale circulation patterns, specifically in the higher latitudes in terms of deep water
production and how the WBCs are realized. However, it is worth noting that in
the surface regions associated with the wind-driven gyres we do not observe such
pronounced changes.
To further assess the features we observe in figure 4.71, we look at the barotropic
and baroclinic overturning in density space in January and June. Figure 4.72
shows the barotropic component. We see the column-like features we can associate
with barotropic circulation, suggesting that the isopycnal layers are transporting a
similar volume of water. The most pronounced change we see in winter is found in
the Northern Hemisphere in the anti-clockwise NADW and subtropical clockwise
cell. Here the deep anticlockwise return flow strengthens with resolution. This is
similar in summer, but less pronounced with changing resolution. The clockwise
dense flow in the Southern Ocean extends northward. We see that the WBCs have
a much weaker barotropic component in the Southern and Northern Hemisphere
in ORCA1.
Figure 4.73 shows the baroclinic component of the density space overturning.
Here we see a wide range of changes, with the WBCs again being increasingly
well-defined as arm-like extensions with increasing resolution both in summer and
winter. The Southern Ocean also stands out, especially in June. We see a strengthening, and the anti-clockwise circulation extending northwards.
Zonally cumulative density space overturning
When looking at the overturning in density space, we look at the full zonal integral. However, it is useful to look at what longitude the contributions to the zonal
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(a) ORCA0083-N01 Full, January

(b) ORCA0083-N01 Full, June

(c) ORCA025-N401 Full, January

(d) ORCA025-N401 Full, June

(e) ORCA1-N406 Full, January

(f) ORCA1-N406 Full, June

Figure 4.71: The full overturning (Sv) in density space for January and June 1982.
Notice the pronounced seasonality. Note we use a logarithmically stretched sigma
y-axis. We crop the bottom of the plot, where it goes to zero.

181

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

(a) ORCA0083-N01 Barotropic, January

(b) ORCA0083-N01 Barotropic, June

(c) ORCA025-N401 Barotropic, January

(d) ORCA025-N401 Barotropic, June

(e) ORCA1-N406 Barotropic, January

(f) ORCA1-N406 Barotropic, June

Figure 4.72: The barotropic overturning (Sv) in density space for January and June
1982. Note we use a logarithmically stretched sigma y-axis. We crop the bottom
of the plot, where it goes to zero.
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(a) ORCA0083-N01 Baroclinic, January

(b) ORCA0083-N01 Baroclinic, June

(c) ORCA025-N401 Baroclinic, January

(d) ORCA025-N401 Baroclinic, June

(e) ORCA1-N406 Baroclinic, January

(f) ORCA1-N406 Baroclinic, June

Figure 4.73: The baroclinic overturning (Sv) in density space for January and June
1982. Note we use a logarithmically stretched sigma y-axis. We crop the bottom
of the plot, where it goes to zero.

183

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

Figure 4.74: Summary of our assessment of the cumulative density transport along
57◦ S in ORCA1. Size of arrows/symbols indicate estimate of transport contribution
in terms of flow in and out of the page. Color bar in SV.
average occur by calculating the zonally cumulative contributions to the density
space overturning from 75◦ E. We add up the contributions in each density class,
with increasing windowsize up to the full zonal picture. This was done as a series of movies, and we summarise the effects observed using arrows scaled by the
magnitude of the contributions. We further assess the baroclinic and barotropic
contributions. For briefness, we only consider ORCA1 and ORCA12.
We choose a zonal strip in the Southern Ocean at 57◦ S where no topographical
barriers completely block the zonal flow. Topographic features are highlighted
in figure 4.74, and arrows indicate the main contributions to the density space
overturning for density classes indicated by isopycnals. The analysis was done
looking at a movies of the increasing contribution, assessing the effect looking at
the density bin contribution.
From this we do not see the increased baroclinic contribution, as we are using a
monthly mean and not a longterm mean. In this manner we cannot give details of
the time evolution, but only comment on the 2007 June mean.

184

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

Figure 4.75: Summary of our assessment of the barotropic cumulative density transport along 57◦ S in ORCA1. Size of arrows/symbols indicate estimate of transport
contribution in terms of flow in and out of the page. Color bar in SV.

Figure 4.76: Summary of our assessment of the baroclinic cumulative density transport along 57◦ S in ORCA1. Size of arrows/symbols indicate estimate of transport
contribution in terms of flow in and out of the page. Color bar in SV.
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Figure 4.77: Summary of our assessment of the cumulative density transport along
57◦ S in ORCA0083. Size of arrows/symbols indicate estimate of transport contribution in terms of flow in and out of the page. Color bar in SV.

Figure 4.78: Summary of our assessment of the barotropic cumulative density
transport along 57◦ S in ORCA0083. Size of arrows/symbols indicate estimate of
transport contribution in terms of flow in and out of the page. Color bar in SV.

186

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

Figure 4.79: Summary of our assessment of the baroclinic cumulative density transport along 57◦ S in ORCA0083. Size of arrows/symbols indicate estimate of transport contribution in terms of flow in and out of the page. Color bar in SV.

4.4.2

Vortex stretching and overturning circulation changes

The overturning and gyre circulations are arguably linked, but the dynamical connection between them remains obscure (Yeager, 2015). In the section above, we
presented the overturning, noting that the baroclinic contribution changes significantly with increasing resolution. Works such as Sverdrup (1947) presented elegant
and powerful theories to explain the time-mean ocean circulation. Using these, we
treat the ocean as laminar flow which may seem counterintuitive as the ocean
kinetic energy is dominated by the time variability in the geostrophic eddy field
(Ferrari and Wunsch, 2010). However, the insights gained from these overarching
theories based on treating the ocean as laminar remain relevant, and are the foundation of our understanding of large-scale oceanography. In this manner, ideas of
distinct mechanical forcings have persisted, and emphasize drivers such as wind
and thermohaline forcing. However, these ideas are gradually being called into
question. Specifically, open questions about where energy sinks are found in the
ocean are receiving much interest, often highlighting the Southern Ocean as a potentially key region (Nikurashin et al., 2013). This is relevant to the work presented
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here in terms of the change we observe with resolution in the Southern Ocean. It
implies that how energy is dissipated changes with resolution, with the role of the
baroclinic component changing. This difference in the baroclinic contribution to
the overturning with horizontal resolution suggests that a shift takes place in the
balance of forces, allowing alternative mechanisms to take on significant roles.
As Wells and de Cuevas (1995) discuss, the stratification and explicit representation of eddies is important for the vertical transport of stress from the surface,
and the creation of the bottom form drag. In section 4.3 we show the change in
communication between the surface and the deep, with an increase with increasing resolution as seen in the covariance between the surface and the deep. We
observe that this could imply that the baroclinic component of the circulation is
increasingly responsible for the energy dissipation as the forcing of the NEMO runs
remains the same. We investigate this potential change in the balance of forces in
this section, presenting the theory which allows us to link this to the vorticity
balances to interactions with topography in section 4.4.2. We present the changing roughness of the bathymetry (∇H) and the bottom vertical velocity in section
4.4.3, and associated impacts of the flow encountering obstacles in terms of the
vortex streatching in section 4.4.4. We look at the baroclinic contribution to this
in section 4.4.5.

Vortex stretching and Sverdrup balance
Following Cane et al. (1998), to illustrate Sverdrup balance we form a vorticity
equation and then vertically integrate:

βψx = −f wb + k · ∇ ×

τ
+ R0 .
ρ0

(4.27)

Here R0 represents the nonlinearities and friction, ψ is the depth integrated
stream function, and wb is the vertical component velocity at the ocean floor:

wb = ub · ∇(H) =

1
J(p, H)|b .
ρ0 f

(4.28)

The subscript b indicates the term is evaluated at the bottom, and ub is the
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horizontal geostrophic velocity at the sea floor, p is the pressure, and the final
relation is a consequence of geostrophy. J is the Jacobian defined as: J(u, v) =
ux vy − uy vx or:

∂(u, v)
=
∂(x, y)

∂u
∂x

∂u
∂y

∂v
∂x

∂v
∂y

=

∂u ∂v ∂u ∂v
−
.
∂x ∂y ∂y ∂x

(4.29)

Note that mathematically, the J(p, H)|b is equivalent to the more familiar J(pb , H)
according to:

J(pb , H) =

∂pb ∂H ∂pb ∂H
−
= J(p, H)b ,
∂x ∂y
∂y ∂x

(4.30)

where pb is the pressure evaluated at the bottom (z = −H), since:

∂p z
∂pb
∂p
+
=
∂x
∂x z ∂z ∂x z
∂p
∂H
=
+ ρg
,
∂x z
∂x
and the equivalent term for

∂pb
∂y

(4.31)

cancel out.

The importance of depth suggests the J(pb , H) term suggests that it is sensitive
to the horizontal resolution. This is because we are increasingly able to resolve
small scale features of rough bathymetry (∆H) . Cane et al. (1998); Yeager (2015)
discuss how a uniform density ocean will have its inviscid flow constrained following
geostrophic f /H contours (Pedlosky, 1979). A wind driven gyre in steady state,
conserving potential vorticity, results in Sverdrup balance (equation 4.27).
Barotropic flow will cross f /H contours to balance the vorticity input by the
winds. For a flat bottom, we would look at f contours. However, in NEMO,
the realistic bathymetry offers very interesting H contours. These gradients in H
imply interesting deep flow, and convergence/divergence in regions relative to pure
β-effect regions. In this sense, we arrive at equation 4.28.
This is the link between the relief, bottom velocity and vortex stretching that
we will explore in this section. We look at both the bottom pressure torque (BPT;
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J(pb , H)) and its baroclinic component, the Joint Effect of Baroclinicity and Relief
(JEBAR).

Bottom pressure torque: J(pb , H)
The BPT (J(pb , H)) is a term describing the vortex stretching and squashing as
the flow interacts with bathymetry. We start with the momentum equation:

non-lin terms

z}|{
∂u
∂τ
+ kf × u + n = −∇h p +
.
∂t
∂z

(4.32)

Where p0 = p0 /p is the kinematic pressure and τ the kinematic stress. We assume
R0
a rigid lid and depth integrate −h →
∂U
+ kf × U + N = −
∂t

Z

0

∇h pdz + τ s − τ b
−H

(4.33)

= −∇h P + pb ∇H + τ s − τ b .
Here U = (U, V) is the depth integrated horizontal transport, while N is the depth
integrated non-linear terms:

Z

0

{u, n, p} dz.

U, N, P =

(4.34)

−H

We take the curl:

=0

z}|{
∂U
∇×
· k + βV + f ∇h ·U + k · ∇ × N = ∇pb × ∇H · k + k · ∇ × (τ s − τ b ) . (4.35)
∂t
Or:

∂
(k · ∇ × U)+k·∇×N+βV = ∇pb ×∇H ·k+k·∇×(τ s −τ b ) = J(pb , H). (4.36)
∂t
Equation 4.36 is the time evolution of the curl of the depth-integrated transport.
R0
This is subtly different from the depth integrated vorticity: Z = −H ∇ × u · kdz.
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0

k · (∇ × U) = k · ∇ ×

udz
−H

(4.37)

= k · ∇H × ub + Z.
From equation 4.37 it follows that:

∂
∂Z
∂ub
(k · ∇ × U) =
+ k · ∇H ×
.
∂t
∂t
∂t

(4.38)

Now we insert equation 4.37 into 4.36, and similarly for Π, the depth integral of
R0
the curl of the non-linear terms: Π = −H ∇ × n · kdz,

Curl at constant depth


z}|{
∂τ
∂Z
∂ub
+Π+βV +k·∇H×
+ nb = −k·∇H×∇p|b +k· ∇h × (τ s − τ b )+k·∇H×
.
∂t
∂t
∂z b
(4.39)

We proceed to collect up the k · ∇H terms, and put them on the LHS, thus:



∂ub
∂τ
∂Z
+Π+βV +k·∇H ×
+ nb + (∇h p)b −
= k·(∇h × τ s − (∇h × τ )b ) .
∂t
∂t
∂z b
(4.40)
Note that by applying the momentum equation at the bottom, the terms in [...]
can be replaced by : −f k × ub .
Using the triple product expansion (Lagrange’s formula: a × (b × c) = (a · c)b −
(a · b)c):

k · ∇H × (kf × ub ) =k · {(ub · ∇H) kf }

(4.41)

=f ub · ∇H,
we recover the depth integrated vorticity equation:

∂Z
+ N + βV − f ub · ∇H = k · ∇h × (τ s − τ b ) .
| {z }
∂t
=f wb ←Vortex stretching term
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Note the connection between the vortex stretching and the BPT coming from the
momentum equation at the bottom z = −H.
The component of the momentum equation following isobaths, tells us that the
coriolis force along isobaths (associated with flow across isobaths) is balanced by
the pressure gradient along isobaths (the bottom pressure torque).
An interesting question to consider is if models currently are able to represent
what theory suggests. This is probably not the case, as the ageostrophic terms will
end up with a similar magnitude.
We can normalize ∇H →

nH

,

tH

k

k

∇H
|∇H|

(4.43)

k × ∇H
|∇H|

,

With τ = τ s − τ b , we can now write:



Dub ∂τ
−
Dt
∂z



Z
· tH +

u · nH = −∇pb · tH ,

(4.44)

or for a more familiar writing, keeping ∇ in Coriolis:



Dub ∂τ
−
Dt
∂z


· |∇H|tH + f u · ∇H = −k · ∇H×∇pb
k

(4.45)

J (pb , H) .
In this manner we arrive at the J (pb , H) term from the depth-integrated transport. See also Hughes and de Cuevas (2001) Appendix 1 for a full derivation.
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Topographic coupling of barotropic and baroclinic modes through vortex
stretching
The BPT arises in the vorticity equation of vertically integrated horizontal velocity,
while the Joint Effect of Baroclinicity and Relief (JEBAR) term arises from the
vertically-averaged horizontal velocity (Yeager, 2015; Bell, 1999; Greatbatch et al.,
1991; Mertz and Wright, 1992). In this manner, JEBAR represents the BPT component that is associated with the buoyancy dependent and baroclinic part of the
pressure gradient. This implies that it will vanish in the absence of stratification.
We can express the BPT in terms of the barotropic depth averaged flow by:

Baroclinic

Barotropic

z
}|
{ z }| {
1
J(pb , H) = f vgb · ∇H = f (vgb − vg ) · ∇H + f vg · ∇H .
ρ0

(4.46)

Mertz and Wright (1992) highlight that the expression for BPT is the sum of a
baroclinic (JEBAR) and barotropic component.
We now express the JEBAR term f (vgb − vg ) · ∇H in terms of the baroclinic
structure. We start with the geostrophic balance in the zonal momentum equation:

− fv = −

1
⇒ −f v = −
H

px
,
ρ0

Z

(4.47)

0

px
dz.
ρ0

−H

(4.48)

Here 4.48 is the vertical average (denoted by the overbar) of the geostrophic balance
in 4.47. Now we use the hydrostatic approximation:

Z

z

p = pb −

gρdz 0 ,

(4.49)

−H

1
1 ∂
⇒ −f v = − pbx +
ρ0
ρ0 H ∂x
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Z

z

−H

gρdz 0 dz,
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integration by parts gives us:
" Z
0 #
 Z z
0
1
1 ∂
,
zgρdz 0 + z
gρdz 0
− f v = − pbx +
−
ρ0
ρ0 H ∂x
−H
H
−H

(4.51)

which we re-write as:

− f v = −f vb −

g
Φ=
ρ0

Z

1
Φx ,
H

(4.52)

0

zρdz.

(4.53)

−H

Here Φ is the potential energy per unit area. Using the similar equation:

f u = f ub −

1
Φy ,
H

(4.54)

we find the JEBAR term:
f (vgb − vg ) · ∇H =

1
J(Φ, H),
H

(4.55)

and so:

1
1
J(p, H)b = J(Φ, H) + f vg · ∇H.
ρ0
H

(4.56)

Substituting this expression into the vorticity equation 4.27, and introducing the
depth integrated transport streamfunction, we find that:

β

∂Ψ
1
1
= J(Φ, H) + f vg · ∇H + [k · ∇ × τ ].
∂x
H
ρ0

(4.57)

Then:

Hvg +

k×τ
= Hvtotal .
ρ0 f

It follows that:
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β

τ
1
f
∂Ψ
= J(Φ, H) + J(Ψ, H) + Hρ−1
),
0 k(∇ ×
∂x
H
H
H
1
f
1
τ
⇒ J(Ψ, f ) − 2 J(Ψ, H) = 2 J(Φ, H) + ρ−1
),
0 (k · ∇ ×
H 
H
H

H
1
f
1
τ
⇒ J Ψ,
= −J Ψ,
+ ρ−1
).
0 (k · ∇ ×
H
H
H
H
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(4.59)

Here the term J(Φ, H1 ) is the JEBAR term (Mertz and Wright, 1992; Sarkisyan
and Ivanov, 1971).
There are several interpretations of this in the context of real ocean flows. Myers
et al. (1996) suggests that it illustrates the difference between bottom pressure
torque and the corresponding torque associated with depth averaged pressure, while
Mertz and Wright (1992) also suggest it relates to bottom torque (as the curl of
the horizontal force by the bottom of the fluid) but also that it can be seen as the
geostrophic component of the correction to the topographic stretching term. This
accounts for that it is in fact the bottom velocity, not the depth averaged velocity,
which gives rise to the vortex-tube stretching.
However, Cane et al. (1998) points out that the utility of the JEBAR term
is limited, as calculating it consistently is complicated by imperfect cancellation
and spurious transport values. The calculated fields are noisy, and have large
relative errors. Cane et al. (1998) points out that the majority of ocean transports
are confined to the surface, and thus that the JEBAR term can overestimate the
influence of topography on ocean transports. In this manner, it is important to
keep the relative errors in mind.

The gyre circulation and the overturning streamfunction
To assess the impact of the BPT and JEBAR terms on the overturning, it would
be useful to know their impact on the overturning, as well as the contribution of
other terms in the vorticity balance. Here, we present the theoretical foundation
of this link. We have not been able to estimate this, but discuss further plans in
the future work section.
If we use the barotropic vorticity relation, and keep the (horizontal) non-divergence
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in mind implied by:
∇ · U = ∇ · Ug + ∇ · Ua = −∂t η,

(4.60)

where “g” is the geostrophic component and “a” is the ageostrophic component.
We can recast the barotropic vorticity relation as a streamfunction equation for
the barotropic gyre circulation:
1
1
J(pb , H) + ∇ × ∆τ ,
ρ0
ρ0

Z xe 
1
1
1
ψG = −
J(pb , H) + ∇ × ∆τ dx,
β xw ρ 0
ρ0

β∂x ψG =

(4.61)

BP T
τ
ψG = ψG
+ ψG
.

Where U = k × ∇ψG the “G” is for gyre. Here we follow Yeager (2015), looking
at the gyre circulation in the North Atlantic first (We leave out the non-linear
and lateral friction terms, which can easily be added). A closure at the western
boundary is implied (ψG (xw ) = 0) with the integral balance of terms:

Z

xe



0=
xw


1
1
J(pb , H) + ∇ × ∆τ dx.
ρ0
ρ0

(4.62)

In depth-space, where the overturning (“o”) streamfunction is defined in the y-z
Rx
Rx
plane (−∂z ψo = xwe vdx and ∂y ψo = xwe wdx) this translates to:

1
ψo = −
β

xe

Z



xw


1
1
J(pb , H)(z) + ∇ × ∆τ (z) dx,
ρ0
ρ0

(4.63)

ψo = ψoBP T + ψoτ ,
or in density-space:

1
ψρ = −
β
ψρ =

Z

ψρBP T

xe

xw

+




1
1
J(pb , H)(ρ) + ∇ × ∆τ (ρ) dx,
ρ0
ρ0

(4.64)

ψρτ .

Here the partial z (or ρ) implies the closure ψ0 (ν) = 0 (and a statically stable water
column for ρ), and highlights the importance of abyssal flows and the bathymetric
control on the deep meridional flow closing the overturning circulation.
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In this manner we could repeat the work in section 4.4.1 to assess the relative
contributions to the vorticity balance in density space. This would be particularily interesting in terms of the long term mean and the more transient monthly
means, where the importance of terms such as the BPR and the JEBAR terms will
likely reveal changes in the mecanisms active to realise the overturning and gyre
circulation.

4.4.3

∇H and bottom vertical velocity

A key change with increasing horizontal resolution is the increase in roughness.
Equation 4.28 illustrates how the H and bottom vertical velocity are linked, which
we present in this section. We assess the change in the gradient of the slope in the
∇H term by assessing the length of the vector given by the gradient in x and y
√
directions as: ∇H 2
This measure of “steepness” is useful, because we know that the bathymetry in
the NEMO model is based on the same satellite measures as described in section
2.1.3, but the averaging that takes acts to smooth the field. This change in roughness can impact the interactions with velocity greatly and is one of the key changes
with horizontal resolution.
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(a) ORCA1-N403, ∇H

(b) ORCA025-N401, ∇H

(c) ORCA12-N01, ∇H

Figure 4.80: The |∇H| term in ORCA0083-N01, ORCA025-N205 and ORCA1N406, scaled between 0 and 1. Note the increase in roughness with resolution.
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Figure 4.81: The Probability Density Function for ∇H. Bins are for ∇H scaled
between 0 and 1. The top three panels show the latitudinal PDFs, showing from
the top ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally
averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
Note the mesh refinement in the equator of ORCA1.
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Figure 4.80 illustrates that the ∇H term is quite different in the NEMO resolutions. We clearly see the shelf outlined around the continents, especially in ORCA1.
Overall, we see that ORCA1 seems smoother than ORCA025 or ORCA0083. We
can see the outline of the Atlantic Ridge, as well as the Pacific-Antarctic and the
Southwest Indian Ridge. The fracture zones in the Southern Ocean we see as
streaks orthogonal to the ridge structures, specifically the Eltanin and Udintsev
fracture zones on the Pacific-Antarctic Ridge. Further, we see the Drake Passage
and Scotia Ridge area is associated with dramatic bathymetry, with increasing
steepness with resolution. We see that the Weddell Gyre region can be seen as a
reasonably cut-off area.
Overall, we see that the steepness of the bathymetry increases with resolution,
as we would expect. We demonstrate this in figure 4.81 where we show the area
averaged probability distribution functions. We show these for the global average
as well the longitudinal averages. We see that ORCA0083 clusters around higher
values, a tendency which increases towards the higher latitudes. This is expected
due to the changes in gridpoints. ORCA025 also has higher values, but more
concentrated. In the plots of longitudinal averages there are “streaks” of higher
probability which are set by the resolution, changing with latitude. This can be
seen in the equatorial region of ORCA1 where the resolution is increased to 1/3◦ .
These are a product of the methods used to generate the bathymetry (Pers. com.
Andrew Coward).
When assessing the velocity through the bottom gridcell, we measure the bottom
velocity, as the velocity of the top of the bottom most cell, in an 8 point average
as illustrated in figure 4.82. This is nessesary to compare with later plots.
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Figure 4.82: Sketch illustrating the 8 point average. The blue dots represent the
w-points, while the average we measure is the 8 point average is shown as the red
dot where the tracer point is found on the grid.

Figure 4.83 shows the 30 year mean bottom velocity. This shows an increase
in activity in ORCA1. We clearly see the outline of bottom features such as the
Pacific-Antarctic Ridge, Scotia Ridge as well as the Southwest Indian Ridge in the
Southern Ocean. We also see the outline of the Atlantic ridge, with the Romanche
Trench clearly visible as well as the Pacific Ridge. We see alternating patterns of
convergence and divergence. In ORCA025 we also see an increase in activity. This
is seen globally, but appears concentrated in areas of stronger currents such as the
ACC and WBCs. We also see an increase in activity around the Labrador and Gin
seas, as well as globally in areas we can associate with ∇H changes. In ORCA0083
we see a pattern similar to the monthly mean in figure 4.87c, but the extent of
the regions are smaller in the 30 year mean field. We see the increased bottom
velocity in the regions we associate with higher ∇H and strong velocities, such as
the WBCs and the ACC. We see that the Labrador and Gin sea regions are much
more focused towards regions of larger ∇H.
Figure 4.83 shows the 30 year mean bottom velocity. This shows an increase
in activity in ORCA1. We clearly see the outline of bottom features such as the
Pacific-Antarctic Ridge, Scotia Ridge as well as the Southwest Indian Ridge in the
Southern Ocean. We also see the outline of the Atlantic ridge, with the Romanche
Trench clearly visible as well as the Pacific Ridge. We see alternating patterns of
201

CHAPTER 4. UTILITY AND SPATIO-TEMPORAL SCALES

Maike Sonnewald

convergence and divergence. In ORCA025 we also see an increase in activity. This
is seen globally, but appears concentrated in areas of stronger currents such as in
the ACC and WBCs. We also see an increase in activity around the Labrador
and Gin seas, as well as globally in areas we can associate with ∇H changes. In
ORCA0083 we see a pattern similar to the monthly mean in figure 4.87c, but the
extent of the regions are smaller in the 30 year mean field. We see the increased
bottom velocity in the regions we associate with higher ∇H and strong velocities,
such as the WBCs and the ACC. We see that the Labrador and GIN sea regions
are much more focused towards regions of larger ∇H.
Figure 4.84 shows a detail of the Drake passage from the plots in figure 4.83. In
ORCA1 we clearly see areas of convergence and divergence organized over larger
areas. We see a similar, more finescale structure in ORCA025, with patterns of convergence and divergence aligned in almost wave-like patterns. However, comparing
with figure 4.85, we see that these can be attributed to bathymetric features. We
see the Scotia ridge, with sharp bathymetry and deep trenches providing obstacles
for the flow. We can also see the Atlantic Ridge, with a tendency towards negative
values in front, and positive values behind.
Figure 4.86 is the PDF of the 30 year mean bottom velocity. ORCA0083 has
the lowest values, while ORCA025 has the highest. We see that ORCA1 is the
most noisy in the globally averaged PDF, with PDFs becoming smoother with
larger numbers of gridpoints. Further, ORCA0083 and ORCA025 have higher
values around the Southern Ocean. Figure 4.86 confirms the surprising result from
figure 4.83 that the intermediate resolution ORCA025 has higher values than both
ORCA1 and ORCA0083.
Looking at the monthly mean fields, we can see how the long term mean differs
from a month average. Figure 4.87 shows the July 2007 field. We see that the
velocity through the bottom cell changes dramatically with resolution. In ORCA1
we see that the monthly mean field of bottom velocity appears small compared
to ORCA025 and ORCA0083. In the higher resolution cases we see that the bottom velocity is associated with regions of strong currents such as the ACC and
the WBCs. We see that the Pacific-Antarctic Ridge, Scotia Ridge as well as the
Southwest Indian Ridge are visible in the Southern Ocean. The Labrador Sea sees
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(a) ORCA1-N403, Pass1, Bottom velocity

(b) ORCA025-N401, Bottom velocity

(c) ORCA12-N01, Bottom velocity

Figure 4.83: The bottom velocity (10−2 Sv) in ORCA0083-N01, ORCA025-N401
and ORCA1-N403 for a 30 year mean.
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(a) ORCA1-N406, Bottom velocity Drake passage

(b) ORCA025-N401, Bottom velocity Drake passage

(c) ORCA12-N01, Bottom velocity Drake passage

Figure 4.84: The bottom velocity (10−2 Sv) in and after the Drake passage in
ORCA0083-N01, ORCA025-N401 and ORCA1-N403 for a 30 year mean.
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Figure 4.85: The bathymetry of the Drake Passage region. Image is a detail from
NOAA http://www.ngdc.noaa.gov/mgg/image/2minrelief.html.
higher activity, as well as isolated areas. We see increased activity in ORCA0083
compared to both ORCA025 and ORCA1. This increase seems associated with
areas of higher velocities and ∇H.
Figure 4.88 shows the PDF of the global and zonal NEMO simulations for the
monthly mean June 2007. We see that this figure is quite different from figure
4.86. In contrast to figure 4.86, we see that globally, the bottom velocity increases
with resolution, with ORCA0083 having higher probability of larger values than
ORCA025 and ORCA1. Consistent with increasing numbers of gridpoints, we see
that the global average PDF also becomes smoother with increasing resolution.
With the zonally averaged PDFs, we see that ORCA0083 and ORCA025 have
their larger values centered around the Southern Ocean.
Overall, ORCA0083 complies most with what we expect from theory. The
bottom vertical velocity is thought to be small, with the ocean being steered
by bathymetry, rather than diverging and converging in response to bathymetry,
in line with the inviscid assumption presented by Hughes and de Cuevas (2001).
We assume that the mean ocean acts as Taylor-Proudman columns, steered by
bathymetry, and implying a small bottom vertical velocity. This is assumed to be
the case, particularly in the large wind driven gyres and with weaker ∇H where
Sverdrup balance likely holds as described in Wunsch (2011); Thomas et al. (2014).
This could suggest that ORCA0083 complies more with equation 4.4.2, since as
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Figure 4.86: The Probability Density Function for the bottom W velocity for a
30 year mean. The top three panels show the latitudinal PDFs, showing from the
top ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally
averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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(a) ORCA1-N403, Pass1, Bottom velocity

(b) ORCA025-N401, Bottom velocity

(c) ORCA12-N01, Bottom velocity

Figure 4.87: The bottom velocity (10−3 Sv) in ORCA0083-N01, ORCA025-N401
and ORCA1-N406 for an instantaneous monthly field 2000, July.
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Figure 4.88: The Probability Density Function for the bottom velocity for 2007,
June. The top three panels show the latitudinal PDFs, showing from the top
ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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Cane et al. (1998) discusses, this term wb should be small. However, what we
observe in ORCA025 and ORCA1 does not fit in with this.

4.4.4

Bottom pressure torque in NEMO

We observe that important changes take place in the density space overturning with
increases in resolution. This suggests a shift in the compensating mechanisms made
possible by changes in lateral viscosity and bathymetry. We know that the Ekman
contribution has not changed, as described in section 2.1.1. It seems reasonable
that there is a higher degree of compensation of eddies with increase in horizontal
resolution, as well as changes in how the circulation interacts with the seafloor.
The interactions with the seafloor are especially interesting as we see in section 4.2
that the energy dissipation in the surface layer likely does not change significantly
between the resolutions, using the MLD as a proxy for this. It follows that changes
in the overturning are likely to be expressions of changes in energy dissipation
associated with interactions with the seafloor. The BPT is a good way to indicate
such changes, although it is not directly the form stress.
Figure 4.89 is the 30 year mean bottom pressure torque. We see that in figure
4.89a for ORCA1 the strongest signals are found in the shelf regions, along with
some regions where we know there are bathymetric features, such as the Scotia
Ridge, the Kerguelen Plateau and the Northern Mid-Atlantic Ridge. We see a
distinctive pattern of positive features to the East of a topographic feature, and
negative to the West. We can imagine the ACC being confined to a smaller depth
upon encountering the ridge, leading to a convergence and “spin up” (vortex squishing) before the ridge, and a subsequent relaxation after the ridge where the water
is deeper with a divergence or “spin down” (vortex stretching). In this manner,
we interpret the blue and red regions as the flow converging (blue) as it hits the
obstacle and diverging (red) after, leading to vortex squishing initially, and vortex
stretching after.
In figure 4.89b for ORCA025 we see a similar pattern to ORCA1, but with regions locally more confined to smaller areas on the shelf. We see the same structure
of negative values to the West and positive to the East. However, we can observe
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that the areas where the bottom pressure torque is significant are more widespread.
We clearly observe the Northern Mid-Atlantic Ridge down to the Equator, as well
as the Pacific-Antarctic Ridge and the East Pacific Ridge.
This is quite different in ORCA0083. Figure 4.89c illustrates the noisy picture
we see here, in sharp contrast to ORCA1 and ORCA025. We still see the pattern of
negative values to the West and positive to the East, and again this is locally quite
confined. However, the ridge structures are less clearly defined, and many more
areas are seen to influence the bottom pressure torque. However, the South-West
Indian Ridge and Atlantic-Indian Ridge stand out as extensions of of the Scotia
Ridge after the Drake Passage.
Overall, the results suggest that the bottom pressure torque changes significantly
with changing horizontal resolution, moving away from clearly confined shelf features through a clearer influence of even deeper bathymetry and finally to a much
more stochastic picture. We also see that the bottom pressure torque seems generally to increase in magnitude with resolution.
Figure 4.90 shows the bottom pressure torque for our suite of ORCA runs, January 2000. Here we again assessed the individual months at different times but did
not see large differences. It seems very similar to figure 4.89, making it difficult to
distinguish by eye. Figure 4.91 shows the difference between the instantaneous and
mean field. Here we see that the largest change is seen in ORCA0083. ORCA1 has
predominantly positive values, illustrating that the mean bottom pressure torque
is less than the instantaneous. These features are predominantly found in the shelf
regions. With increasing resolution we can pick out bathymetric features such as
the Pacific-Antarctic Ridge, the mid-Atlantic Ridge and the Scotia Ridge.
Probability Distribution Functions
Figure 4.92 shows the PDFs of the January mean in figure 4.89. Here we see
that ORCA1 is more noisy than ORCA025 and ORCA0083, with the distribution
becoming smoother with increasing resolution. We see a focus on the Southern
Ocean, with ORCA0083 having higher values.
Figure 4.93 shows the PDFs for the mean shown in figure 4.90. Here it is difficult
to distinguish from figure 4.92 by eye, so we show the difference in figure 4.94. We
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(a) ORCA1-N406, Bottom torque

(b) ORCA025-N401, Bottom torque

(c) ORCA12-N01, Bottom torque

Figure 4.89: The bottom torque term in ORCA0083-N01, ORCA025-N401 and
ORCA1-N403 for a long term 30 year mean.
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(a) ORCA1-N406, Bottom torque

(b) ORCA025-N401, Bottom torque

(c) ORCA12-N01, Bottom torque

Figure 4.90: The bottom torque term in ORCA0083-N01, ORCA025-N401 and
ORCA1-N403 for an monthly mean January field of 2000.
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(a) ORCA1-N406, Bottom torque

(b) ORCA025-N401, Bottom torque

(c) ORCA12-N01, Bottom torque

Figure 4.91: The bottom torque term in ORCA0083-N01, ORCA025-N401 and
ORCA1-N403 for a long term mean minus the monthly mean January field of
2000. This plot highlights the difference, but note the change in colorbar scale
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Figure 4.92: The Probability Density Function for bottom pressure torque, 30
year mean. The top three panels show the latitudinal PDFs, showing from the
top ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally
averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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Figure 4.93: The Probability Density Function for bottom pressure torque, 2000
January. The top three panels show the latitudinal PDFs, showing from the top
ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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see that the largest difference is found in ORCA1, but generally that there is a
positive residual meaning that the bottom pressure torque decreases when a 30
year mean is considered.
Are the bottom pressure torque areas that stand out associated only with ∇H,
or also strongly with the baroclinicity? From the figures above, we see that there is
indeed a strong influence of ∇H, which is sensitive to the resolution. However, we
know that increasing the resolution allows more baroclinic activity, as demonstrated
in section 4.3. Thus we assess the baroclinic component of the bottom pressure
torque looking at the JEBAR term.

4.4.5

JEBAR in NEMO

To explore the JEBAR term, we calculate this for the NEMO model. We know
that we expect the JEBAR term to be larger where we have sharper gradients of
H interacting with stratified flow. This type of interaction is found specifically on
the shelves and in areas of sharp ∇H.
Figure 4.95 illustrates that in ORCA1 most of the activity is confined to the
shelves. We see the same patterns in ORCA025 and ORCA0083, with an increased
response to bathymetric features such as the Pacific-Antarctic Ridge in the Pacific
sector of the Southern Ocean. We see features like the Scotia Ridge clearly in
all resolutions, but we see that the influence of the region is increasingly visible
with increasing resolution. In ORCA0083 we can already pick out features like the
mid-Atlantic Ridge and various fracture zones.
Figure 4.96 shows a detail from the northern Japan/Kamtchatka region from
figure 4.95. We see a pattern of alternating regions of positive and negative JEBAR, with predominantly positive values on the outer/eastern side, and negative
on the inner/western side. This is repeated at low and high resolution. We see
this is realized with much finer detail in ORCA0083, and more subtle regions of
bathymetric changes are outlined.
We see that certain regions have a negative and positive pattern, making it plausible that the effects of increasing resolution would average out with coarsegraining.
However, figure 4.97 demonstrates that this is not the case.
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Figure 4.94: The Probability Density Function for bottom pressure torque remainder of 2000 January minus the 30 year mean. The top three panels show the
latitudinal PDFs, showing from the top ORCA1, ORCA025 and ORCA0083. The
bottom figure shows the globally averaged PDFs. In all plots the x axis represents
the bins, and all sum to one.
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(a) ORCA1-N406, JEBAR

(b) ORCA025-N401, JEBAR

(c) ORCA12-N01, JEBAR

Figure 4.95: The JEBAR term in ORCA0083-N01, ORCA025-N401 and ORCA1N406.
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(a) ORCA1-N403, Pass1, JEBAR

(b) ORCA12-N01 JEBAR

Figure 4.96: The JEBAR term in ORCA0083-N01 and ORCA1-N403, detail from
the northern Japan/Kamtchatka region.
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PDF of latitudinally averaged and global averaged JEBAR,

ORCA0083-N01 (red line), ORCA025-N401 (black line) and ORCA1-N406 (blue
line). The top three panels show the latitudinal PDFs, showing from the top
ORCA1, ORCA025 and ORCA0083. The bottom figure shows the globally averaged PDFs. In all plots the x axis represents the bins, and all sum to one.
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With these changes in JEBAR we see that the barotropic component of the BPT
does indeed change with resolution as we expect from the changes in wb and the
overturning streamfunction. This is evident from the changes in the PDF, and we
see that this is particularly the case in regions such as the Southern Ocean.

4.4.6

Summary

In this section we have seen that the baroclinic contribution to the overturning
increases with resolution. This increase is focused on the Southern Ocean. We
investigate this in terms of the bottom pressure torque term and its baroclinic
constituent JEBAR. The detailed comparison is still lacking, but I think we can
see that the while the bottom pressure torque increases with resolution, the JEBAR term becomes increasingly influential as the overturning decomposition would
suggest.
If NEMO were energy conserving, with a closed system, we could be more concrete about how the differences in degrees of freedom presented through the change
in resolution, manifest themselves. However, in terms of the importance of baroclinicity and interactions with the bathymetry we see that this becomes increasingly
influential in shaping the circulation.
Wells and de Cuevas (1995) demonstrate that the relation between wb and
J(Pb , H) is sensitive to the numerics of the model in the sense that discarding
points where the adjacent jump in bathymetry is larger than one vertical cell greatly
improves the relationship between the two.
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Chapter 5
Utility of NEMO
In this section we apply the method we presented in section 4.1. We treat a
selection of fields using our utility estimate, presenting the EOF decompositions
of the deseasoned fields with the mean removed before presenting the resultant
measure of utility. We focus on key fields from the analysis in chapter 4, starting
with MLD, we look at the SST and SSH, the ratio between the surface and deep
steric height as well as the full depth steric height, and the overturning and its
baroclinic and barotropic decomposition. This includes a range of scales, from
long term global overturning to fast smaller scale variability, which we collate to
highlight the changes in utility with resolution. Thus, we assess the utility of
the model results, highlighting the differences in usefulness present in the NEMO
simulations.
Throughout our analysis, we work on deseasoned and detrended data where the
mean is removed for all fields, except for the MLD and the overturning where we
analyse the climatological field. To deseason and detrend we estimate the seasonal
signal as the mean of the respective month over the considered period, computed
as the climatology and discarded. The linear trend is also removed. The removal
of the seasonal component is therefore subject to having a residual, as the true
seasonal signal has higher order harmonics, which can be significant. Our method
of removing the seasonal signal did not take this into account. Certain areas where
the seasonal harmonics are more prevalent could lead to increased seasonal leakage,
as the seasonal signal would be more difficult to capture, which is elaborated in in
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appendix 0.2. Unfortunately, the method used in this study was found to likely
leave a considerable seasonal residual, which masked the variability due to the ocean
dynamics. To ameliorate this, we also choose not to assess the first EOF when we
compute the percentage of variance the different EOFs can account for. This is
because we are not interested in the seasonal signal itself, but rather how the ocean
reacts to the forcing. We base this assumption on that the seasonal cycle is by far
the strongest signal in the global fields. We see the effect of the seasonal signal even
after deseasoning by subtracting the gridpoint-by-gridpoint climatological mean,
but that we can eliminate most of its variability by excluding the first EOF. This
was demonstrated introducing the EOF method in section 2.3.3. For this reason
we also discard the first EOF when assessing the climatological fields. However,
the degree to which the seasonal signal is confined to the first mode may vary with
the model’s ability to represent the variance, and thus how well we are able to
remove this could also vary. We discuss ways to ameliorate this in the discussion
in chapter 7.
We see here that the ocean system has interactions that are too complex to capture fully with the EOF analysis. The modes of variability may not be independent,
with degenerate EOFs. Ideally, we would have tested for the degeneracy of EOFs
as described in North et al. (1982). As Hotelling (1933) describes, the method
behind EOF decomposition is equivalent to choosing sets of coordinate axes that
coincide with the principal axes of the variance. The subsequent “ranking” of these
axes means that axes that are similar in magnitude of variance can be mixed. The
matrix we decompose may have distinct eigenvalues, but the uncertainty in these
eigenvalues may be of similar magnitude to the spacing between them. This results
in non-unique eigenvectors. This degeneracy can be seen where similar amounts of
variance is housed in the EOFs, and in spatial patterns swapping between EOFs
(see illustration in figure 5.10 and 5.11 for the steric height). Further, although
we discuss patterns them in terms of known ocean features, it is not our intent to
ascribe them directly to these as Monahan et al. (2009) details. The EOF analysis assumes that the climate patterns are global and independent, something that
is of limited usefulness to our analysis. In the discussion, we suggest alternative
methods that could be used to overcome this, but leave our analysis here as a proof
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of concept. What we hope to convey is a more critical view of where moving to
higher resolution offers higher accuracy/precision to the extent that it is worth the
investment in computational cost, storage space and difficulty in the analysis.
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Figure 5.1: The first three EOFs for the global MLD in ORCA1, ORCA0083 and the de Boyer Montégut et al. (2004) dataset. The data
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Mixed Layer Depth utility
Figure 5.3 shows the EOF decomposition of the MLD field, where we use the climatological MLD fields. Here we used the ORCA fields regridded to the respective
fields of the observational data from de Boyer Montégut et al. (2004) and Dong et
al. (2008). This was done for consistency with the analysis in chapter 4. Figure 5.1
show the first three EOFs from ORCA1, ORCA0083 and the de Boyer Montégut
et al. (2004) dataset. We see that the first EOF is dominated by the seasonal
signal, with deep areas standing out in the higher latitudes. Overall, we see that
similar features stand out in the model and observational data, with the deep MLD
region in the Southern Ocean occupying the full latitudinal expanse we recognise
from section 4.2.5. The deep MLD section in the first EOF has a larger latitudinal expanse than seen in the second and third EOF. We note that the North
Atlantic shows large differences, with ORCA0083 capturing the deeper MLD along
the path of the Gulf Stream and the GIN sea region. We disregard the signals
from the Arctic in the de Boyer Montégut et al. (2004) dataset. Overall, the North
Pacific seems more shallow in NEMO, with the deeper MLDs here being found in
the third EOF. In all first EOFs we see the Southern Ocean asymmetry clearly,
with the effect of the Pacific-Antarctic ridge as well as the effect of the standing
meander off the Aghulas region. The second EOF shows more finescale structure
north of the ACC. We see a see-saw structure with the Southern Hemisphere being
deep, while the the Northern Hemisphere is shallow. Note that the pattern is the
focus here, and the sign of the signal arbitrary. The third EOF shows a marked
signal in the tropics for the NEMO model, while the de Boyer Montégut et al.
(2004) dataset looks spatially quite similar to the second EOF.
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Figure 5.2: The first three EOFs for ORCA1, ORCA0083 and the Southern Ocean Dong et al. (2008) Argo dataset. The data were put
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Figure 5.2 illustrates the EOF decomposition focused on the Southern Ocean
using the Argo data from Dong et al. (2008). Here we see that the zonal asymmetry
dominates all three EOFs, suggesting that the processes causing the asymmetry
increase variance that acts independently enough to be orthogonal. We clearly see
the influence of bathymetry, with the Pacific-Antarctic ridge visible as a shallow
MLD area extending into the deep region. We see the Southeast Indian ridge South
of Australia, and the shallower region in the Atlantic sector in all three EOFs. The
de BM, ORCA1 and ORCA0083 show remarkable similarities in the first and second
EOF. The third EOF is very similar in ORCA1 and ORCA0083, while due to sparse
data the Dong et al. (2008) dataset shows a quite patchy rendition.
In figure 5.3 we see the percentage of the total variance the EOFs account for.
Figure 5.3a shows the de Boyer Montégut et al. (2004) comparison, where we see
that the seasonal component in the first EOF is much stronger in the NEMO
model than in the de Boyer Montégut et al. (2004) dataset, with a much flatter
distribution. This is echoed mainly by ORCA1. Figure 5.3b shows that ORCA1
and ORCA0083 are very similar focusing on the Southern Ocean. The Argo dataset
has a stronger seasonal component, with most of the variability explained by the
first three EOFs.
It is worth noting that the differences in the datasets could be explained by
the Argo data focusing on the Southern Ocean. The de Boyer Montégut et al.
(2004) data includes the Arctic ocean, where we see that the signals do not look
realistic. In this manner, the EOF analysis could offer unexpected results due to
incorporating this region. Further, the datasets undergo significant post-processing,
with the de Boyer Montégut et al. (2004) data using kriging. Differences in this
post-processing could be a likely source of discrepancies.
Figure 5.4 shows the estimated utility from the MLD data which we calculate
according to equation 4.5, using the method described in section 4.1. We estimate
the accuracy according to equation 4.4, and apply the appropriate penalty for C,
S and I according to the resolution as shown in table 4.1. In this manner, for the
MLD utility from ORCA1 (UtilityORCA1

UtilityORCA1

MLD

MLD )

we have:

= A + (InORCA1 + CORCA1 + SORCA1 ) I,
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(b) Argo, ORCA1 and ORCA0083

Figure 5.3: The EOF decomposition of the MLD data for ORCA1 and ORCA0083
regridded to the observational grid. Note the difference in the seasonal component.
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where A is the vector of the accuracy from equation 4.5, the IORCA1 = 0.14,
CORCA1 = 0.40 and SORCA1 = 1.00 according to table 4.1. From our analysis
of the EOF fields, we saw that ORCA0083 did not offer a marked improvement.
This is reflected in the measure of utility, with ORCA1 having higher utility than
ORCA0083. We see that the utility of the comparison is greater when using the
Argo data, which could be a product of the quality of the data. We expect the
distribution of variance to be smoother across the EOFs in the higher resolution,
as more variance is found in the smaller scales. However, the effect of this counters
the impact of how cleanly the seasonal signal can be captured. For reference, the
seasonal residual is much smaller than the full seasonal signal in surface quantities
such as SSH, where we can usually account for up to 80% of the total variance
in the first EOF. The residual signal accounts for about 20% depending on the
field considered. We also highlight that our use of the EOF decomposition means
that the different EOFs represent global variance, and thus it is difficult to ascribe
to known ocean modes. In our descriptions we comment on the patterns in this
context, but use this merely to assess by eye how similar the NEMO resolutions
are. The EOFs are also shown without colorbars, as the scale is set to the median
±2σ, and the sign is arbitrary.
Sea surface height, salinity and temperature utility
The surface fields are often very instructive as they give a surface impression of
variability. Chapter 3 already introduced the EOF analysis of variance, and here
we go on to show the full EOF components. We expect the ones that are closely
related to the surface forcing to be similar, as the same surface forcing is used. We
look at the deseasoned and detrended SSH, SST and SSS. We estimate the seasonal
signal as the mean of the respective month over the considered period, and remove
the linear trend. The SST is expected to largely reflect the surface forcing. Figure
5.5 shows the first three EOFs for the SST. We see that the first EOF looks like
an ENSO signal. The patterns are consistent between the three resolutions, with
a blue tongue in the Equatorial Pacific, flanked by strong red patterns in the midlatitudes. The Bering Sea and North Pacific have a strong blue signal. In the
North Atlantic, we see a red pattern in the Labrador and Gin Seas, with the Gulf
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Figure 5.4: The measure of utility of the MLD estimate using the observational
datasets as measures. Note that we find that ORCA1 has a higher utility than
the high resolution model, as we expect. We use the observational fields as our
σEOF baseline and a c=1.3.
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Stream and its extension visible as a blue streak. The tropical and mid-latitudinal
Atlantic has a zonal red tongue flanked by muted blue regions. The Drake Passage
is seen as a red area, while the Pacific sector of the Southern Ocean is seen as a
blue area. The main difference between the three resolutions is that ORCA0083
and ORCA025 have more finescale variability, particularly in the Southern Ocean
and WBC regions. The second EOF has a similar pattern in the Pacific, the sign
being arbitrary, with the equatorial red region being surrounded by blue regions.
The largest difference between the first and second EOF we see is that the Atlantic
is seen to be largely red, with the Gulf Stream showing up as a blue streak. The
extent of this streak varies between the resolutions. The third EOF is very similar
between ORCA0083 and ORCA025, ORCA1 has broadly similar features with a
red streak in the Equatorial Pacific, and red patches in the north and south with
considerable symmetry around the equator. In ORCA0083 and ORCA025 we see
the sharp meandering features of the Kuroshio. The Gulf Stream and its extension
is visible in all three resolutions, but extends almost to Iceland in ORCA1. The 3rd
EOF suggests out of phase variability between Atlantic and Pacific in ORCA025
and ORCA0083, whereas the signal seems in phase in ORCA1.
Figure 5.6 shows the first three EOFs of the SSH. In the first EOF we see that
there may be a seasonal residual present. This is suggested by predominantly red
colours around the poles and blue colours around the equator. We see the area
around the Antarctic continent stand out, predominantly in the first EOF but also
the third. The Gulf Stream and Kuroshio are also strong features in ORCA0083 and
ORCA025. This is seen as a strong feature in the first EOF in ORCA1, but is less
visible in the second and third EOF. The second EOF shows an ENSO like signal in
ORCA025 and ORCA1, while this is not seen in ORCA0083. An ENSO like signal
is seen in the third EOF in ORCA0083. This suggests that the second and third
EOF in ORCA0083 could be degenerate. Again we see that on visual inspection
ORCA0083 and ORCA025 seem most similar, with high frequency variability in
the Southern Ocean and WBC regions, with a much smoother picture in ORCA1.
The SSS first three EOFs are shown in figure 5.7. We see that the patterns here
are quite different between the NEMO resolutions. This shows the influence of
river runoff and interactions with the cryosphere. For the runoff, we have used the

233

CHAPTER 5. UTILITY OF NEMO

Maike Sonnewald

same dataset in the NEMO runs. The first EOF in ORCA025 and ORCA1 show
strong red signals around Greenland, with a strong blue signal along the Arctic
shelf where the Russian rivers meet the sea. This blue signal is also seen in the
first EOF in ORCA0083. Here we see a strong signal from the Amazon discharge,
which is mainly seen in the second and third EOF in ORCA025 and ORCA1. The
second EOF in ORCA0083 and the first EOF in ORCA025 and ORCA1 are very
similar. This could again suggest that we do not successfully remove the seasonal
signal, especially in the more highly variable ORCA0083. In ORCA1 the North
Atlantic has a feature that could correspond to the storm track in the second and
third EOF, or the North Atlantic Current. We also see a strong signal in the
western equatorial Pacific. Overall, ORCA0083 and ORCA025 have the strongest
signals in the Arctic, with the coastal river input and an opposing signal over the
Beaufort Gyre region. ORCA1 also has strong signals in the Arctic, but we also
see strong signals in the rest of the world ocean, especially the tropics.
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Figure 5.5: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the SST.
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Figure 5.6: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the SSH.

EOF1 ORCA1 SSS

EOF2 ORCA12 SSS

EOF2 ORCA025 SSS

EOF2 ORCA1 SSS

EOF3 ORCA12 SSS

EOF3 ORCA025 SSS

EOF3 ORCA1 SSS

237

EOF1 ORCA025 SSS

CHAPTER 5. UTILITY OF NEMO

SSS EOFs

EOF1 ORCA12 SSS

Maike Sonnewald

Figure 5.7: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the SSS.
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Figure 5.8 illustrates the percentage of variance that the different EOFs account
for. Figure 5.8a shows the SST, where we see that we have the distribution we
expect, with a flatter distribution of variance over the EOFs in ORCA0083, increasing in ORCA025 and ORCA1 having the least flat distribution. ORCA0083
and ORCA025 follow each other closely, and the three resolutions become very
similar in terms of how the variance is distributed among the EOFs after the 7th
EOF. Overall we see that the distribution is flatter for the SST than the SSS or
SSH, with the three resolutions following each other closely. This is expected as
the SST is thought to follow the surface forcing closely. Figure 5.8b shows the percent of variance the EOFs account for for the SSH. Here we see that ORCA0083
and ORCA025 become increasingly close in the higher EOFs, while ORCA0083
and ORCA1 start together. For the SSS, figure 5.8c illustrates that ORCA0083 is
closer to ORCA1 than ORCA025, with ORCA025 underestimating the SSS variance. Overall, for both the SSH and SSS the EOFs generally become more similar
moving to the higher EOFs.
Figure 5.9 shows the estimated utility of the SST, SSH and SSS. Here we see that
the penalization of the higher resolution largely results in ORCA1 having a higher
utility. Both ORCA1 and ORCA025 have very limited utility to start with SSS.
SST is largely constant, but the SSH shows that for the higher EOFs ORCA025
makes up for its increased penalties having a marked higher utility than ORCA1.
Note that the probable degenerate nature of the ORCA0083 SSH EOFs suggest
that the comparison may be unfair. This is further discussed in the discussion in
section 7.
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(c) SSS EOF

Figure 5.8: The EOF decomposition of the SSH, SST and SSS for ORCA1, ORCA025
and ORCA0083 on the native grid. To highlight the details, we show only the first 5 of
25 EOFs.
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Figure 5.9: The estimated utility of SST, SSH and SSS using ORCA0083 as our
σEOF baseline and a c=2.3.
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Figure 5.10: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the deseasoned steric height of deseasoned and detrended
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Steric height utility
The steric height can be seen as a proxy for the baroclinic activity. Here we look
at the full depth steric height previously described in section 4.3. Figure 5.10
shows the first three EOFs for the steric height, deseasoned and detrended. The
first EOF shows what looks like a seasonal residual, particularly in ORCA0083
and ORCA025. We see strong red signals in the high latitudes, and blues around
the equator. In ORCA025 and ORCA1 we see a signal that has an ENSO like
pattern in the first EOF. ORCA0083 and ORCA025 show very similar patterns in
the second and third EOF.This could suggest that the EOFs are degenerate. In the
second EOF, we see a red extension from the East Pacific into the West, with blue
patterns flanking extending to the North and South from the West Pacific. In the
Southern Ocean we see much finescale activity, with matching red and blue patterns
in ORCA0083 and ORCA025. In the Northern Hemisphere we see differences, with
ORCA0083 being largely red, we see similar patterns in ORCA025, but inter spaced
with blue. The path of the Gulf Stream is highlighted as well as the Kuroshio and
the Labrador sea in the second EOF for ORCA025. These patterns are seen in
ORCA0083 in the third EOF, as well as an ENSO like signal. ORCA1 shows the
ENSO like pattern in the first EOF, with a red signal extending from the East
Pacific and a blue signal from the East. In the second and third EOF we see bands
of blue and red in ORCA1. However, overall ORCA1 seems quite different from
ORCA0083 and ORCA025.
Figure 5.11 illustrates the percentage of variance captured by the EOFs. we see
that ORCA0083 and ORCA1 appear close, switching to ORCA0083 and ORCA025.
From figure 5.10 it seems surprising that ORCA1 and ORCA0083 should be close.
This carries over to the measure of utility in figure 5.14, where ORCA1 is generally
seen to be more useful than ORCA025. This is surprising, as ORCA1 has such
a low resolution that it parameterizes the effect of eddies. In this sense, what we
see in figure 5.10 is the product of the GM eddy parameterization scheme, and is
seem to act quite differently than ORCA025 and ORCA0083 that start to resolve
these processes. In this manner, it seems that the percentage of variance in the
EOFs are similar, but that looking at the steric height as a proxy for the baroclinic
variability is not a very good measure for the finescale variability assessed using
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Figure 5.11: The steric height EOF percentage of variance from deseasoned and
detrended NEMO data from ORCA0083, ORCA025 and ORCA1 on their native
grids. Due to the seasonal residual we disregard the first EOF.
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Figure 5.12: The steric height utility from deseasoned and detrended NEMO data
from ORCA025 and ORCA1 on their native grids. Due to the seasonal residual we
disregard the first EOF and use ORCA0083 as our σEOF baseline and a c=2.3.
our EOF technique.
We move on to look at the ratio of the deep and shallow steric height as presented
in section 4.3. This measure reflects the extent to which the deep ocean variability
is reflected in the surface variability. Figure 5.13 shows the EOF percentage of
variance captured. Here we see that the ORCA0083 and ORCA025 follow each
other more closely, and ORCA1 having a flatter distribution. Figure 5.14 highlights
this, with ORCA025 having a higher utility than ORCA1. However, both do not
do show any utility in the first two entries, suggesting that our accuracy measure
could be at fault. We see that in the higher EOFs ORCA1 is higher than ORCA025
due to the penalization outweighing the change in accuracy.
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Figure 5.13: The steric height deep/surface ratio EOF percentage of variance from
deseasoned and detrended NEMO data from ORCA0083, ORCA025 and ORCA1
on their native grids. Due to the seasonal residual we disregard the first EOF.
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Figure 5.14: The steric height deep/surface ratio utility from deseasoned and detrended NEMO data from ORCA025 and ORCA1 on their native grids. Due to the
seasonal residual we disregard the first EOF and use ORCA0083 as our σEOF baseline
and a c=2.3.
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Figure 5.15: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the density space overturning (mocsig) with the NEMO
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Figure 5.16: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the barotropic component of the density space overturning
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Figure 5.17: The first three EOFs for ORCA1, ORCA025 and ORCA0083 for the baroclinic component of the density space overturning
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Overturning utility
In section 4.4.1 we present the density space overturning. This is a good way
of assessing impacts on how the energy in the system is moved around, and we
decompose this into its barotropic and baroclinic contributions. In section 4.4.1 we
found that the interesting features were highlighted in the mean and climatological
overturning. This is what we evaluate here. However, we still discard the first
EOF in our measure of accuracy, as this is seen to mainly contain the seasonal
component. In the higher EOFs we find more interesting features connected to the
oceans dynamical response to the forcing.
Figure 5.15 shows the first three EOFs of the climatological full density space
overturning. Here we see very clearly that the first EOF is a mirror of the forcing.
We see a blue signal at the equator, and red signals moving to the poles. The WBCs
are seen as blue arms extending from to higher latitudes and denser water. The
WBCs are moderately less well marked in ORCA1, but overall the first EOF is very
similar. The second EOF shows the wind driven cells in the lighter waters as a blue
dome in the South and a matching red dome in the North. We see deep Antarctic
waters, as well as NADW in ORCA0083 and ORCA025. The NADW is missing in
ORCA1. The third EOF shows strong similarities in ORCA0083 and ORCA025,
with bands spanning the density classes in the equatorial and subtropical regions
with some WBC-like structures in the higher latitudes. ORCA1 shows similar
features, but the structures are less clear.
Assessing the climatological barotropic component of the density space overturning, figure 5.16 shows the first three EOFs. We see that the first EOF is again
very similar in ORCA0083, ORCA025 and ORCA1, with the North Atlantic being
weaker in ORCA1. We see alternating bands of density class spanning columns in
the equatorial and extratropical regions. In the polar regions we have two components, a fresher component, and an opposing denser one, which is particularly
visible in the Souther Ocean region. The second EOF again shows similar features
between the resolutions. We see a strong blue streak in the equatorial region. We
see a strong signal in the lighter waters in the North, with a matching smaller
amplitude one in the south, as well as a red feature in the Southern Ocean region,
which increases in strength with increasing resolution. The third EOF is very sim250
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ilar between ORCA0083 and ORCA025, with ORCA1 showing a similar pattern,
but with different magnitudes.
In figure 5.17 we see the climatological baroclinic component of the density
space overturning. Here ORCA1 shows a clear seasonal signal in the first EOF.
We still see this in ORCA025 and ORCA0083, but it is not as well captured. The
second EOF shows the wind driven lighter waters in all three resolutions. We see
this extending to the denser waters in ORCA025 and ORCA0083. The Southern
Ocean has a strong blue feature. In ORCA0083 this is strongest in the second
EOF, but also a strong feature in the first EOF. We recognize this feature from our
analysis in section 4.4.1. This feature is also seen in ORCA025 and ORCA1, but
with decreasing amplitude. The third EOF is similar in ORCA0083 and ORCA025.
We see similar features in ORCA1.
Figure 5.18 shows the percentage of variance that the different EOFs can account
for. Figure 5.18a shows the climatological full density space overturning. We see
that ORCA1 has a sharper peak, and most of the variance is found in the first
two EOFs we examine. ORCA0083 and ORCA025 follow each other closely. Very
similar behaviour is seen in the baroclinic density space overturning in figure 5.18b,
but ORCA0083 and ORCA025 follow each other even more closely. Figure 5.18c
shows the barotropic density space overturning, which is very similar in all three
NEMO resolutions. We see that ORCA1 has a slightly flatter distribution than
ORCA0083 and ORCA025.
Figure 5.19 shows the utility estimate associated with the density space overturning. We see that ORCA025 has a considerably higher utility in capturing the
overturning seen in ORCA0083. This is seen for the full, baroclinic and barotropic
components (the baroclinic and full ORCA1 lines overlap). We see that we have
the least utility with the full overturning, with an increased utility for the baroclinic component, and most for the barotropic component. The high utility of the
barotropic component compared to the baroclinic is expected due to the increased
importance of the eddy effects with resolution. However, we have seen that the
barotropic component is also sensitive to resolution demonstrated in the covariance between the surface and the deep steric height field, particularly in the low
frequencies. The lower utility in the full overturning component, especially for the
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(a) The full density space overturning
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(b) The baroclinic density space overturning
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(c) The barotropic density space overturning

Figure 5.18: The EOF decomposition of the climatological overturning for ORCA1,
ORCA025 and ORCA0083 on the native grid, discarding the first EOF to compute the
percentage variance.
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Figure 5.19: The utility estimate of the climatological density space overturning
for ORCA1 and ORCA025 on the native grid, looking at the full (gray), baroclinic
(red) and barotropic (blue) components. We use ORCA0083 as our σEOF baseline
and a c=2.3.

253

CHAPTER 5. UTILITY OF NEMO

Maike Sonnewald

ORCA1 case could be due to the seasonal residual. Discarding the first EOF for
the percentage of variance analysis improves this, but we could suspect that the
degree to which the seasonal signal is confined to the first mode may vary with the
models ability to represent the variance. In this manner, the large discrepancy in
the overturning could be due to ORCA1 having most of its seasonal variance more
easily removed.

5.0.7

Summary

Figure 5.20 summarises the utility measures from our analysis. We see that ORCA1
outperforms ORCA0083 assessing the MLD. However, looking at the overturning,
ORCA025 clearly outperforms ORCA1. The surface values suggest that the SST is
most usefully represented in ORCA1, this is slightly more ambiguous for SSH, but
ORCA1 has a clear advantage for SSS. The steric height and deep to surface steric
height ratio suggest that ORCA1 is most useful. However, our assessment of the
three first EOFs suggests that the similarity in percentage of variance explained
could be due to chance rather than the skill of the method, as the capturing and
decomposition of the signals illustrate that the EOF approach may offer ambiguous
results.
When we use the EOF decomposition as our baseline for accuracy, a major
advantage is that we are moving away from statistical tests, as they are based
on algebra rather than assumptions of distributions found in nature. However,
we are assuming that the climate modes can be decomposed using orthogonal
functions, suggesting that they act independently of one another. This is seen to
not be the case, with degenerate EOFs, which means the comparison is not fair
between resolutions. In this manner, when we use EOFs we are making very strong
assumptions about the system itself, and the scale of interactions it is capable
of. For the purpose of the analysis presented here, an EOF decompositions are
a practical tool. However, the EOF approach clearly has limitations. The EOF
approach to measure accuracy could be a major drawback, as we ideally want to be
able to isolate and compare fields with an understanding of changes in underlying
mechanisms. The EOF analysis can only offer a general idea of changes of general
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variance, which cannot be ascribed to mechanisms with a great degree of confidence.
In this sense we present our attempts to quantify the utility as a first step, with
future work in exploring other avenues of estimating the accuracy. Tantet and
Dijkstra (2014) present an alternative, network based approach. Further, Groth
and Ghil (In Press) presents a Multichannel singular spectrum analysis (MSSA)
based approach. Both these offer alternatives that might be better placed to explore
the attractor space seen by the highly non-linear system.
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Figure 5.20: The utility for selected fields; ratio of deep to surface steric height (SH D/S), steric height (SH), the sea surface temperature,

as our σEOF baseline and a c=1.3, else we use ORCA0083 as our σEOF baseline and a c=2.3. ORCA1 is shown in red, ORCA025 in blue and
ORCA0083 in black. The x-axis shows the EOF numbers, with their utility measure on the y-axis.
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height and salinity (SST, SSH, SSS), the overturning (σ) and the mixed layer depth (MLD). For the MLD we use the observational fields

Chapter 6
Model divergence: Exponents
When comparing the NEMO runs, being able to assess how the model solutions
diverge is a good way to gain insight into how the runs differ. In the three cases we
start from the same climatology, and let the model evolve with the same prescribed
forcing and bathymetry. In this chapter we introduce a method for exploring the
divergence between the NEMO simulations and start to relate this to the dynamical
features we have observed in the previous chapters. We use the concept of attractors
and assess to what extent different areas are able to diverge away from each other.
The work here is ongoing, and will form the basis for postdoctoral research at
MIT. We present the background for the method and initial results showing how
we hope to gain insight into the model divergence. The goal of this work is to
better understand causes of divergence in terms of model uncertainty.
It is useful to think of the Earth System in terms of a potential well. The
available energy is provided by the atmospheric conditions, which are the same
in the three simulations. Within this constraint, the system configures itself to
dissipate the incoming energy. What we vary in our runs is the degrees of freedom
available to the model to achieve this energy dissipation. One could see the reduced
reliance on parameters such as GM in the higher resolution as suggesting the model
is freer to express its “behaviour’.
Chaos is a recognized feature of even simple systems, and the Earth System is
a good example through its non-linearities. The Lorenz attractor system is a good
example of this. Lorenz’s work was based on that of Saltzman (1962), who started
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with a simple system of 2D atmospheric convection:

 ∂(ψ, ∇2 ψ)
∂
∂θ
∇2 ψ =
+ ν∇4 ψ + gα ,
∂t
∂(x, z)
∂x
∂
∂(ψ, θ) ∇T ∂ψ
θ=−
+
+ κ∇2 ,
∂t
∂(x, z)
H ∂x

(6.1)
(6.2)

where ν is the kinematic viscosity, g is gravity, α the thermal expansion and κ
thermal conductivity. ψ is the streamfunction for the 2D motion, while θ is the
departure of temperature from that in the state of no convection. Saltzman used
a case where both the upper and lower boundaries of the atmosphere are free, and
both ψ and ∇2 ψ vanish at these boundaries. Lorenz points to Rayleigh’s work,
where fields of motion of the form:

ψ = ψ0 sin(παH −1 x)sin(πH −1 z),

(6.3)

θ = θ0 cos(παH −1 x)sin(πH −1 z),

(6.4)

develop if the Rayleigh number (Ra = gaH 3 ∆T ν −1 κ−1 ) exceeds a critical value:

Rc = π 4 α−2 (1 + α2 )3 .

(6.5)

These periodic solutions are truncated Fourier series (see Saltzman, 1962 and
Lorenz, 1963 for details). Saltzman obtained time-dependent solutions by numerical integration, where in certain cases all but three of the dependent variables
tend to zero. These three variables underwent irregular, seemingly non-periodic
fluctuations. Lorenz went on to explore this system using:

Ẋ = P rt(X − Y ),

(6.6)

Ẏ = −XZ + rX − Y,

(6.7)

Ż = XY − bZ.

(6.8)

Here we refer to the time derivative Ẋ = dX/dt etc. The τ = π 2 H −2 (1 + α2 )κt
while P rt = κ−1 ν is the Prandtl number, r = Rc−1 Ra and b = 4(1 + a2 )−1 which
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Figure 6.1: Figure illustrating the system divergence. The left figure shows the system
plotted in terms of the X, Y and Z, with the starting point (lowest) and two system
attractors as green dots. Two trajectories have bees started very close together, and are
traced out one in red and the other in blue. Note that both trajectories quickly start
circling the two attractors. The top right figure shows just evolution of the X dimension
with time, X(t). Here the green lines are the attractors (stippled green) and the start
point (solid green). We observe a behaviour where the upper attractor seems to be where
the trajectories spend slightly more time. The lower right plot illustrated the distance
between the trajectories in X (|X2 − X1 |). We see that this increases rapidly, and with
some intermittance remains more stable. Figure from Jonathan Mitchell.

is related to the geometry of the domain. Lorenz considered the case where the
solutions grow for Ra > Rc ; P rt = ν/κ = 10, b = 4/(1 + a2 ) = 8/3 and r is
Ra /Rc = 28.
The properties Lorenz observed here are interesting in terms of the divergence
of different trajectories. He observed that trajectories starting even very close
together would diverge exponentially. Figure 6.1 illustrates this. However, we
observe that the system prefers to circle around points in phase space referred to
as attractors.
The divergence of a field (F ) within the system not as:
divF = ∇ · F =

∂U
∂V
∂W
+
+
,
∂x
∂y
∂z

(6.9)

but rather:
Z

t

divF =
0

|∆F |
.
Ft

(6.10)

Where ∆F is the change in the field of interest F = Ft − Ft+1 . The normalisation
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Figure 6.2: Regular (red line) and chaotic (blue line) trajectory separations.
here with Ft is not necessary, but we mention this for consistency with the mathematical definition of divergence. Looking at the divergence of trajectories in this
fashion illustrates that we can distinguish two extreme cases of divergence. Figure
6.2 illustrates that a regular trajectory (red line), where the separation remains
constant, and a “chaotic” trajectory divergence, where the separation increases
exponentially (blue line). Using this, we can look at the Lyapunov exponent λ:
|δZ(t)| = eλt |δZ(0)|,

(6.11)

where |δZ(0)| is the initial separation at time t = 0 and |δZ(t)| is the separation.
The nature of the divergence of trajectories can tell us about the nature of the
system the trajectories inhabit. Thus, a regular system only has a limited number
of, or very slowly evolving, accessible states. While a chaotic region will have a
much larger area of state space more readily accessible. Sussman and Wisdom
(2001) described very similar behaviour, making use of a “surface”, or Poincare,
section. In this manner, we gain insight by discarding most of the information in
the individual trajectories. The Poincare section can be seen as an event locator,
registering events where a condition is met. This method was used by Michel Hénon
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and Carl Heiles in their 1967 paper, investigating trajectories in an astrophysics
setting. In their paper, they demonstrated that regions of stability are interspersed
with regions of chaos. They describe how some trajectories fill out curves in the
Poincare map, known as regular trajectories, while others tend to fill in entire
regions, which are known as chaotic trajectories. Plotting many Poincare maps on
one figure, for a given total energy, Hénon and Heiles (1964) found similar regions
of regular and chaotic trajectories for different initial conditions all adding up to
the same total energy. Figure 6.3a illustrates the potential Hénon and Heiles (1964)
chose for study, along with an illustration of their results in figure 6.3b. This figure
shows a very similar mix of regular and chaotic trajectories.
Furthermore, Hénon and Heiles (1964) noted that since the points all lie on a
curve for the regular trajectories, these must obey some additional constraint other
than the conservation of energy. Else, the trajectory would eventually explore all
phase space available. This implies that there is an additional constraint on the
motion in regions with regular orbits. This is referred to as the third integral (or
constraint) by Hénon and Heiles (1964), along with the conservation of energy.
Thus, confining the motion to a two dimensional hyperplane. Unfortunately, it is
beyond the scope of this report, as well as the abilities of its author, to explore this
further in this document.
In the climate system, the ideas of attractors and our movements in state space
are not well defined. Different states are visible in large scale features such as the
different paths of the Kuroshio as it crosses the Pacific, or the oscillations of the
ENSO mode between the La Nina and El Niño states. These states can be thought
of as the system fluctuating between circling different attractors. Determining how
strong these attractors are and the mechanisms underlying the systems movement
between them is important to understand how robust they are. However, even
using simple models we see that complex behaviour is possible in the Climate
system. One such example is the simple bifurcation of Stommel’s box model.
Here, if the system is pushed far enough away from its current equilibrium, will
fall into another state in an alternative attractor using the energy provided by
the initial push. Figure 6.4 illustrates this concept of a “landscape” of attractors
with both local and global available attractors creating the potential landscape. We
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(a) H-H Potential

(b) E = 0.12500

Figure 6.3: The potential, represented as equipotential lines of Hénon and Heiles
(1964) in figure 6.3a. Figure 6.3b illustrates regular, or invariant, and chaotic
trajectories with E = 0.12500. Figure 2 and 5 from Hénon and Heiles (1964). Note
how there are chaotic and regular orbits.
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Figure 6.4: Attractor system illustrating local and global equilibria in an attractor
system. Figure by Katharine Miller.
can think of the Climate system as a highly complex landscape of attractors, where
determining the depth of key potential wells could lead to significant improvements
in uncertainty estimates through a deeper understanding of how robust key features
are.
Within our NEMO runs, these concepts can be useful in various ways. The runs
are started as close together as possible, and we start by coarse-graining the finer
grid data onto the coarse. Thus, the gridpoint-by-gridpoint divergence can be used
to assess regions where the model is more or less sensitive and prone to chaotic
behaviour. Using the allegory of the attractor landscape, we can start to question
how deep the potential well is given by the physical constraints of the system.
The issue of local and global attractors is complicated in our system, as the
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attractor landscape of the modelled Earth System is made up of many interacting
modes on a range of spatial and temporal scales. To illustrate, the ENSO cycles
present a large global attractor, while the region off the tip of South Africa where
a standing meander forms with sufficient resolution is a spatially more local attractor. These also operate on significantly different timescales, and while the ENSO
variability can be regarded as chaotic, the standing meander can be seen as a more
regular feature.
What we have the potential to do, is to look at the actual impact on the model
trajectories by assessing the divergence. Due to the complicated nature of the
attractor system, we can assess the different spatio-temporal importance of the
attractors by looking at the high and low frequency signals, as well as performing
further coarse-graining.

6.1

Initial results

We have done initial work looking at the SSH fields. Figure 6.5 illustrates the
initial fields, where the ORCA12 field has been coarsegrained to an ORCA1 grid.
SSH was chosen as it is thought to be one of the simpler 2D fields to interpret. We
also assessed the bottom pressure field, but this needs more time to interpret.
Using equation 6.10, we calculate the divergence on a gridpoint by gridpoint
basis. The initial divergence between SSH in ORCA1 and ORCA0083 in January
1982 is shown in figure 6.6. We see larger divergence in the areas we expect, such
as the WBC and ACC regions. There is a strong signal around the Antarctic
continent, which is most likely caused by the difference in deep water production
and ice interactions here. We go on to determine the Lyapunov exponent from
the individual grid timeseries. We use a fixed time frame over which to calculate
the exponent. Figure 6.8 illustrates three divergence found in three gridpoints,
whose locations are demonstrated in figure 6.7. The fit line used to estimate the
Lyapunov exponent are shown on figure 6.8. Note how the fit is reasonable for the
Mid-Pacific and Greenland, but poor for the Mid-Atlantic. Our initial approach of
estimating the Lyapunov exponents is prone to this source of error, as extracting
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Figure 6.5: The initial SSH field in ORCA1 and the coarsegrained SSH field in
ORCA12 to the ORCA1 grid. Note the difference in the fields, with increased
spatial variability in ORCA12 even on the ORCA1 grid.
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Figure 6.6: Map of the initial divergence between SSH in ORCA1 and ORCA0083.
Note ORCA0083 has been re-gridded, and that we see larger divergence in areas
of high eddy activity.
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ORCA1 SSH (m), Jan 1982
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Figure 6.7: The location of the three example points used in figure 6.8 shown on
the ORCA1 SSH in January 1982. We show a generous box so the location is easy
to see.
the relevant statistics to assess the fit makes the algorithm scale poorly.
Figure 6.9 illustrates the global map of exponents estimated using the Lyapunov
exponent approach. A striking feature is that the entire area is chaotic, with some
regions more variable than others. The Atlantic has a smaller rate of divergence,
in particular in the Tropics and in the eastern half of the basin. Larger divergence
rates are found in the western Atlantic but rather surprisingly a low divergence rate
is found along the Gulf Stream path north of Cape Hatteras and around Grand
Banks. The Gulf Stream track is bounded by areas of larger divergence, which
we expect as ORCA0083 eddy shedding of warm and cold core eddies will create
differences to the north and south of the core of the current. We see that the
Southern Ocean Pacific sector which is associated with the deep MLD also has
a smaller exponent, as well as certain areas in the tropical Pacific. We are able
to highlight regions we know have a more chaotic nature than others, but some
regions that show a high rate of divergence are surprising.
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Figure 6.8: The divergence from three example gridpoints, with the line fit from
which the Lyapunov exponent is illustrated. The locations chosen are illustrated
in figure 6.7.
Our approach using the Lyapunov exponent could be an unfortunate choice.
This is because the difference in starting positions between ORCA1 and ORCA0083
is not necessarily very small since we discard the initial spin-up, as figure 6.6
illustrates. Developing a method which can easily return statistical moments and
significance tests would be beneficial, as figure 6.8 highlights. We therefore move
to estimating the divergence by fitting power laws. Where we were using the initial
divergence for the Lyapunov exponent estimates, the small change of using power
laws means that we can simply fit a straight line to the “log-log” of the integrated
divergence. In this manner we estimate the divergence between the gridpoints in
ORCA1 and re-gridded ORCA0083, and fit the power laws to this divergence. Thus,
we avoid the ambiguity of using the Lyapunov exponents and retrieval of relevant
statistics is more straightforward, such as the standard error estimates and r2 . We
develop this algorithm with the retrieval of significance tests in mind. Figure 6.10
illustrates that we get a very similar result using this method as estimating the
Lyapunov exponent. Qualitatively comparing to figure 6.9 we see that the same
features stand out, with a lower overall divergence in the Atlantic. The WBCs
show a pattern of larger divergence to the north and south as well as the small
divergence where the MLD is deep in the Pacific sector of the Southern Ocean. We
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ORCA12-ORCA1SSH divergence: Lyapunov exponent
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Figure 6.9: Map of Lyapunov exponents. Note the absense of divergence in areas
such as those associated with deep MLD or in the areas of the Atlantic.
see this as encouraging for the power law method, which has clear advantages over
the Lyapunov exponent method.
Figure 6.11a illustrates the standard error, while figure 6.11b shows the r2 value.
This highlights the improvement in fit from moving to this method compared to the
poor fit shown in figure 6.8. This can account for the reduction in patchy results
in figure 6.9 using the Lyapunov exponent compared to the smoother picture in
figure 6.10.
We know that different mechanisms are active in the ocean, operating on different timescales. Attempting to assess if we can capture such mechanisms, we assess
the divergence of low and high-passed data. Having coarsegrained the ORCA0083
data, this spectral treatment is possible with the given computational resources.
Figure 6.12 illustrates this decomposition, where figure 6.12a shows the timeseries
of one SSH gridpoint in the tropical Pacific in the spectral domain. We apply the
filters shown in figure 6.12b, with a smooth transition to minimize leakage. Fig-
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Figure 6.10: Map of power law slopes. Note the similarity to figure 6.9.
ure 6.12c shows the decomposed SSH timeseries in the temporal domain. We see
that we have effectively cut out the seasonal signal, and separated the inter and
intra-annual part of the signal.
We apply the spectral decomposition, moving the filter cut-off assessing increasingly high-frequency and low-frequency parts of the signal. To do this, we move the
green line filter for the low pass (see figure 6.12) progressively to the left, and the
blue line filter for the high frequencies to the right. Assessing the divergence of these
fields means we can assess if we see features we can recognize and attribute. This
analysis is inspired by Scott et al. (2008), where it is shown that highly persistent
features can be seen in the presumed chaotic eddy field. The eddy features were organized into patches where either zonal or meridional velocity variance dominated
over a 13 year time period. This suggests that the ocean allows the persistent organization of the mesoscale eddy field, and Scott et al. (2008) demonstrate that these
features are tied to bathymetry. Naveira Garabato et al. (2013) recently illustrated
the surface to deep bathymetric effect, which also highlights the link between the
bathymetric features and the eddy field.
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(a) The standard error of the power law fit.

(b) The r2 value of the power law fit.

Figure 6.11: Error estimate and significance (r2 ) for the power law divergence
estimate of ORCA1 and ORCA0083.
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Figure 6.14 illustrates the high-pass divergence while figure 6.13 illustrates a
low-pass divergence. We clearly see the drainage of the Weddell Gyre in figure 6.13
as a large blue area, which we know happens in ORCA0083 but not in ORCA1.
We also see strong signals in the extratropical Pacific, which could be due to wave
adjustments. The finescale divergence features remain persistent over longer time
periods as Scott et al. (2008) suggests, while the high-pass does not show these
features as clearly as seen in figure 6.14, suggesting that the finescale behaviour is
a robust feature associated with variability allowed by ORCA0083 but not ORCA1.
In this manner, we can see that we can start to unpick differences in the dynamic
behaviour in the simulations. Unfortunately, it is outside the scope to this thesis to
investigate this further, and to unpick the different dynamic behaviours. However,
we note that this work will most likely be continued with a particular emphasis
on potential impacts on estimating uncertainty by establishing the strength of
attractors.
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(a) The SSH signal in the tropical Pacific

(b) An example low and high-pass filter

(c) The decomposed SSH signal

Figure 6.12: An illustration of the SSH signal decomposition and how the low and
high-pass filters are used. The top figure shows the SSH in the spectral domain for
a point in the mid Pacific. The middle plot illustrates the filters, while the bottom
plot demonstrates a decomposition, where the full signal (red) is seperated into the
interannual (green) and subannual (blue).

273

CHAPTER 6. MODEL DIVERGENCE: EXPONENTS

Maike Sonnewald

Figure 6.13: Map of the divergence with a low-pass filter applied. Note the change
to assessing the full signal.
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Figure 6.14: Map of the divergence with a high-pass filter applied. Note the change
to assessing the full signal.
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Chapter 7
Discussion
To redistribute the incoming solar radiation, the entire ocean is involved on a
range of timescales, which we try to represent using ocean models. The kinetic
energy is input by global winds, heat and freshwater fluxes, but the dissipation
takes place on much smaller scales. Turbulent mixing processes in the boundary
layers and interior are key regions for this conversion and ultimate dissipation.
The main boundary layers are the surface and bottom, with the interior thought
to play a lesser role (Hughes and de Cuevas, 2001; Yeager, 2015). These turbulent
processes control and shape the transport of tracers. The mechanisms involved in
this can vary with the given boundary conditions, and we investigate changes in
these three main components; the surface layer, the interaction with topography
in the bottom layer and lastly the communication between the surface and deep
through the interior. The overall changes in the overturning guide our investigation
and highlight sensitive areas. Using this, we try to assess the utility of the model
in terms of how well the variability is captured.
We examined the surface, interior and bottom processes in section 4, with our
focus being how they change with varying horizontal resolution. Section 5 discussed
the changes in utility in the fields as assessed using the formalism we presented,
and section 6 presented initial results examining the divergence of ORCA1 and
ORCA0083. This is reflected in our discussion where we discuss the individual
components of 1) MLD, 2) surface to deep interaction in the interior and 3) interactions with topography and their influence on the overturning. We discuss how
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the system adjusts with changing degrees of freedom through increasing resolution,
looking also at several smaller case studies to assess interesting features. We put
our results into the context of other relevant literature, and try to offer a perspective on the insights our results provide. We bring these results together by assessing
the change in utility the NEMO runs offer, and give a critical assessment on this
basis of the performance of the model based on the fields we have assessed. We
conclude discussing future work for the utility and and model divergence sections
of the work.

7.1

Mixed layer depth

The MLD in the ocean is important for its role in ventilating the deep and exporting
tracers such as heat and carbon dioxide. The seasons produce the MLD which act to
ventilate the ocean. The main findings of section 4.2 are that there is no significant
difference in the MLD between the NEMO resolutions, with the NEMO data being
in good agreement with the observational MLD estimates from de Boyer Montégut
et al. (2004) and Dong et al. (2008). We assessed the mechanisms behind the zonal
asymmetry in the Southern Ocean MLD, finding that the main difference is the
stratification profile set up by the advection. This provides an energy barrier in
the shallow area preventing a deepening of the MLD to take place. We show this
by looking at sections, and demonstrate the principles using the 1D PWP model.
The surface mixed layer is directly linked to the ocean interior via three dimensional turbulent processes, whose vigour set the depth the stratification is pushed
down to. The mixed layer depth is in this manner importantly linked to the
ocean stratification. The turbulence is mainly driven by the surface wind, and
the convective buoyancy flux, including a wave driven Langmuir circulation, which
is parameterised in NEMO. These ensure a reasonably well mixed surface. Marshall et al. (2002) outline how the stratification is crucially linked to dissipation
of the equator to pole tracer gradient set up by the Earth’s radiative-convective
balance. Ekman layers act to pump the warmer waters down into the interior
ocean, increasing the latitudinal gradient with deeper vertical stratification. This
is balanced by a proportional increase in baroclinic instabilities. These eddies act
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to soften the lateral gradients, and together the wind input and the eddy-action
set the stratification. The importance of eddy activity means that it is reasonable
to presume that increasing the horizontal resolution would make an significant difference. However, we found that the MLD in the global ocean was not sensitive to
changes in resolution. We saw changes, but global and latitudinal PDFs demonstrate that the overall distribution remains very similar. This was slightly different
in the Southern Ocean case study, where ORCA0083 was found to have slightly
deeper MLDs, and we saw regions of deep MLDs develop south of Australia which
were missing from ORCA025 and ORCA1. Our results suggest that the advective
processes are key to allowing such differences to arise. Unfortunately, our sections
of the ACC transport are not able to demonstrate this or show what concrete
mechanisms could be active to give rise to this difference in the advection, and it
is outside the scope of this work to establish this.
Like Dong et al. (2008), we find that the criteria used for determining the MLD is
highly important. We use a criterion of 0.03 kgm−3 to be consistent with literature
and the de Boyer Montégut et al. (2004) and Dong et al. (2008) datasets. NEMO
originally uses a criterion of 0.01 kgm−3 , and changing this causes the MLD to
be shallower by tens of meters as the gradient criterion is satisfied more easily.
We further found that the eddy correlation error of working on offline data was
considerable in the monthly mean fields, reducing from tens of meters to within
five meters using 5-day averages.
The importance of the eddy correlation effects highlights the fast scales the
MLD responds to, being directly connected to the wind input. This has important
implications for the high frequency wind effects. Zhai et al. (2012) detail how the
quadratic dependence of the wind stress (τ ) on the wind itself suggests that the
high frequency wind does not simply average out. In this manner, the monthly
mean wind stress is different from the wind stress of the monthly mean wind. We
show that the MLD is able to respond very quickly, suggesting it is highly sensitive
to the forcing. In this manner, the 6 hourly forcing fields used in NEMO could be
underestimating the influence of the higher frequency wind impacts of gusts. This
is particularly the case in the storm-track regions as discussed by Scott and Xu
(2009). These are the regions we see with the highest bias when comparing NEMO
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to the de Boyer Montégut et al. (2004) dataset, especially in the North Atlantic.
In these regions, ORCA1 and ORCA0083 are deeper than the de Boyer Montégut
et al. (2004) data. It could either be due to the model exaggerating the effect of
the forcing, or due to aliasing in the dataset due to lack of data and the event
based nature of storms. In our EOF analysis we also saw that the storm track
regions were quite different, being much more marked in the de Boyer Montégut
et al. (2004) data than in NEMO. In the Southern Ocean the de Boyer Montégut
et al. (2004) data comparison shows a clear shift in the MLD with a consistent
negative southward bias and positive northward bias. The Dong et al. (2008) data
does not show this clear latitudinal shift in the MLD, suggesting that the de Boyer
Montégut et al. (2004) data could be the source of this bias. Improving on the de
Boyer Montégut et al. (2004) dataset is listed as a motivation of Dong et al. (2008),
who suggest that the de Boyer Montégut et al. (2004) data is particularly lacking
in accuracy in the Southern Ocean.
Kamenkovich (2005) also assessed the role of high frequency surface forcing
on setting the MLD in the Southern Ocean as seen in a 2◦ version of MOM3.
They suggest that the MLD is shallower in the Pacific sector, as the enhanced
frequency forcing was seen to increase the density contrast. The air and sea surface
temperatures were not found to co-vary on the shorter timescales. It is tempting
to ascribe tendencies where we find NEMO to be shallower than observations to a
shortcoming in the temporal frequency of the forcing, with a particular tendency
in ORCA1 compared to the de Boyer Montégut et al. (2004) dataset.
The good agreement we find between the ORCA1, ORCA025 and ORCA0083
suggests that the mixing scheme and vertical resolution is very important for how
the MLD is realised. We keep the vertical resolution constant and use the same
parameter values for the TKE scheme as discussed in section 2.4. The parameter
hτ is potentially key to this success, increasing the wind penetration below the
mixed layer with latitude. In an experiment focused around the Dong et al. (2008)
Southern Ocean region, Hajoon Song (pers. com.) assessed if the MITgcm could
reproduce the NEMO MLD success by using the TKE scheme instead of the KProfile Parametrization (KPP). This was not successful, and the major difference
was found to be the hτ parameter allowing the MLD to deepen sufficiently in
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NEMO. However, we see that the main biases between the observational data
show that NEMO overestimates MLD. The hτ parameter would act to deepen the
MLD, and its effect is not thought to be considerable enough to change the MLD
by more than tens of meters. Thus, the cause of good agreement between NEMO
and observations is most likely independent of this parameter, as well as the choice
of mixing scheme.
Using the TKE scheme and keeping the parameters the same was done using
the rationale that the vertical resolution stays constant. However, we see that the
scheme is Richardson number dependent, particularly in the mixed layer. We have
also observed that the velocities increase with increasing resolution, as suggested by
Griffies et al. (2000). In this manner, we could explain the changes we see between
the resolutions based on this increase in velocity. This would act to change the
PDFs, but is seen to not change them to the extent that they deviate highly from
each other. This difference could be particularly sensitive to differences between
cold and warm-core eddies, where the cold core eddies have a reduced stratification, with implications for the TKE-wind interaction with the present Richardson
number.
For assessing changes in the overall energy dissipation in NEMO, the significance
of the MLD being very similar across changes in resolution suggests that changes in
the energy dissipation do not happen in the surface. In terms of a simple potential
vorticity balance, we can consider:




D f +ζ
∆τ
ρh
=k·O×
.
Dt
h
h

(7.1)

In this manner the potential vorticity is balanced by the stress term ∆τ which
represents the difference between viscous stresses on the surface (τs ) and the bottom
(τb ), and h is the layer thickness. We can see this as a description of the balance
within a layer, or in a depth integrated sense. Following Jackson et al. (2006), we
rewrite equation 7.1 in terms of the barotropic vorticity:

βV = J(pb , H) + k · O × (τs − τb + A).

(7.2)

In this manner we see that the turbulent forces that are input in the surface
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give rise to the τs term, the τb is negative and A represents nonlinear vorticity
advection. Turbulent processes are what give rise to the MLD and its variability
as described by Ferrari and Wunsch (2009); Brannigan (2015); Taylor and Ferrari
(2010). These are parametrised in NEMO, and in assessing changes in the overall
energy balance our results suggest that no significant changes with resolution take
place in the surface.
For our case study, we assess the zonal asymmetry in MLD in the Southern
Ocean in section 4.2.5. Nikurashin et al. (2013) highlight the importance of the
Southern Ocean as the primary location of wind power input, as the westerly
winds are aligned with the ACC. This creates a reservoir of potential energy, which
is released through baroclinic instabilities in a vigorous geostrophic eddy field. In
the Southern Ocean McCartney (1977) named and described thick winter mixed
layers. They are characterized by the zonal asymmetry with the Atlantic and
western Indian Ocean having depths between 200 to 300 m, while the southeast
Indian and Pacific ocean reach depths of 500 m or more (Cerovec̆ki et al., 2013;
Dong et al., 2008). Sabine et al. (2004) highlight the importance of the mixed
layers for the drawdown and subsequent storage of CO2 . However, as Cerovec̆ki
et al. (2013) details, the specific mechanisms involved are still poorly understood,
especially in the Southern Ocean. We see competing effects of air-sea buoyancy
fluxes, Ekman and eddy-induced transport, lateral circulation and diapycnal mixing
and upwelling.
We demonstrate that the surface forcing is vigorous in the Southern Ocean,
with intense thermal and haline buoyancy fluxes in the model forcing. These fields,
together with the wind input are often seen as the first order source of the deep
MLD in the Southern Ocean. However, in our analysis we find that this is not the
case. Assessing a location in the deep MLD patch in the Pacific sector, and one in
the shallow MLD region of the Atlantic sector, we find that the buoyancy forcing
in stronger in the shallow section. Assessing the advective input we find that this is
the source of the deepening. The stratification present early in the Austral winter
determines how deep the MLD will become.
The findings were confirmed using the 1D PWP model in section 4.2.5. We
demonstrated that if we swap the initial stratification profiles, the deepening is
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seen with the shallow patch forcing and vice versa. This confirms that the advection which sets up the stratification is the key difference between the two regions.
With the PWP model, we illustrate the effect of the different surface forcing fields,
showing that the freshwater forcing does not significantly influence the MLD. The
wind is shown to be key to deepening, while the thermal buoyancy forcing is key
to restratification.
Sallée et al. (2013) also assessed the Southern Ocean mixed layer in the CMIP5
models. They stress that changing mixed layers are key to climate change studies, but that they are consistently too shallow, light and shifted equatorwards in
CMIP5. They suggest that this is due to over stratification from excess surface
freshwater input preventing winter convection, particularly in the Pacific sector of
the Southern Ocean. This is in contrast to the NEMO model, where the freshwater
forcing was not found to play a significant role. Assessing figure 4.5, we see that
there is often a persistent zonal bias in the CORE forced CMIP5 models used by
Downes et al. (2015). This could suggest that shifts in the position of the ACC
could be the cause of the bias, rather than excess freshwater forcing. In this manner, if the ACC shifts to the south (north) compared to the CORE forcing, there
will be a negative (positive) bias polewards, and a positive (negative) bias to the
north compared to observations. Excess freshwater forcing would be expected to
decrease the MLD generally due to the excess buoyancy injected, creating a positive bias. While there are cases where a largely positive bias is seen, this seems a
much less general feature than presented in Sallée et al. (2013). We note that the
CMIP5 models are coupled models, with NEMO acting as the ocean component
in some (e.g. IPSL). Our results cannot address the cause of the overall tendency
of model bias in the Southern Ocean MLD, but could suggest areas where further
investigation could be fruitful.
The role of wind as an energy source to ocean circulation is well established,
with the existing paradigm on how ocean turbulence is driven centring around a
direct wind response in the mixed layer. Ferrari and Wunsch (2009) highlight that
the energy sources of the ocean circulation are well understood, but the sinks less
so. This is particularly the case with the smaller scales, as the energy dissipation
of the oceans requires a cascade of energy over nine orders of magnitude from
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basin scales to the centimetre scale of viscous dissipation (D’Asario et al., 2011;
Ferrari and Wunsch, 2009). Due to the importance of small scales, this cascade
is often difficult to determine, with the eddy field playing a key role. However,
a geostrophic, turbulent, eddy field is suggested to flux energy to larger scales,
and not towards dissipation as described in section 1.1.3, with the role of frontal
instabilities being increasingly important. Looking at the surface fields, we notice
that NEMO’s ability to form fronts and their persistence increase with resolution.
In the Southern Ocean we see that fronts are particularly common, with isopycnals
outcroping at the surface.
Marshall et al. (1993); Nurser and Marshall (1991) point out that a considerable
amount of forcing can be derived from interactions with the wind, where the main
energy source is the breakdown of a horizontal gradient in density. This is a
feature that changes significantly with resolution, as the buoyancy gradients are
increasingly showing the fine scale variability enabled by increasing the horizontal
resolution. This wind mechanism is associated with enhanced dissipation rates
within the mixed layer and is called the Ekman buoyancy flux (EBF). We assess
this term as we expect it to change with resolution. However, we notice that there
is no seasonal cycle apparent in the climatological EBF in the Southern Ocean.
This suggests that the EBF is not an important mechanism for the deepening of
the MLD in the Southern Ocean. This is highlighted in figure 4.37 showing a
snapshot of the EBF and the MLD. We see that there is a correspondence, but
computing the impact on the MBF we suggest that the EBF is not a significant
factor in causing the MLD deepening. However, we see that the effect of the EBF
could be greater in the Northern Hemisphere, with a clear seasonal impact in the
Gulf Stream and Kuroshio regions. We see that there is a larger difference between
ORCA1 and ORCA0083 in the Northern Hemisphere, suggesting that it may play
a larger role here. D’Asario et al. (2011) observed such enhanced dissipation rates
in a front within the Kuroshio current, where the frontal structure rather than the
wind was the source of energy. The wind acts as a catalyst when it is aligned with
the front. D’Asario et al. (2011) observed such enhanced dissipation rates in a front
within the Kuroshio current, with dissipation rates being enhanced by two orders
of magnitude within a frontal structure. They suggest that the frontal structure is
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what supplied the energy rather than the atmospheric forcing. A downfront wind
catalyses the energy release, producing a stratified boundary layer. However, Taylor
and Ferrari (2010) suggests that these stratified boundary layers are homogeneous
in PV. This turbulent energy release would be proportional to the strength of the
front, and thus most active in the Kuroshio, Gulf Stream and ACC regions.
In NEMO we do not fully resolve the submesoscale, but add its effect using
parameters. In the modelling studies of Lévy et al. (2010); Brannigan (2015);
Taylor and Ferrari (2010) the effect of resolving the mesoscale is discussed. These
are idealised studies, showing a submesoscale “zoo” of processes acting to deepen
the MLD. These processes derive a significant part of their turbulent energy from
fronts. This suggests that the MLD is also significantly impacted by submesoscale
ocean variability, and not driven solely by atmospheric forcing. In this manner,
understanding the effect of and resolving the submesoscale processes significantly
influences how accurately we are able to model the MLD.
In summary, we have shown that the MLD is very similar across different resolutions, although we do not resolve the submesoscale in our NEMO runs. This
suggests that changes in the energy dissipation in NEMO take place in other areas
of the model. We further showed that the zonal asymmetry seen in the Southern
Ocean is a product of the advection. This could help guide studies investigating
this bias in other models.

7.2

Steric height variability

In section 4.3 we assessed the changes in the steric effects in the NEMO model with
increasing resolution. The covariance between the surface (top 2000 m) and deep
(deeper than 2000 m) steric height fields were found to show a dramatic change
with resolution, having almost none in ORCA1, but increasing in ORCA025 and
ORCA0083. This was found for both the low and high frequency part of the
variability, and is consistent between resolutions. We find that there is an increase
in steric height variance with resolution, and that the ratio between the surface
and deep shows that deep steric effects are important in the Southern Ocean.
Through the differing covariance between the surface and deep, we demonstrate
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that the mechanisms active to communicate the surface forcing to depth changes
with resolution. This is a product of the increasing depth-spanning mainly baroclinic variability in ORCA025 and ORCA0083. We see that ORCA1 acts very
differently. Due to needing to apply coarse-graining to assess the ORCA0083 field,
it is difficult to compare ORCA0083 and ORCA025, as the PDFs from the coarsegrained ORCA0083 are very noisy as we have fewer points. However, we see a clear
change in the way the information is passed from surface to depth.
Hughes and de Cuevas (2001) argue that the ocean can be thought of as inviscid
in the WBC flow, suggesting that role of the interior is negligible in terms of energy
dissipation. However, the changes we observe in the covariance of the steric height
in the surface and deep ocean suggests that the interior could play a role that
changes with resolution, as we see changes in these patterns associated specifically
with the WBC regions anf the ACC. We discuss these implications further in section
7.3 of the discussion. Unfortunately, the role of the interior in terms of energy
fluxes, and to what extent the role of the interior changes with increasing resolution,
is outside the scope of this work.
With the change in covariance in the steric height of the deep and surface,
we cannot assess the role of the interior in terms of energy dissipation through
changes in friction with resolution. Changing the horizontal resolution, we change
the lateral viscosity, which can act to change the rate of energy dissipation due
to friction in the interior. However, due to increased eddy effects that allow the
change in covariance, there can be a compensating effect. In this sense, we cannot
directly comment on the changing role of the interior, but merely suggest that the
nature of the energy dissipation changes. To fully comment on this, one could
assess the role of frictional forces in terms of their role in the gyre and overturning
circulation as in Yeager (2015).
Vinogradova et al. (2007) discusses the importance of the disassociation of the
SSH and bottom pressure fields. We demonstrate this in section 4.3 through the
steric height variance which accounts for a significant fraction of the SSH variance.
This means that in our NEMO simulations the SSH is not tightly coupled to the
bottom pressure field. If the ocean responded to the surface forcing in a purely
barotropic manner, the SSH and bottom pressure fields would be equivalent. In this
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manner, we demonstrate that the strong steric component suggests that baroclinic
variability is increasingly important with increasing resolution. However, we cannot
explain the variance we see in NEMO as purely barotropic, which suggests that
the barotropic regimes suggested by Gill and Niiler (1973); Willebrand et al. (1980)
would not be appropriate to describe the variability we see.
Fox-Kemper and Menemenlis (2008); Klein et al. (2008) illustrate that the stratification and connectivity of the deep and surface of the ocean increases with increasing resolution, but could not assess the changes on large scale dynamics due
to strict boundary conditions and limited run time. This was assessed in this thesis, and we confirm the finding of Fox-Kemper and Menemenlis (2008); Klein et
al. (2008), with increased connectivity between the surface and deep ocean. Our
results suggest that the viscosity, together with the resolution play a key role,
with the intermediate resolution having a higher connectivity as expressed by the
covariance of the surface and the deep in figure 4.50.
Illustrating the depth penetration of eddy kinetic energy (EKE), Ollitrault and
de Verdière (2014) used 400.000 Argo profiles at 1000m (in the 950-1150 dbar layer)
mapping global currents and the associated EKE. Comparing the EKE at 1000m
to the surface satellite derived measure, an e-folding estimate is found which we
can use to assess our covariance measures. Figure 7.1 demonstrates that the ACC
region has EKE signal penetrating well below 2000m. We see that areas where the
EKE have a small e-folding depth correspond to regions like the subtropical gyres,
that we also see as areas of low steric height covariance. Areas of higher covariance
and EKE e-folding also include the Labrador Sea, and we start to see the WBC
regions. This is indicative that these features of covariance are indeed also found
in the real ocean, and encouraging in terms of increasing accuracy with increasing
resolution.
The change in covariance between the surface and the deep ocean with resolution suggests potentially important factors for the accuracy of ORCA1. This is
because the change in the steric height field is allowed by resolving the mesoscale.
The overall effects associated with eddies are added in low resolution models like
ORCA1 using the GM parameterisation scheme, but our results suggest that this
may potentially not include an important energy pathway for the surface to deep
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communication.

Figure 7.1: The e-folding estimate of EKE from Ollitrault and de Verdière (2014)
estimated as 1000/ln(EKEsurf /EKE1000m ). The surface value is estimated from
satellites, while the EKE from 1000m is estimated using Argo. Negative values
indicate the interior has larger EKE than the surface.

We note that an observational estimate of the steric height would be valuable
to assess how these features behave in the real ocean. In theory, these can be
obtained from SSH and bottom pressure. However, while observational estimates
of the SSH are readily available, the bottom pressure is more difficult to estimate
with sufficient temporal and spatial resolution to be useful.
In summary, we have seen that significant changes take place in the steric height
fields, with ORCA1 having much less steric height variance as we do not resolve the
processes active in ORCA025 and ORCA0083 that give rise to the steric height variance. This is further expressed through a change in how the surface communicates
with the deep ocean which we demonstrate showing the change in the covariance
of these fields. Comparing with observations of the e-folding of EKE, we show that
we do expect this covariance, we suggest that this could have implications for the
accuracy of ORCA1. We suggest that these are mainly eddy effects, and that this
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feature is something parameterisations such as GM fail to capture.

7.3

Overturning and bottom pressure torque

In section 4.4.1 we examined the global overturning in density space. We find
a strengthening in the counter clockwise dense water circulation in the Southern
Ocean. Using a decomposition into the barotropic and baroclinic contributions to
the overturning, we show that this is a purely baroclinic feature, as the barotropic
dense Southern Ocean circulation is mainly clockwise. The Southern Ocean is a
unique area of the ocean, where eddy processes are particularly important, and
the role of topography is critical due to a lack of western boundaries as in other
basins. We assess the changes in the topographic steering through the J(pB , −H)
bottom pressure torque term. Our results suggest that changes in the baroclinic
component of the J(pB , −H) term’s interactions with topography (JEBAR) are
the source of the changes in the overturning with increasing resolution. We also
assess the link between the bottom pressure torque and the velocity through the
bottom cell in our model.
Munk and Palmén (1951) were one of the first to highlight the Southern Ocean
as a unique place in the ocean, where no western boundary continents supply
sufficient friction to balance the wind stress. This implies that the Southern Ocean
is governed by another mechanism to balance forces. Munk and Palmén (1951)
suggest that the wind stress is balanced by bottom friction where the ACC interacts
with topography, with the meridional components of the current making it span
sufficient depth to allow this communication of stresses from surface to bottom. We
have seen in section 4.3 that there is increased comunication between the surface
and deep ocean, as well as an increasing tendency towards barotropic columns in
the higher resolution. This suggests that the mechanism suggested by Munk and
Palmén (1951) would be highly sensitive to changes in the horizontal resolution.
An important change with resolution in NEMO is the ∇H term. Equation 4.28
shows what follows from continuity:
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wB = uB · ∇(−H) ≈

1
J(pB , −H).
ρ0 f

The ∇H increases with resolution, as does the local velocity through increased
eddy activity. Penduff et al. (2002) illustrate that smoothing the topography has a
large effect on eddy flows, suggesting that changing ∇H could have large impacts.
We have seen that wB changes significantly with resolution assessing a temporal
snapshot, but in the long-term (30 year) mean ORCA1 and ORCA0083 are quite
similar. The J(pB , −H) term is similar all resolutions, for both the monthly mean
field and the 30 year mean. A better agreement in the long term mean is expected as
studies such as Thomas et al. (2014); Wunsch (2011) illustrate that the equilibration
with the local wind is increasingly seen on longer timescales and larger spatial
averages. Cane et al. (1998) point out that assuming Sverdrup balance, the wB
term should be small. This is in good agreement with what we find, with the wB
term becoming smaller in the long term mean. This increased conformance is seen
principally in ORCA0083, there is a small change in ORCA025, and also in ORCA1.
We see that ORCA0083 has the smallest overall wB term in the long term mean,
with most of the discrepancy being found in the Southern Ocean. This suggests
that NEMO is able to respond appropriately to the wind forcing, and gradually
falls into line with theory with increasing resolution. ORCA025 and ORCA1 also
change somewhat, but may need longer integrations or averaging over larger spatial
expanses as suggested by Thomas et al. (2014); Wunsch (2011). Sverdrup balance
offers a potential tool to describe the interior circulation using only the wind stress.
Thomas et al. (2014) assessed the spatial and temporal scales of Sverdrup balance
in the ECCO state estimate and an eddy-permitting coupled climate model. They
found that Sverdrup balance holds to first order in the subtropical interior at
spatial scales exceeding 5◦ , but it is not found to hold outside of the subtropics.
This failure is explained as being due to the assumption of a level of no motion and
the linearity of the vorticity equation. However, Thomas et al. (2014) find that
Sverdrup balance gives a useful estimate after only a few years in the subtropics,
while Rossby wave adjustment timescales would suggest that it should be longer.
Wells and de Cuevas (1995) explore the extent to which Sverdrupian dynamics
hold in the Southern Ocean. Here the wind stress term and the beta term are
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thought to dominate. They point out that the wind stress term is an order of
magnitude smaller unless a zonal integral along streamlines is considered. This is
because the sign of the wind remains constant, while other terms like the lateral
friction have varying sign. They show that the non-linear terms can be quite large,
and the lateral friction is also seen to be non-negligible. A Sverdrupian regime
is observed in the 60-280◦ E Southern Ocean section (Approximately excluding the
Atlantic Sector), where the ACC drifts South. This overlaps with where we observe
deep MLD in this study. Assessing the longitudinal area averaged vorticity terms,
the BPT is seen to balance beta. Diagnosing the main momentum sinks, Hughes
and Killworth (1995) connect the main ACC momentum sinks with bathymetric
features of the Patagonian shelf, the Campbell Plateau and the Pacific-Antarctic
Ridge. These are revealed as the ACC drifts north, with the togographic features
inducing a pressure difference. Wells and de Cuevas (1995) demonstrate that the
lateral friction can have a large impact, especially if the areas of the Drake passage
and Scotia rigde are considered in a circumpolar average, suggesting that these
areas are particularily important for dissipation of the wind input.
We see that the steering effect of the J(pB , −H) term can be seen in its interaction with topography, with a vortex contraction (negative sign) as a flow hits an
obstacle and a stretching (positive sign) as H deepens after the obstacle. Wells and
de Cuevas (1995) demonstrate that the wB and J(pB , −H) terms are equivalent.
We were unable to demonstrate this, as the original estimation of J(pB , −H) calculated this as the Jacobian, without considering the Arakawa C-grid having its
vorticity estimated at the edges of the grids, and NEMO updates its momentum
balance differently from the naive approach we originally applied. We developed a
program to calculate this as the sum integral, which is more appropriate. However,
due to limited time this will done in future work.
We see that the bottom steering through the J(pB , −H) term does not change
greatly with resolution. However, we do see large changes in this term when we look
at its baroclinic component which is the JEBAR term. We found that the JEBAR
term changes greatly with resolution, and that it shows a strong signature in the
Southern Ocean. We propose that this is the source of the enhanced baroclinic anticlockwise circulation in the Southern Ocean. The link between the overturning and
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the J(pB , −H) term is explored by Yeager (2015). He explored the importance
of the J(pB , −H) term in the closure of the barotropic gyre circulation in the
North Atlantic, and its role in the resultant overturning. Yeager (2015) used 15
year integrations of a 1◦ and a 1/10◦ version of the POP2 model with 62 vertical
levels. The study illustrates that the J(pB , −H) term is also dominant in the
vorticity balance of the Atlantic meridional overturning circulation, representing
a key link between the gyre and overturning circulation. The J(pB , −H) term
is found to act as the coupling between the large scale barotropic and baroclinic
flows. The work we present here illustrated that we found a significant change
in the meridional overturning with resolution, and attribute this to the increased
baroclinic component of the J(pB , −H) term. Yeager (2015) highlights this link
between the gyre and overturning circulation. Our results are strongly indicative
of this change with resolution, illustrating the impact of having a developed eddy
field, and we hope to demostrate this effect more clearly by estimating the direct
J(pB , −H) and JEBAR contributions to the overturning in the future.
Nikurashin et al. (2013) discuss ways energy is dissipated in geostrophic flows,
also highlighting the importance of the Southern Ocean as the primary location of
wind power input, as the westerly winds are aligned with the ACC. This creates
a store of potential energy, which is released through baroclinic instabilities in a
vigorous geostrophic eddy field. The focus on the baroclinic component of the
circulation implies a sensitivity to resolution. This fits very well with what we find
in NEMO, with the barotropic contribution being increasingly influential as the
resolution increases towards allowing a mesoscale eddy field to develop.
Jackson et al. (2006) investigated the role of bathymetric control on basin and
channel flows, assessing the role of bottom pressure torque and friction. In this
work, we have not assessed the role of friction, and borrow the conjectures from
Jackson et al. (2006). Hughes and de Cuevas (2001) shows that the return flow
in a WBC in the presence of sloping sidewalls is independent of friction, meaning
that the role of friction is negligible in enabling the return flow in a wind-driven
barotropic vorticity generalisation of Sverdrup balance. This is counterintuitive, as
it is also widely accepted that friction is important for the potential vorticity balance and ensuring a closed circulation. This contrast between the potential vortic-
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ity balance and the barotropic vorticity balance is intuitive in idealised flat bottom
scenarios with vertical sidewalls where the two balances are identical. Jackson et
al. (2006) shows how the balances change when topography and stratification are
introduced. They show that along a western boundary the bottom pressure torque
returns the wind driven transport across latitude lines. Friction is only important
in altering the potential vorticity within an isopycnal layer, allowing a closed circulation. To illustrate, when the subtropical jet separates from the western wall
there are opposing frictional torques on either side of the jet, which cancel in a
zonal integral of the barotropic vorticity, but alter the layer potential vorticity.
This changes in a channel flow scenario like the Southern Ocean, where the bottom
pressure torque acts to transfer barotropic vorticity from the neighbouring gyres
into the zonal jet, as well as returning the wind-driven flows along the western
boundaries of the partial togographic barriers. In this case, the depth-integrated
flow which is steered by topography is what controls where the bottom friction
alters the potential vorticity. In this manner, different potential vorticity states
can be attained in separate subbasins along the channel.
In our NEMO simulations we have a decrease in lateral viscosity with increasing
resolution. Decreased viscosity suggests that the role of friction should decrease.
The work of Jackson et al. (2006) suggests that the frictional effects can act to
guide ocean features such as the separation of a jet from the coast, with the inertial
case separating before the friction case. We observe that the WBC separation of
currents like the Kuroshio and the Gulf Stream occur differently in the different
resolutions as highlighted in section 3. We observe that the separation from the
coast happens increasingly like Jackson et al. (2006) describe in their inertial case
with increasing resolution. However, it is not straightforward to ascribe these
changes to the changing lateral viscosity, as the eddy momentum fluxes act to
compensate in highly non-trivial ways.
With changing resolution, a danger of the numerics is excessive diapycnal mixing. The implication of such excess diapycnal mixing is that it can be increasingly
important for the circulation and the stability of currents. To illustrate, imagine a thermal wind balance where the strength of the current is directly related
to the density gradients. Excess diapycnal mixing acts to slump the isopycnals,
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which decreases the velocity of the current. Lee et al. (2002); Griffies et al. (2000)
discusses how z-coordinate models such as our version of NEMO are particularly
sensitive to this, as increasing horizontal resolution implies an increasingly convoluted tracer field and higher velocities which are prone to numerical dispersion and
diffusion. Lee et al. (2002) estimate the “effective” diffusivity, as the sum of the
numerical and explicit horizontal diffusion using ideas of water mass transformation. Unfortunately, we were unable to assess this in our work, but highlight this as
a potential mechanism to explain the near linear drift which develops in the ACC
in ORCA0083 at 1/12◦ .
In summary, the change in the partitioning of the baroclinic (JEBAR) and
barotropic part of the bottom pressure torque illustrates an increase in the importance of the baroclinic topographic interactions with resolution. Our results
suggest that this is what gives rise to the increased baroclinic contribution to the
overturning, as seen in the long term mean density space overturning. This has
implications for the balance of forces, suggesting that significant changes can take
place when the resolution increases. We suggest that increasing the resolution leads
to greater conformance with theory.

7.4

Utility

For a fair comparison of how well the different NEMO resolutions capture the
variability on different scales, we developed a method of assessing the utility. This
was based on the idea that it is important to consider the simulation’s accuracy in
the context of how difficult it is to work with. We do not intend to present this
as a finished piece of work, but rather as a comment on how such a framework
could be approached. However, problems associated with degenerate EOFs when
estimating accuracy limit the method.
To assess the accuracy, we chose to use either ORCA0083 or a climatological
observational field as our benchmark for truth. Ideally the simulation should be
able to represent the observed system faithfully. However, we may not be able to
sample the real ocean system with enough skill to have a fair representation of
this. Therefore comparing to the climatological state gives us a fairer estimate of
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the accuracy. Using the high resolution ORCA0083 as our benchmark for truth,
we can move away from using the climatological fields. We assess the skill of the
low resolution cases in capturing the variability and features of the high resolution
case. In this sense we are assessing the precision rather than the accuracy. In this
manner, our analysis is not entirely consistent, but we are able to comment on an
estimated utility from all NEMO resolutions.
Assessing the MLD against observational fields, we find that the utility of
ORCA1 is greatest, as we expect since the accuracy of the NEMO model does not
increase significantly with resolution. All other fields used ORCA0083 as our benchmark for truth. For the overturning in density space, we found that ORCA025 has
a higher utility than ORCA1. This is expected from visual comparison of the EOF
decompositions, and likely reflects the lack of deep NADW formation in ORCA1.
For the baroclinic component of the overturning in density space we similarly see
that the utility of ORCA025 is much higher than ORCA1, likely due to the lack
of eddy behaviour in ORCA1. For the barotropic component of the density space
overturning, we saw that ORCA025 still has the highest utility, but ORCA1 has
more skill in this field than the others. We see that the surface fields of SSH, SST
and SSS show that both ORCA1 and ORCA025 have high utility, with ORCA1
largely having a higher utility. This is expected as the surface fields are closely
linked to the surface forcing which is identical. The steric height showed that
ORCA1 has a higher utility than ORCA025. This is surprising, as the steric height
is seen as a proxy for baroclinic variability which would be thought to be better
captured by ORCA025. However, ORCA025 uses a comparatively low viscosity,
which implies that eddy features in the higher latitudes could act in unrealistic
ways. We also note that there is likely a seasonal residual. Assessing the more
sensitive deep to shallow steric height ratio, our results suggest that ORCA025
does have higher utility than ORCA1 in but only in the higher EOF modes. This
could also be due to choices of viscosity or a seasonal residual.
The seasons are a problem for our analysis as they are difficult to remove cleanly.
We are not interested in the seasonal signal, but chose to remove the seasonal cycle
because we are mainly interested in other elements of the ocean circulation that are
more likely to undergo larger changes with increasing resolution. To address this,
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we deseason the data by removing the climatological mean, as well as discarding
the first EOF. However, we still see a strong seasonal component in our analysis,
most likely from seasonal harmonics still present. This is particularly evident in
the steric height fields. A cleaner way of extracting the seasonal signal would be
to use a spectral decomposition. However, to do this in the ORCA0083 fields
we would have to apply coarsegraining due to the size of the fields, which would
skew the analysis. The coarsegraining is seen to alter the statistics of the data,
much as a simple box filter does a time-series. We see that the PDF analysis
becomes more intermittent and patchy. We therefore suggest that repeating the
analysis, removing the seasonal component using FFT analysis would not offer a
fair assessment of the utility.
Further, it is important to stress the nature of our penalisation functions as
highlighted in section 4.1. These were chosen on the basis of our experience and
that of other peers in the HPC field, but would differ greatly with improvements in
facilities and future developments in the available analysis tools. This work used
the language Python, and would not have been possible using languages like Matlab. The Python community work towards developing tools designed to work with
large datasets, and the momentum within the community in terms of development
activity suggests that current challenges could be overcome in the near future.
With such developments, the penalisation functions would naturally change. However, for pure gains in accuracy, we show that some fields are not necessarily worth
the considerable increase in computational cost that moving to a higher resolution
requires. We note that using other languages, such as Julia, could offer interesting
benefits.
In summary, the method we develop to assess the utility of the NEMO simulations demonstrates that ORCA1 has a high utility when assessing the MLD, but
that for the density space overturning ORCA025 is preferable. The surface fields
of SST, SSH and SSS show that both ORCA1 and ORCA025 have high utility.
Assessing the steric height and ratio of deep to surface steric height we find that
the method of using an EOF decomposition may not represent a good assessment
of the accuracy. Overall, our method of assessing utility shows valueable insights,
but future work could move to using a network based approach (Tantet and Dijk-
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stra, 2014) or a multichannel singular spectrum analysis (MSSA) based approach
(Groth and Ghil, In Press).

7.5

Caveats and future work

The work presented and discussed here centres around the comparison and interpretation of how energy dissipation routes change with changing horizontal resolution.
Through a range of individual studies, comparing the resultant fields, we have obtained results suggesting the changes in the large scale patterns happen mainly
through changing interactions with bathymetry. These occur via an increase in
baroclinic activity that coincides with increasing horizontal resolution.
To explore this in more concrete terms, we would want to estimate further
terms in the vertically integrated vorticity balance as in Yeager (2015), to assess
the contribution to the overturning. In this manner, we could highlight the impact
of the change in contributions to the vorticity balance. Further, Wells and de
Cuevas (1995) highlighted the link between the bottom vertical velocity and the
J(pB , −H) term. We plan to repeat the calculations to enable this more accurate
comparison. This is because we expect the link between the two to be clearer,
and it is surprising that the long term mean of J(pB , −H) does not show a similar
reduction as we saw in the bottom vertical velocity. However, while:
−f vgb · ∇H = f wgb ,
is suggested by continuity, the relation:
1
J(pb , H) = f wgb ,
ρ0
involves ocean dynamics. In this manner, the way this is implemented in NEMO
could have an important effect. This is because the way in which the momentum balance is updated in NEMO could imply that our algorithm would be more
accurate implemented using sum integrals. This also means that the bottom vertical velocity would be adjusted slightly. Furthermore, Wells and de Cuevas (1995)
demonstrate that they had to discard a portion of their data in the vicinity of
steep topography, which could also improve our results. This work has already
been started, and will be continued as future work.
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With the decomposition of the vertically integrated vorticity balance and the
contribution to the overturning, repeating the utility and divergence analysis would
offer insights into the mechanisms involved in the changes we observe. We hope to
use the methods developed to assess the model divergence in this sense, with the
aim to investigate the extent to which different mechanisms give rise to divergence
in the model solutions. This is highly relevant to understanding the causes of
model uncertainty, and can offer a better understanding of how robust the local
and global attractors found in the system are.
Moving away from relying on EOF analysis to estimate the accuracy would
significantly strengthen our method for estimating the utility. This is because the
EOF decomposition relies heavily on the assumption of a linear decomposition of
the fields. In this manner, one should be cautious attributing the found variability
of global fields to physical mechanisms. Capturing and analysing features of nonlinear systems is non-trivial, as demonstrated by Groth and Ghil (In Press) and
Tantet and Dijkstra (2014), who present alternative methods such as multichannel
singular spectrum analysis (MSSA) and network based approaches. We have also
highlighted that the seasonal remainder is potentially a significant problem in our
analysis. This could be further assessed looking at the principal components of the
fields, to determine if this is indeed the case.
Furthermore, our use of coarsegraining could interfere with the statistics of our
results. We apply a simple bi-linear interpolation technique, fitting the high resolution grids onto the coarser grid. However, we see that the effect on the resultant
PDFs change drastically. This could be ameliorated by applying a more weighted
interpolation approach. However, the coarsegraining is already relatively CPU intensive, and thus moving to a more complex approach to retain the statistical
moments of the fields could be unrealistically costly.
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Chapter 8
Conclusion
Motivated by the the idea of changing utility with resolution in ocean models, this
thesis has examined the nature of changes taking place in the NEMO model advancing from horizontal resolutions of 1◦ to 1/4◦ and 1/12◦ . A measure of utility
based on accuracy and penalization with increasing resolution was presented, and
applied to a range of model fields. These were chosen to illustrate possible changes
in energy pathways, and were presented as three sections with case studies where
appropriate. We start with the surface layer, assess the surface to deep communication in terms of the steric height and also assess the overturning in density space
assessing the importance of interactions with topography.

8.1

Key findings

The work has resulted in several contributions to our understanding of how changing the degrees of freedom in terms of the horizontal resolution can affect the energy
pathways available to an ocean model.
The assessment of the MLD in section 4.2 included the key findings:

1. There is no significant change in the climatological MLD in NEMO with
changing resolution.
2. The comparison with de Boyer Montégut et al. (2004) and Dong et al. (2008)
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data illustrates that we are able to capture the MLD dynamics with biases
in the order of tens of metres. This is a major improvement over biases of
CORE forced CMIP5 models presented by Downes et al. (2015).
3. Assessing the cause of the zonal asymmetry in MLD in the Southern Ocean,
we find that the stratification set up by advection is the deciding factor,
suggesting that the position and nature of the ACC is central to estimating
Southern Ocean MLD dynamics.

Overall, our assessment of the MLD suggests that there is little benefit in increasing the resolution within the range we have considered, but other studies
suggest that increasing the resolution further could have significant impact on the
MLD. Comparison with observations also suggests that the overall success of the
NEMO model implementation could be used to improve the ability of other ocean
models to capture the MLD. This is ongoing work by Dr. Hajoon Song using the
MITgcm.

The steric height was used as a proxy of baroclinic variability in section 4.3. This
was used in terms of the covariance of the surface (<2000m) and deep (>2000m)
ocean to assess changes in the flow of information from surface to depth. Key
findings include:

1. A significant increase in the covariance between the surface and the deep
with resolution, indicating that allowing eddies has important implications
for how the deep and surface ocean interact.
2. Both high and low frequency variability are active at high (eddy admitting)
resolutions. At low resolutions the surface to deep covariance in confined to
low frequencies. This illustrated that several mechanisms are active, but also
highlighted the important role of eddies.

Overall, we have seen that allowing the resolution to increase to permit eddies
has important implications for the role of the interior. We were not able to assess
this explicitly, but our results emphasize important changes with resolution. This
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highlights the importance of the eddy field and suggests that a resolution high
enough to capture this is necessary for work which assesses the adjustment of the
ocean to surface fields over the timescales we have considered.

The overturning in density space and associated changes in topographic interactions were presented in section 4.4.1. Key findings include:
1. Increased importance of baroclinic contributions to the overturning with increasing resolution in the Southern Ocean, demonstrated in the long term
mean.
2. Topographic interactions become increasingly important with resolution, as
the roughness increases. This was also illustrated in changes in the bottom
vertical velocity which suggest that increasing the resolution leads to greater
conformance with predictions from Sverdrup theory.
3. The changes with resolution of interactions with topography in terms of vortex stretching was found mainly in the baroclinic JEBAR component.
Overall, we found that resolving eddies has great impact on the model’s ability
to capture the overturning, particularly in the long term mean. This is reflected
in the change of utility, where the low resolution 1◦ model demonstrates that these
effects are not captured by the Gent-McWilliams eddy parameterization scheme.
This has important implications, especially as these effects are mainly seen in the
Southern Ocean which acts to connect the world’s ocean basins and is a key feature
in subducting tracers such as CO2 .

We developed a scalable algorithm estimating the divergence using power laws,
returning the statistics of the fit. Our initial analysis of the gridpoint-by-gridpoint
divergence provided promising initial results. Assessing the divergence between
ORCA1 and ORCA0083, main findings include:
1. Illustrating that the large scale dynamical features are discernable looking at
the Weddell Sea, reflecting changes in the deep water.
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2. We demonstrated the persistence of finescale features in agreement with Scott
et al. (2008).
Overall, these results are very encouraging, and we hope to develop them further.
Specifically, assessing the divergence we can attribute to the components of the
vorticity balance would offer great insight, as the mechanisms involved are clearly
discernible. In this manner, we hope to carry on the work presented in this thesis.

8.2

Implications

The results presented here have important implications both for ocean modelling
but also for our understanding of large-scale ocean dynamics. The main implications of our work are:
1. The MLD is captured well at low resolution with no significant improvements
seen moving to higher resolution. This suggests that the NEMO parametrisation active in the mixed layer are doing a good job capturing the variability
and increasing the resolution will not result in an increase in accuracy.
2. Potentially important effects associated with resolving eddies take place in
the ocean interior; incorporating these in the non-eddy resolving models to
add their mean effect could increase model accuracy.
3. The changes in the density space overturning imply that increasing the resolution leads to a change in the balance of forces. This change is attributed
to the baroclinic component of the bottom pressure torque, which highlights
the role of eddies. This implies that resolving the eddy field allows the model
to change the way it realises its overturning enough to influence the mean
significantly, and capturing the effect of these topographic interactions could
improve model accuracy.
4. The changes in utility we present imply that considering the accuracy alone
does not give a fair representation of how useful a model is. Our results
strongly encourages careful consideration about the gains and costs associated
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with increasing resolution, and importantly imply that computational efforts
may be better placed in fully exploring the parameter space than invested in
increasing resolution, unless the research question requires this.
5. Our exponent work implies that insight into the key regions of model divergence can be studied using power laws. This can shed light on the drivers of
the divergence and reflect on factors important for estimating model uncertainty.

This thesis explored the change in utility seen in ocean models with changing
resolution. The work presented spans a range of topics in the modelling of ocean
physics, and we have used a blend of well established methods along with methods
developed and adapted specifically for the use in this thesis. This was possible
due to the generous support and training provided by the Institute for Complex
Systems Simulation, and the expertise of the people who supervised the work. An
important implication to highlight is the potential insights that can be gained by
allowing the free and multidisciplinary exploration of research questions.
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Appendix

0.1

Bottom pressure method

To demonstrate that the bottom pressure calculation is correct, we compare the our
bottom pressure estimate to that done separately by George Nurser who computed
the field using the program as implemented in the NEMO model. Figure 1 shows
the field for both our (figure 1a) and George’s (figure 1b) bottom pressure estimate.
Figure 1c illustrates the remainder of these two fields.
However, we have noticed that the eddy correlation issue might be more important than one might think. Using monthly data, and averaging to obtain the yearly
bottom pressure, the remainder to George’s calculation becomes larger. This can
be seen in figure 2. Unfortunately we did not have time to investigate this further.

0.2

Seasonal harmonics

We demonstrate the effect of the seasonal harmonics, and their regional importance.
This is thought to be important in terms of deseasoning the NEMO data. The
seasonal cycle houses easily 90% of the variance of surface fields such as sea level in
figure 3 for a point in the South Pacific. However, we can see that the semiannual
and higher order harmonics also likely play a role for this location. Using least
squares, we can fit a model to demonstrate how the seasonal cycle and its two
higher order harmonics appears from this location. Removing this, we see that we
have more cleanly eliminated the seasonal signal and its residuals as demonstrated
in figure 4. In most locations the higher order harmonics do not contain very
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(b) ORCA1 bottom pressure by George Nurser
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Figure 1: The bottom pressure for the annual data from 2007 demonstrating the
precission of the calculation. Units are in kPa.

306

CHAPTER 8. CONCLUSION

Maike Sonnewald

ORCA1 George-Mine 2007 (kPa)
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Figure 2: ORCA1 bottom pressure calculated averaging to obtain the yearly bottom pressure from monthly data for 2007 in kPa.
significant parts of the variance in the seasonal component. Areas around the
equator and particularily related to the monsoon likely have a stronger seasonal
harmonic component of their variance.
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Figure 3: Demonstrating how the seasonal remainder could be removed using using
least-squares for sea level in the South Pacific in the temporal domain. The red
line shows the raw data, the blue line shows the fitted model of the seasonal signal
and its two higher order harmonics, the green line shows the sea level data with the
seasonal component removed. We use the ECCO model for this demonstration.

Figure 4: Demonstrating how the seasonal remainder could be removed using using
least-squares for sea level in the South Pacific in the spectral domain. The red line
shows the raw data, the blue line shows the fitted model of the seasonal signal and
its two higher order harmonics, the green line shows the sea level data with the
seasonal component removed. We use the ECCO model for this demonstration.
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Published papers
Atlantic ocean meridional heat transport at 26◦ N:
Impact on subtropical ocean heat content variability

During the thesis, work has also been ongoing continuing on from my first Masters
degree. This paper is now published in Ocean Science, and uses a box model to
assess and unpick the heat transport variability in the subtropical North Atlantic.
The paper uses both observations and the high resolution GCM OCCAM (1/12◦ ),
and determines that the ocean can play a key role in understanding heat content
variability.
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Abstract. Local climate is significantly affected by changes
in the oceanic heat content on a range of timescales. This
variability is driven by heat fluxes from both the atmosphere
and the ocean. In the Atlantic the meridional overturning circulation is the main contributor to the oceanic meridional
heat transport for latitudes south of about 50◦ N. The RAPID
project has been successfully monitoring the Atlantic meridional overturning at 26◦ N since 2004. This study demonstrates how these data can be used to estimate the variability
of the basin-wide ocean heat content in the upper 800 m between 26 and 36◦ N. Traditionally the atmosphere is seen to
dominate the ocean heat content variability. However, previous studies have looked at smaller areas in the Gulf Stream
region, finding that the ocean dominates deseasoned fluctuations of ocean heat content, while studies of the whole North
Atlantic region suggest that the atmosphere may be dominant. In our study we use a box model to investigate fluctuations of the ocean heat content in the subtropical North
Atlantic between 26◦ and 36◦ N. The box model approach
is validated using 19 yr of high-resolution general circulation model (GCM) data. We find that in both the GCM- and
RAPID-based data the ocean heat transport dominates the
deseasoned heat content variability, while the atmosphere’s
impact on the ocean heat content evolution stabilizes after 6
months. We demonstrate that the utility of the RAPID data
goes beyond monitoring the overturning circulation at 26◦ N,
and that it can be used to better understand the causes of
ocean heat content variability in the North Atlantic. We illustrate this for a recent decrease in ocean heat content which
was observed in the North Atlantic in 2009 and 2010. Our

results suggest that most of this ocean heat content reduction
can be explained by a reduction of the meridional ocean heat
transport during this period.

1

Introduction

The meridional heat transport (MHT) in the North Atlantic is
a key climate variable, and is particularly important for northwestern Europe. We observe large regional changes in ocean
heat content (OHC) due to MHT variability (Domingues et
al., 2008). Moreover, as well as spatial MHT fluctuations,
the MHT also varies on timescales from months to centuries
and longer. Due to the MHT’s importance in the climate system, much effort has gone into understanding and observing
its variability and that of the meridional overturning circulation (MOC) (e.g. Bryden et al., 2005; Cunningham et al.,
2007). Motivated by this, the RAPID mooring array has been
delivering continuous observations of the Atlantic MOC at
26◦ N since 2004 (Johns et al., 2011; Rayner et al., 2011;
McCarthy et al., 2012), and in this paper we demonstrate its
utility towards estimating OHC variability through its close
association with the MHT.
The ocean plays a major role in the northward transport
of heat, and is particularly interesting because of its capacity
to store heat. Together, the atmosphere and ocean act to redistribute the solar heating away from the Equator (Kump et
al., 1999; Bryden and Imawaki, 2001; Jayne and Marotzke,
2001). Locally, the rate of heat content change in a body of
water is determined as the balance of the energy flux through
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its boundaries. Thus, if the boundary fluxes are known, the
heat content can be determined.
The partitioning of the transport between the ocean and atmosphere has been widely discussed in the literature by, for
example, Bryden and Imawaki (2001), and more recently by
Fasullo and Trenberth (2008). They highlight that the partitioning of the heat transport and its effect on OHC is complex and varies with latitude. In the Northern Hemisphere,
estimates by Trenberth and Caron (2001) suggest that the
ocean dominates the MHT between 0◦ and 17◦ N, and towards higher latitudes the dry atmospheric transport carries
an increasing fraction of the heat. However, the latent heat
transport also transports an increasing fraction, and can be
interpreted as a joint effort of the ocean and atmosphere.
The area around 30◦ N is a very interesting region, as the
ocean, atmosphere and latent heat transports contribute approximately equally to the overall MHT, and maximal poleward heat transport occurs at 35◦ N (Bryden and Imawaki,
2001; Trenberth and Caron, 2001; Fasullo and Trenberth,
2008). In this study, we focus on a basin-wide North Atlantic
region between 26◦ and 36◦ N to capture these effects.
The complex partitioning between the atmosphere and
ocean makes it difficult to determine the mechanisms behind
OHC variability. Bjerknes (1964) examined North Atlantic
sea surface temperature (SST) and sea level pressure (SLP)
fields, leading him to the conclusion that the deseasoned SST
variability was forced by the air–sea interactions. Gill and Niiler (1973) provided further evidence that the advection and
mixing terms were small in the large-scale surface ocean heat
budget, implying that the circulation in the North Atlantic is
less important than local changes in heat storage and surface
heat fluxes. Similarly, using monthly surface marine forcing,
Cayan (1992) concluded that the large-scale atmospheric circulation controls the SST through changes in the air–sea heat
flux. Seager et al. (2000) reached the same conclusion using
model and reanalysis data, but suggest that the atmosphere
operates on timescales which are too short to account for
the low-frequency variability fully. In contrast, studies using general circulation models (GCMs) by Grötzner et al.
(1998) as well as by Deser and Blackmon (1993) and Kushnir (1994) using surface observations suggest that the decadal
mode is inherently a coupling between the ocean and the
atmosphere expressed through unstable air–sea interactions.
More recently, Dong and Sutton (2005) suggest that the Atlantic thermohaline circulation is forced by the atmosphere,
but that the timescale is set by the ocean. A modelling study
by Grist et al. (2010) complements this, finding that the surface heat flux only plays a small role in the deseasoned OHC
variability away from the tropics.
Dong et al. (2007) investigate the relation between the
surface flux and OHC in a region of the western boundary within the subtropical North Atlantic between 1992 and
1999. Using temperature profiles from the Global Temperature Salinity Profile Program (GTSPP) and an inverse modelling technique, they show that deseasoned changes in OHC
Ocean Sci., 9, 1057–1069, 2013

cannot be explained by looking only at the surface flux. This
is consistent with the complementary studies by Dong and
Kelly (2004) and Vivier et al. (2002) with similar conclusions, dealing with the Gulf Stream and Kuroshio regions, respectively. Dong and Kelly (2004) present a thermodynamic
model of the western boundary current region, between 30–
45◦ N and 40–75◦ W, looking at the surface 400 m from 1992
to 1999, forcing their model with observed temperatures, estimates of geostrophic velocities from altimeter data and using NCEP/NCAR reanalysis data for surface heat flux and
wind stress estimates. They conclude that the surface flux
dominates the seasonal to deseasoned variability, but that
the deseasoned upper-ocean heat content variability is dominated by advection–diffusion terms. Overall, our ability to
assess the North Atlantic is improving through increasingly
available observational data from the ocean and atmosphere,
as well as improvements in ocean and atmosphere general
circulation models. This work suggests that the North Atlantic OHC variability is dominated by the ocean on decadal
timescales, while surface fluxes become increasingly important on shorter timescales.
A comparison of studies of OHC variability is difficult due
to dependence on the location and timescales considered. Using observational data from the Argo float project, Hadfield
et al. (2007) and Hadfield (2007) demonstrate that a heat budget analysis is possible, particularly in the subtropical North
Atlantic. However, Hadfield (2007) suggests that the sampling resolution in space and time achieved by the floats may
still underestimate heating from divergence. Studies by Dong
and Kelly (2004) and Dong et al. (2007) rely on satellite altimetry to estimate geostrophic velocity, which is a valid approach in regions where large gradients in the sea surface
height (SSH) occur, and avoids the problems highlighted by
Hadfield et al. (2007) and Hadfield (2007). However, Hirschi
et al. (2009) and Kanzow et al. (2009) demonstrate that accurate transport estimates cannot be obtained for basin-wide
sections due to the decreased correlation between the SSH
and the meridional transport close to continental margins.
In the present study we investigate the OHC variability in
a basin-wide (i.e. margin to margin) region in the subtropical
North Atlantic between 26◦ and 36◦ N. Particular emphasis
is placed on illustrating the potential of the RAPID data at
26◦ N for understanding the causes of OHC variability. The
paper is structured as follows: our methodology and the data
used are presented in Sect. 2; a validation of the methodology and the results are presented in Sect. 3; and these are
discussed and the paper concluded in Sect. 4.

2

Data and methods

A box model approach is used to study the OHC variability
in the upper 800 m of a basin-wide section of the subtropical North Atlantic (26–36◦ N). We use two formulations of
our box model. In the first advective formulation (hereafter
www.ocean-sci.net/9/1057/2013/
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scribe how the MHT is derived combining temperature transports from the Gulf Stream in the Florida Straits, the Ekman
layer, the western boundary region offshore of the Bahamas
and the interior ocean. This work revealed a correlation of
0.94 between the MOC and MHT, yielding the following relation (in PW, where 1PW = 1015 W):
MHT (PW) = 0.079MOC + 0.12PW.

Fig. 1. Sketch illustrating the box model. Red and blue arrows indicate heat flux into and out of the box at 26◦ and 36◦ N, with the
sign convention positive into the box. The blue/red arrows represent
the air–sea surface flux and the mixing at the interface. There are no
fluxes through the eastern and western sides.

referred to as the “AV box model”; see Sect. 2.2), we consider
the advection of heat by the volume transport in the upper
800 m. In the second flux formulation (hereafter referred to
as the “FV box model”; see Sect. 2.3), the OHC variability is
estimated using the full depth MHT. The following sections
describe the OCCAM data and RAPID-based observations
used to force the box models, as well as the AV and FV formulations of the box model.
2.1

GCM and observational data

We use a 19 yr time series from the eddy-resolving 1/12◦
OCCAM, a primitive equation, level-coordinate, global
oceanic general circulation model (OGCM). OCCAM has
high vertical resolution, with 66 levels, 14 of which are in
the top 100 m. The surface forcing for OCCAM consists of
6-hourly fields based on a blend of National Center for Atmospheric Research (NCAR) reanalysis and satellite data (Coward and de Cuevas, 2005; Marsh et al., 2009). The data from
OCCAM are available from January 1988 to December 2006
with a temporal resolution of 5 days.
The RAPID-based observational ocean MHT data used
in this study are from the RAPID–MOCHA project. Since
April 2004, the RAPID–MOCHA observing system has been
monitoring the Atlantic MOC at 26◦ N. The MOC is obtained
by combining observations of the Florida Straits and Ekman
transports, with a density-driven recirculation (Hirschi et al.,
2003; Cunningham et al., 2007; Kanzow et al., 2007; Johns
et al., 2011; McCarthy et al., 2012). Data from the RAPID–
MOCHA observing system are available from 3 April 2004
to 1 January 2011 with a temporal resolution of 12 h. However, 5-day averages are used for consistency with the OCCAM data throughout our calculations.
The RAPID array was designed to monitor the MOC, but it
can also be used to estimate the MHT. Johns et al. (2011) dewww.ocean-sci.net/9/1057/2013/

(1)

A strong relationship between MOC and MHT is also found
in OCCAM where the correlation is 0.994.
For the period covered by the RAPID observations, we
will also make use of observation-based OHC estimates calculated directly from Argo float data and from EN3 (Ingleby
et al., 2007). EN3 was produced in the framework of the EU
projects ENSEMBLES and ENACT and combine Argo data
with other hydrographic data available during that period.
2.2

Advective version (AV) of the box model

Figure 1 illustrates the box model used to represent the top
800 m of the subtropical North Atlantic between 26◦ and
36◦ N. The oceanic heat content (OHC) is calculated using
an Euler forward scheme with a 5-day time step:
OHCt+1 = OHCt +

∂OHC
1t,
∂t

∂OHC
= F26◦ N (t) + F36◦ N (t) + FAS (t) + FB (t).
∂t

(2)

(3)

Here F26◦ N and F36◦ N are time series (defined in Eqs. 4
and 5 below) of MHT, FAS the air–sea flux through the surface layer and FB the exchange through the bottom interface.
From OCCAM we use time series of MHT from the upper
800 m from 26◦ and 36◦ N available as 5-day averages. The
MHT time series for F26◦ N and F36◦ N are calculated as
ZxWZ800
F26◦ N (t) =
v26◦ N (x, z, t)T26◦ N (x, z, t)ρcp dzdx,

(4)

xE 0

ZxWZ800
F36◦ N (t) =
v36◦ N (x, z, t)T36◦ N (x, z, t)ρcp dzdx.

(5)

xE 0

Here v26◦ N and v36◦ N are the velocity components normal
to the sections through longitude-depth sections at 26◦ N and
36◦ N down to a depth of 800 m. T26◦ N and T36◦ N are the
temperatures at the southern (26◦ N) and northern (36◦ N)
interfaces of the box. The average density is denoted by
ρ (ρ = 1025 kg m−3 ), and cp is the specific heat capacity
(cp = 3850 J kg−1 K−1 ). The variables v26◦ N , v36◦ N , T26◦ N
and T36◦ N were retrieved from the OCCAM model. F26◦ N
and F36◦ N include contributions from the wind-driven, eddy
Ocean Sci., 9, 1057–1069, 2013
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and gyre circulation, but ignore horizontal mixing, which we
assume to be small. The terms F26◦ N , F36◦ N and FAS for the
AV box model are illustrated in the left panel of Fig. 2.
To calculate the exchange through the bottom interface
(FB , used in Eq. 3), we use the relationship between the
volume components (V26◦ N and V36◦ N ) entering and leaving
the sides of the section, and thus determine the direction and
magnitude of the heat flux to the lower layer FB according to
FB (t) = −(V26◦ N (t) − V36◦ N (t))Tinterface (t)ρcp ,

(6)

where Tinterface is the average temperature at the 800 m interface retrieved from the OCCAM model. Thus, for a net inflow of water into the box, there is a flux of heat to the deep
and vice versa. The air–sea flux field was retrieved from OCCAM for the area of FAS .
We focus on the variability and do not discuss trends in
either the model or RAPID-based data. Thus, the work presented is based on detrended fluxes where the linear trend
is removed, but we retain the temporal mean. Furthermore,
for the first time step, the OHC is calculated with a set of
initial values retrieved from the OCCAM model. For subsequent time steps, the temperature (T ) of the ocean box
is calculated using the volume of the ocean box (V , kept
fixed at 5.4 × 1015 m3 as in the OCCAM model), the average density (ρ = 1025 kg m−3 ) and the specific heat capacity
(cp = 3850 J kg−1 K−1 ):
T (t) =

2.3

OHC(t)
.
Vρcp

(7)

Flux version (FV) of the box model

(8)

The air–sea flux (FAS ) is identical to that used in AV up to
2006, and a seasonally varying climatology is used thereafter.
∗
∗
The ocean heat fluxes F26
◦ N and F36◦ N are the net heat fluxes
over the entire section from the surface to the sea floor. The
∗
RAPID-based MOC data at 26◦ N are used to calculate F26
◦N
◦
as the MHT at 26 N according to Eq. 1.
No observational MHT time series exists at 36◦ N covering the period 2004 to 2011. However, as Grist et al. (2009)
and Josey et al. (2009) demonstrate, there is a strong meridional coherence of the MOC in the study area. This was ex∗
ploited, and F36
◦ N is obtained using the relationship between
Ocean Sci., 9, 1057–1069, 2013

∗
−3
∗
F36
PW + 0.682 × F26
◦ N (t) = 1.57 × 10
◦ N (t − lag),

(9)

where 1.57 × 10−3 PW and 0.682 are constants obtained by
fitting the linear model and the lag is 2.5 months. The terms
∗
∗
F26
◦ N , F36◦ N and FAS for the FV box model are illustrated
in the right panel of Fig. 2.
2.4

Deseasoned and seasonally varying climatological
MHT

We used the AV and FV box models together with their respective RAPID-based and OCCAM model-derived forcing
to determine the OHC variability in the 800 m surface box.
To investigate the seasonal component of the heat transport,
the seasonally varying climatological year was constructed
using the arithmetic mean of matching 5-day segments as in
Atkinson et al. (2010). This gives an estimate of the purely
seasonal variability. Removing this from the full forcing, we
obtain an estimate of the deseasoned component which consists of the interannual variability and of the non-seasonal
subannual variability:
MHTdeseasoned = MHT − MHTClim .

For the FV box model, we use the RAPID-based data from
26◦ N. As only the full depth-integrated transport is available
from RAPID, the FV of the box model reflects this by assuming that any net transport acts to increase the OHC in the
surface box. Thus, we assume FB = 0 as opposed to depth
exchanges being possible through an FB term. The oceanic
heat content (OHC) is again calculated using an Euler forward scheme with a 5-day time step:
∂OHC
∗
∗
= F26
◦ N (t) + F36◦ N (t) + FAS (t).
∂t

the transport at 26◦ and 36◦ N in the OCCAM model, together with the lag in the OCCAM data between the two latitudes of 2.5 months (MHT at 26◦ N leads MHT at 36◦ N). A
strong linear relationship is not immediately evident between
the MHT at 26◦ and 36◦ N in the OCCAM model (Fig. 3,
blue curve). Thus, to determine a more robust relationship
between 26◦ and 36◦ N, we use a low-frequency filter (cut-off
3.7 cycles yr−1 ) and obtain an increased correlation (Fig. 3,
red curve). We obtain the following linear regression:

2.5

(10)

Error estimates

We used the OCCAM model to validate our AV and FV box
models, by retrieving the OHC for the equivalent box in the
OCCAM model. To assess the errors resulting from the assumptions underlying the AV and FV box models, we compare the box model results to the full and deseasoned OCCAM model OHC variability. For a fair assessment of the
FV box model, we use the full depth MHT from 26◦ N, re∗
trieved from the OCCAM model, for the F26
◦ N term, and
∗
infer F36◦ N . Thus we can assess the impact of the missing
∗
FB term, and of the assumptions made for F36
◦ N . We assess
the error using the standard deviation (StD) of the difference
from the OCCAM model OHC time series. For example for
the AV OHC time series,
error = StD(OCCAM − AV).

(11)

Since we are interested in the OHC variability, the time
mean is removed from the OHC time series. As a consequence taking the StD is equivalent to the root mean square
error (RMSE).
www.ocean-sci.net/9/1057/2013/

M. Sonnewald et al.: Atlantic meridional ocean heat transport at 26◦ N

1061

Fig. 2. The MHT and air–sea flux (PW) used to force the box model, for AV (left, as described in Sect. 2.2) and FV (right, as described
in Sect. 2.3, starting in April 2004) experiments. Positive (red) transports enter the box at 26◦ N, while negative transports (blue) leave
the box at 36◦ N. The air–sea flux (FAS , magenta) can be positive or negative. Black lines illustrate the seasonally varying climatology
components of the respective forcing. For the FAS component for the observational case, the OCCAM-derived NCAR forcing was used up
to December 2006, and the seasonally varying climatology thereafter. The right figure starts in April 2004, as this is when the RAPID-based
estimates become available.
∗
we use only the low-frequency component of F26
◦ N to infer
∗
F36◦ N . We calculate the error as above, with reference to the
full OCCAM model.

3

Results

As a first step, we present the full fluxes used to force the
model. We then validate the advective and flux versions of
the box model (AV and FV, respectively). This is followed
by a series of experiments where the box model is subjected
to different forcing scenarios.
3.1

Fig. 3. Figure illustrating the change in cross-correlation investigating the full (combined, blue) and the low-frequency (red) heat flux
F26◦ and F36◦ N . To separate the high- and low-frequency transport, a low-pass filter was used. Here the cut-off frequency of 3.7
cycles/year was used, as a marked decrease in the variance of both
F26◦ N and F36◦ N was observed using this.

∗
Moreover, to assess the impact of inferring F36
◦ N from
we again use the FV box model formulation forced
with full depth data from the OCCAM model. We compare
∗
the performance of our inferred F36
◦ N to the full OCCAM
∗
model. We also test the cases where F36
◦ N = 0, and where
∗
F26
◦ N,

www.ocean-sci.net/9/1057/2013/

Box model forcing

Figure 2 illustrates the heat fluxes used to force the AV and
FV box models. Table 1 shows the StD, minimum and maximum of the heat transport. In both the AV and the FV case,
the FAS air–sea flux dominates the statistics with an StD of
0.71 PW. The F26◦ N and F36◦ N AV forcing have StDs of 0.28
∗
and 0.35 PW, respectively. The F26
◦ N FV forcing has a higher
StD of 0.37 PW, relative to the AV box model. The inferred
∗
F36
◦ N FV forcing has a smaller StD of 0.25 PW, as expected
from the low-frequency-based inference process.
Figure 2 illustrates the values reported in Table 1. Here
we can see the large amplitude of FAS , which is dominated by the seasonally varying climatology. The F26◦ N
and F36◦ N AV forcing terms are smaller in amplitude,
and are less dominated by the seasonally varying climatology. Maximum transport occurs between late July and
November, while minimum transports occur between midFebruary and mid-March. At 36◦ N, maximum transport
Ocean Sci., 9, 1057–1069, 2013
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Table 1. Table of minimum, maximum (PW) and StD (PW) values
of the heat transports used (detrended and with the mean removed)
for the AV (OCCAM) and FV (RAPID-based) box models. Transports into the box (ocean) and downwards (air–sea) are positive.
Forcing
FAS
F26◦ N
F36◦ N
∗
F26
◦N
∗
F36
◦N
FAS clim.
F26◦ N clim.
F36◦ N clim.
∗
F26
◦ N clim.
∗
F36
◦ N clim.

Min

Max

StD

−1.76
−1.20
−1.17
−1.18
−0.80
−1.20
0.80
0.57
−0.42
−0.25

1.05
0.99
1.15
1.17
0.80
0.90
1.28
1.08
0.36
0.27

0.71
0.28
0.35
0.37
0.25
0.47
0.11
0.12
0.21
0.25

occurs from mid-August to October, and minimum transport
occurs from March to April.
∗
∗
For the F26
◦ N and F36◦ N FV forcing terms, the seasonally varying climatology has a larger amplitude, but the short
duration and the highly variable nature of the RAPID-based
forcing means that the seasonally varying climatology is not
as good at capturing the true seasonal signal. The maximum heat transport is found in June–November, and the
minimum is found in January–March, as also reported by
Johns et al. (2011) and Atkinson et al. (2010). These maximum and minimum transports are similar both at 26◦ and
36◦ N, differing by 2.5 months, as expected from our use of
the regression model.
In both the AV and FV forcing, the amplitude of the seasonally varying climatology at 36◦ N is smaller than at 26◦ N,
as demonstrated in Table 1, suggesting that the seasonality
becomes less pronounced further away from the Equator in
agreement with studies such as Jayne and Marotzke (2001)
and Fasullo and Trenberth (2008).
3.2

Validating the box model

To validate the AV and FV box model formulations, we compare our OHC estimates to the OCCAM model OHC for the
equivalent 800 m deep subtropical North Atlantic Ocean box,
illustrated in Figs. 4 and 5. For convenience, we convert the
OHC into temperature according to Eq. (7), and in the remainder of the paper OHC anomalies will be quantified in
terms of temperature anomalies.
The AV box model in Fig. 4 is exactly as described in
Sect. 2.2. The FV box model is as described in Sect. 2.3, but
∗
with F26
◦ N derived from the equivalent OCCAM data, and
∗
∗
F36◦ N inferred from F26
◦ N . Thus, we assess the fit of the FV
box model as well as the assumptions underlying the FV box
∗
∗
model: using full-depth fluxes for F26
◦ N , inferring F36◦ N and
the missing FB term. However, in both the AV and FV box
Ocean Sci., 9, 1057–1069, 2013

Fig. 4. Demonstration of box model performance, OHC detrended
and with the mean removed. The black line is from the full OCCAM
model, red line from the AV box model and the blue line from the
∗
FV box model run with data taken from OCCAM for F26
◦ N , using
∗
this to infer the F36◦ N , but otherwise as described in Sect. 2.3. Both
box model versions show good agreement with the OCCAM model,
with StD of difference from the OCCAM model of 0.057 ◦ C for the
AV box model and 0.065 ◦ C for the FV box model, compared to the
StD of the full OCCAM model with an StD of 0.16 ◦ C.

models, we do not include diffusion or an eddy correlation
term as described in Huerta-Casas and Webb (2012).
Figure 4 shows that the full AV and FV box models largely
reproduce the OHC variability retrieved from the OCCAM
model. We estimate the error according to Eq. (11). For the
AV box model, the error is 0.057 ◦ C, while the FV box model
has an error of 0.065 ◦ C. Both these errors are small compared to the StD of the full OCCAM model with an StD of
0.16 ◦ C. Figure 4 illustrates that the amplitude of the seasonally varying climatology is well captured in both the AV
and FV box models. The AV box model is overall closer to
the full OCCAM model, but tends to exaggerate the winter cooling by approximately 0.01 ◦ C. Overall, the FV box
model also reproduces the OHC variability from the OCCAM model, but we observe deviations of up to 0.1 ◦ C.
To illustrate the deviations of the AV and FV box models
from the OCCAM model further, Fig. 5 shows the deseasoned component of the OHC variability. Here we remove
the seasonally varying climatology from the forcing data,
further illustrating that both the AV and the FV box models capture the OCCAM model variability well. Three major
broad peaks (in the early and mid-1990s as well as between
2002 and 2005) lasting about 3 yr are visible in both the AV
and FV box models and the OCCAM model, together with a
sharp peak in early 1999. The AV box model has an error of
0.041 ◦ C, while the StD of the deseasoned OCCAM model
is 0.056 ◦ C. The correlation between the AV box model and
OCCAM is 0.72 (87 degrees of freedom, significant at the
www.ocean-sci.net/9/1057/2013/
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Fig. 5. Interannual detrended temperature variability in the OCCAM model (black) and box model AV (red), FV (blue), all detrended and with the mean removed. The AV box model is run as
described in Sect. 2.2, while the FV box model is run with data
∗
∗
taken from OCCAM for F26
◦ N , using this to infer the F36◦ N , but
otherwise as described in Sect. 2.3. We obtain the deseasoned components by removing the seasonally varying climatology. The AV
box model deseasoned OHC StD of the deviation from the OCCAM
model is 0.041 and 0.048 ◦ C for the FV box model, while the StD
of the deseasoned OCCAM model is 0.056 ◦ C. This confirms that
the box model can be used to investigate the full and deseasoned
components of the oceanic and air–sea causes of OHC variability.

99 % level). For the FV box model the agreement with OCCAM is less pronounced. The error is 0.048 ◦ C and the correlation drops to 0.57 (110 degrees of freedom, significant
at the 99 % level). The decrease in correlation can largely
be explained by a decrease in the agreement between the
FV box model and OCCAM for high (i.e. subannual) frequencies. When filtering the time series for OCCAM and the
FV and AV box models (second-order Butterworth low-pass
filter, cut-off at 0.9 cycles/year), the correlation is ≈ 0.7 for
both the AV and the FV box model formulations (not shown).
Figure 5 illustrates that the FV box model overestimates the
increase in OHC from 1988 to the early 1990s, towards the
mid- to late 1990s it tends to underestimate, and it overestimates from 2005 onwards. Overall, Fig. 5 confirms that both
the AV and FV box models capture the OHC variability in the
OCCAM model reasonably well. This agreement suggests
that both the AV and FV box models can be used to gain
insight into the oceanic and air–sea contributions of OHC
variability.
Figure 6 illustrates the effect of the added assumptions
∗
from inferring the F36
◦ N transport. This is demonstrated using the full depth data from the OCCAM model directly for
∗
∗
F26
◦ N and F36◦ N . Figure 6a illustrates the full signal. We calculate the error as described in Sect. 2.5. Thus, by inferring
∗
∗
F36
◦ N from F26◦ N (equivalent to the situation we later have
www.ocean-sci.net/9/1057/2013/
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∗
Fig. 6. Validating the assumptions for F36
◦ N of the FV box model.
Panel (a) shows the full signal, while panel (b) shows the deseasoned component. In both panels, the blue line is the FV box model
∗
as in Fig. 4. The black line shows the case where F36
◦ N is derived from the OCCAM model. The grey line shows a case where
∗
F36
◦ N = 0. The dark grey stippled line shows the model using inferred forcing at 36◦ N obtained using only the low-frequency com∗
ponent of F26
◦ N . The high-frequency component was included in
∗
the FV box model using the RAPID-based data as F26
◦ N to infer
∗
F36◦ N .

when using the full depth RAPID-based data), we have an error of 0.065 ◦ C for the full signal, with a correlation with the
OCCAM OHC of 0.94 (19 degrees of freedom), significant
at the 99 % level. This is an improvement over the case where
∗
◦
F36
◦ N = 0 with an error of 0.070 C for the full signal, with
a correlation with the OCCAM OHC of 0.92 (20 degrees of
freedom), significant at the 99 % level. However, the regres∗
sion model used to infer the F36
◦ N transport was made using
only the low-frequency transports from F26◦ N and F36◦ N . For
∗
the FV box model forcing presented in Fig. 2, we infer F36
◦N
∗
using the full RAPID-based F26◦ N where both the high and
low frequencies are present. If only the low frequency (cutoff 3.7 cycles yr−1 ) is used, the error is still 0.067 ◦ C for the
full signal, with a correlation with the OCCAM OHC of 0.93
(19 degrees of freedom), significant at the 99 % level. However, we know that a high-frequency component should be
∗
present in F36
◦ N . Thus, our validation of the FV box model
∗
∗
suggests that using the full F26
◦ N to infer F36◦ N provides the
Ocean Sci., 9, 1057–1069, 2013
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best available estimate of the OHC variability for the FV box
model case.
Figure 6b illustrates the deseasoned component. This fur∗
∗
ther highlights that inferring F36
◦ N from F26◦ N provides the
∗
∗
best estimate for F36◦ N , when compared to retrieving F36
◦N
from OCCAM. We also note that we find a similar correlation
(0.57, 108 degrees of freedom, significant at the 99 % level)
between the deseasoned time series from the FV box model
∗
with inferred F36
◦ N and OCCAM. As before, the correlation
increased to about 0.7 when a second-order Butterworth filter (cut-off at 0.9 cycles/year) was applied to the time series
∗
(independently of whether we retrieve F36
◦ N from OCCAM
or whether we infer this transport).
3.3

(a)

Partitioning OHC variability

Figure 7a illustrates the results of the AV box model forced
with F26◦ N and F36◦ N derived from the OCCAM model. The
seasonality in the MHT contributes very little to the overall
seasonal OHC signal, and remains close to zero. The overall seasonally varying climatology of the OHC corresponds
to a mean seasonal temperature range of ≈ 0.42 ◦ C, which is
mainly due to the air–sea fluxes. The ocean therefore contributes little to the seasonal OHC variability. The deseasoned signal can be seen again to have three broad OHC
maxima as well as the sharp 1999 peak. These broad maxima
are seen to correspond to a broad peak in the spectral domain
representing a signal with a period of 5–7 yr. Figure 7a reveals that this variability is accounted for by the deseasoned
oceanic signal, which can be also seen to have three broad
peaks. Overall, most of the variability in the deseasoned signal is accounted for by the oceanic MHT. The deseasoned
atmospheric variability can be seen to affect the amplitude of
the signal, but overall the oceanic heat transport dominates.
The same pattern is also found in the FV box model, forced
∗
with the RAPID-based MHT values for F26
◦ N and inferring
F?36?N (Figure 7b). The amplitude of the seasonally varying climatology of ≈ 0.45◦ C is dominated by the atmosphere,
but is amplified slightly by the ocean, whose contribution is
larger than in the AV box model. As before, the deseasoned
signal is dominated by the ocean. The effect of the atmosphere can only be assessed to the end of 2006, since the
air–sea fluxes from the OCCAM model are not available beyond 2006. However, the available timeline suggests that the
deseasoned variability of the atmosphere has a smaller effect
in the FV box model, changing the amplitude of the overall deseasoned signal only sightly. The deseasoned variability is higher before 2007, with two pronounced peaks that
resemble a seasonal cycle. This disappears after 2007, and
the signal stabilizes until mid-2009 where the signal drops
from ≈ 0.1 to −0.2 ◦ C. This dip is caused by the deseasoned
oceanic signal since the atmospheric forcing does not contain
any interannual variability from 2007 onwards.
Key OHC statistics is displayed in Fig. 8. These visualize the timescales over which the oceanic and atmospheric
Ocean Sci., 9, 1057–1069, 2013

(b)
Fig. 7. Figure summarizing the AV (a) and FV (b) box model results, detrended and with the mean removed. Both figures illustrate
the OHC variability attributable to the tested forcing scenarios. Note
the atmospheric dominance on the seasonally varying climatology
(referred to as “climatological”) OHC variability, and the oceanic
dominance of the deseasoned OHC variability. Panel (b) starts in
April 2004, as this is when the RAPID-based estimates become
available.

components of OHC tendency act, as well as their respective magnitude and variability. A sliding window technique
is used to collect the maximum amplitude of temperature
change within windows of a prescribed length. Sliding the
window along the time series allows us to collect the median, first and third quartiles of peak-to-peak temperature
variability. Shown are the median (solid coloured line) as
well as the first and third quartiles (lower and upper bound
of the coloured area, respectively) for the absolute magnitude (|1T|) of OHC change for time windows ranging from
5 days up to 4 yr. Figure 8 demonstrates the gradual nature
of the change in dominance on OHC variability between
the seasonal atmospheric and deseasoned oceanic signals, as
well as the likelihood of this occurring.
Figure 8a illustrates that in the AV box model, the
seasonally varying climatological atmospheric component
changes the OHC by 0.42 ◦ C over 6 months. In contrast, the
www.ocean-sci.net/9/1057/2013/
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(a)

Fig. 9. (a) deseasoned OHC for the basin-wide North Atlantic section from 26◦ and 36◦ N. The FV (blue), Argo (green) and EN3
(yellow) data are shown. Note the good agreement after mid-2007,
which is most likely due to the increased data coverage of the Argo
floats. (b) the average number of Argo profiles in a 1500 km radius
around each 2.5◦ grid point. The time of the RAPID-based time
series is shown from April 2004 to January 2011.
(b)
Fig. 8. The absolute magnitude of OHC change (|1T| in ◦ C) attributed to each component. Coloured regions illustrate the respective first quartile (upper line), median (thick line) and third quartile (lower line) of the largest |1T| within a sliding window of
an increasing size. The AV box model is indicated by (a), while
(b) shows the FV box model using the RAPID-based data. Note
the OHC variability attributable to the seasonally varying climatology (referred to as “climatological”) stabilizes within a year,
while the importance of the deseasoned components increase with
time/window size. Further, the figure highlights the partitioning between the components, illustrating the magnitude of the deseasoned
component, and the timescales over which this has an impact.

seasonally varying climatological component of ocean heat
transport only changes the temperature by 0.02 ◦ C. However, over 4 yr the deseasoned oceanic component can contribute 0.3 ◦ C, while the spread of the deseasoned atmospheric component contributes only 0.1 ◦ C. The spread of
the deseasoned oceanic component is at times more than
0.1 ◦ C while the spread of the seasonally varying climatological atmosphere is around 0.05 ◦ C. Further, the overall
OHC variability follows the seasonal atmosphere closely up
to 6 months. After this, the OHC change due to the deseasoned oceanic component steadily increases as the window length is increased. This confirms the dominance of
the deseasoned oceanic variability on timescales exceeding
www.ocean-sci.net/9/1057/2013/

6 months, compared to the much smaller influence of deseasoned atmospheric variability.
Figure 8b shows a similar pattern for the FV box model.
The overall OHC variability does not follow the seasonal atmosphere as closely, but a clear levelling after 6 months is
observed. The same partitioning between the ocean and atmosphere is seen in the full and deseasoned OHC time series, but the seasonally varying climatological ocean has a
larger influence than the deseasoned atmosphere. The spread
of the deseasoned oceanic signal is also larger, which is reflected in the overall OHC variability. However, overall we
see that in both the AV and the FV box models, the atmosphere contributes little to OHC variability on timescales beyond 6 months, while the oceanic influence contributes progressively at all considered timescales.
In a next step, we use the FV box model to interpret the
recent OHC variability between 26◦ and 36◦ N as observed
by Argo floats and in the EN3 data set (Ingleby et al., 2007).
Figure 9a illustrates that the OHC evolution after mid-2007
is of particular interest. In EN3, Argo and the FV box model
there is a period of reduced OHC variability from 2007 to
2008, followed by a pronounced decrease of OHC from 2009
to 2010. There are differences in the precise timing of the
OHC reduction during this phase, but we see that in all three
cases the temperature in the subtropical ocean box reduces by
over 0.2 ◦ C. The results from our FV box model strongly suggest that this decrease can largely be explained by a reduction
in the MHT at 26◦ N, which coincided with the pronounced
Ocean Sci., 9, 1057–1069, 2013
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MOC minimum described in McCarthy et al. (2012). Using
our error estimates for the FV box model as demonstrated in
Figs. 4 and 5, we note that this decrease is unlikely to be due
to FV box model errors. We further note that the difference in
timing of the 2009 to 2010 event is approximately 3 months,
similar to the lag observed between 26◦ and 36◦ N in the OCCAM model. Thus, the earlier timing in our FV box model
could be the result of using the average lag between 26◦ and
36◦ N, while the true ocean signal took longer to propagate
to 36◦ N. An atmospheric “buffer” could also have been active in Argo and EN3: the atmosphere could have absorbed a
fraction of the anomalous OHC, damping the OHC response.
However, this would be less likely to have caused the observed OHC decrease if this were indeed associated with the
MOC minimum as described in McCarthy et al. (2012). Furthermore, the lack of the FB term could also contribute to the
difference in timing through exchanges with the deep ocean.
However, we note that the magnitude of our event is comparable to that in the Argo product, and thus unlikely to be due
to the missing FB .
Prior to 2007 we see a larger implied uncertainty in Fig. 9,
where Argo and EN3 disagree with each other as much as
with our FV box model. Differences between Argo and EN3
could be due to the observational data used in these products.
The EN3 OHC uses uncalibrated Argo data as well as hydrographic observations, while only the delayed mode, quality
controlled, Argo product is used for the Argo OHC product. Error estimates for Argo and EN3 are still in development due to uncertainties in the temporal and spatial correlation length scales (S. Good, personal communication, 2013).
However, the discrepancy between Argo and EN3 could be
due to the changes in data coverage. Between 2004 and 2011
the number of floats has increased, improving the accuracy of
their OHC estimates. In Fig. 9b we show the average number of floats used in the estimation of the Argo product in
Fig. 9a. The Argo product is estimated for 2.5◦ × 2.5◦ grid
cells, where the recorded temperature is a distance and data
density weighted average for each box, where the radius used
is 1500 km with a decorrelation length scale of 500 km. Figure 9b illustrates that a dramatic increase in the data coverage
took place in 2007, with the Argo float fleet reaching its full
global capacity of 3000 floats in November 2007. This coincides with the time where our FV box model, Argo and EN3
come to a reasonable agreement. However, the Argo floats
are constrained largely to waters where the shelf is deeper
than 2000 m, which could lead to errors in regions where
large parts of the signal are on the shallower shelf, such as
the transport through the Florida Straits.

4 Discussion and conclusion
In this study we demonstrate how RAPID-based data can be
used to estimate the OHC variability in the subtropical North
Atlantic using a box model budget analysis. For the area beOcean Sci., 9, 1057–1069, 2013

tween 26 and 36◦ N, we construct advective and flux versions
of the box model (AV and FV), respectively forced by the
divergence of heat advection in the upper 800 m, and the divergence of the top-to-bottom meridional heat flux. We test
the assumptions underpinning our box model approach using data from the high-resolution OCCAM model. Both versions of the box model simulate seasonal cycles of slightly
higher amplitude than OCCAM (see Fig. 4). Larger seasonal
signals in both the AV and FV box models indicate shortcomings in the box model simplifications (see further discussion below) and/or missing terms in the forcing. However, we find good correlations between the OCCAM model
and our AV and FV box models. This confirms that our AV
and FV box model approaches are valid for studying cases
where linear trends are removed, but retaining the temporal
mean. We evaluate the FV box model alongside OHC estimates based on Argo and EN3 data. Figure 9 illustrates that
the OHC evolution is broadly similar in all three cases, especially after 2007, when the Argo fleet reached its full data
coverage. After 2007 Argo, EN3 and our FV box model are
in reasonable agreement, where a plateau through to 2009 is
followed by a 0.2 ◦ C dip in 2010 and a recovery thereafter.
Our results strongly suggest that the reduction in OHC seen
in 2009 and 2010 can largely be explained by a reduction in
the MOC (and therefore MHT) during that period.
Caveats in the AV and FV box model include neglecting
horizontal and vertical mixing. Furthermore, the 5-day averaging of output variables in the OCCAM model leads to
inexact heat budget closure (Huerta-Casas and Webb, 2012).
The averaging leads to underestimating the eddy correlation
and any variable varying significantly within the 5-day window. However, the smaller OCCAM model seasonally varying climatology suggests a seasonality in the “missing” flux,
which would be surprising in the presumably more chaotic
sum of eddy correlations. A full investigation of this would
require the instantaneous model fields and not just the 5-day
averages. However, the differences between the AV and FV
box models can possibly be attributed to the additional assumptions underlying the FV box model. The neglect of vertical heat exchange FB increases the seasonal cycle, and the
fit of the FV box model’s deseasoned OHC does not follow
the OCCAM model as closely. Furthermore, the FB term assumes that any volume imbalance is immediately compensated by the deeper layer, using the average interface temperature. However, this process is not likely to be homogeneous
across the bottom of our box. Thus, with volume imbalance
from a flux of warmer (colder) water at the southern (northern) boundary, the FB term is likely to be too small (large),
due to our use of the average interface temperature. As we
use detrended fluxes, differences in the trends in the forcing
data could lead to deviations from the OCCAM model.
Josey (2001), Vivier et al. (2002), Dong and Kelly (2004)
and Wells et al. (2009) suggest that using NCEP/NCAR
forcing could overestimate the heat loss to the atmosphere
through the latent and sensible heat flux terms. The OCCAM
www.ocean-sci.net/9/1057/2013/
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model was forced using NCEP/NCAR surface forcing, and
the FAS used in both the AV and FV box model derived from
the OCCAM model could be affected, meaning that our results could overestimate the atmospheric contribution. Using the OCCAM model-derived FAS for both FV and AV
allows us to keep the models as comparable as possible. Furthermore, a surface damping effect could also be introduced
through the use of a reanalysis product to force the OCCAM
model. The reanalysis data used to force the OCCAM model
(Large et al., 1997; Marsh et al., 2009) use an atmospheric
model guided by available data and surface ocean fields.
Thus, due to the one-way communication across the ocean–
atmosphere interface, feedbacks and possible amplifications
will be damped. Spatial and temporal smoothing could also
potentially lead to damping of the atmospheric signal. These
caveats affect our AV and FV box models, as well as the OCCAM model. Furthermore, this could also be a source of error when comparing our FV box model data to the Argo and
EN3 products.
∗
Furthermore, the assumptions we make to infer F36
◦ N are
a source of error in the AV box model. The chosen method
minimizes the error, as estimated using the OCCAM OHC.
However, since we do not have observational estimates at
36◦ N, the underlying assumptions of meridional coherence
are key to the success of the inference, and we find that the
different estimates assessed here have only a minor impact on
the FV–OCCAM agreement. The wider applicability of our
FV box model method using the RAPID-based data is likely
constrained by the meridional coherence of the MOC. We
chose a northern boundary of 36◦ N based on work by Bingham et al. (2007) and Grist et al. (2009), who illustrate that
the character change of the circulation around 40◦ N would
prevent use, further north, of the regression model to infer
transport anomalies from those at 26◦ N. It would be necessary to base the regression model on lower frequency variability, in accordance with the reduced meridional coherence
north of 40◦ N. However, results from Bingham et al. (2007)
and Grist et al. (2009) indicate there could be potential for
extending the model southwards to 10◦ N.
Despite the sources of errors discussed above, the models (OCCAM model, AV, FV) can reflect documented events.
The FV box model shows a pronounced temperature dip in
2010. McCarthy et al. (2012) show that a significant fraction of the pronounced MOC reduction in 2009/2010 is due
to a change in geostrophic transports, with associated cooling north of 25◦ N. The high correlation between MOC and
MHT means that the geostrophic part of the MHT is likely to
be a major contributor to the OHC reduction in 2009/2010.
Our FV box model could underestimate the effect of a lag
between 26 and 36◦ N, or a possible atmospheric “buffering”, causing the 2009/2010 event to happen approximately
3 months before it is seen in the Argo data.
Overall, our results are in good agreement with previous
similar studies such as Dong and Kelly (2004),Dong et al.
(2007), Grist et al. (2010) and Wells et al. (2009). Our study
www.ocean-sci.net/9/1057/2013/
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also suggests that the results found in the more regional studies of Dong and Kelly (2004) and Dong et al. (2007) hold
for a basin-wide section, and an extended time series. Investigating the Atlantic Ocean, Grist et al. (2010) found that
the deseasoned signal in OHC variability is largely oceandominated in the subtropics and subpolar regions. Like Grist
et al. (2010) we find similar results using modelled and observational OHC in the subtropical North Atlantic. However,
this study used data from the eddy-resolving 1/12◦ GCM,
whereas Grist et al. (2010) used an eddy-permitting 1/4◦
GCM. Further, we affirm the conclusions using observational
Argo and EN3 data.
In conclusion, this study has examined the roles of the
ocean and atmosphere in causing seasonal and deseasoned
OHC variability in the subtropical North Atlantic. Here the
effect of the non-seasonal ocean is of particular interest. This
is because its large deseasoned variability makes it less predictable than the seasonal air–sea flux. We have demonstrated
the utility of the RAPID-based data in studies of the OHC
variability of the subtropical North Atlantic, confirming that
the ocean dominates on deseasoned timescales gaining importance on longer timescales, while the influence of the atmospheric variability (on longer timescales) makes very little contribution to OHC variability at timescales less than 6
months. We can confirm the results of studies such as Dong
and Kelly (2004) for a basin-wide section using both our FV
and AV box models, but the success of the AV box model is
tied to the strength of the meridional coherence of the MOC,
and thus our method is limited to the latitudinal bounds south
of 40◦ N as indicated by Bingham et al. (2007) and Grist et
al. (2009). Our study supports ongoing work with studies including the RAPID-based data to enhance the interpretation
of OHC from Argo observations. The utility of the RAPIDbased data suggests that its inclusion can further our understanding of the underlying mechanisms driving OHC variability.
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Abstract Sea surface height measured by the Envisat radar altimeter over open ocean and from leads in sea
ice are combined to generate a complete view of variability in the Nordic Seas, geographically and seasonally.
The observed seasonal variability is decomposed using empirical orthogonal functions and is consistent
with seasonal variations in steric and dynamic forcing. Wintertime increase in sea surface height on the east
Greenland shelf is hypothesized to be caused by wind-forced downwelling, which provides direct evidence
for the regional play of coastal dynamics. High levels of eddy kinetic energy around the sea ice edge in Fram
Strait and off east Greenland and Svalbard are consistent with the interaction of the wind with the ice edge.

1. Introduction
The Nordic Seas are a curious part of the World Ocean. The high Arctic lies north of Fram Strait, and the Atlantic
Ocean lies south of the Greenland-Scotland Ridge (see Figure 1a for regional nomenclature). Northward ﬂowing
Atlantic water ﬁlls the upper levels of the eastern part of the Nordic Seas, and some of the Atlantic water
continues north into the high Arctic. In the western part, sea ice and freshened seawater of Arctic origin ﬂow
southward, supplemented by a recirculated fraction of Atlantic water. However, the Nordic Seas are far from
being a passive conduit between these two major oceans. The release of heat from ocean to atmosphere
impacts regional climate, and the dense waters formed in the Nordic Seas are a major constituent of the deep,
south going limb of the Atlantic Meridional Overturning Circulation (AMOC). Additionally, the freshwater
exported from the Arctic has the potential to modulate the strength of the AMOC. For an overview of the
Nordic Seas, see Mauritzen et al. [2011].
Scientiﬁc measurements have been made in the Nordic Seas for over a century [e.g., Knudsen, 1899; Helland-Hansen
and Nansen, 1909]. However, harsh weather conditions have meant that most measurements have been made
in the summer, and mainly in the ice-free eastern part of the Nordic Seas. In the western part, knowledge of
the mean circulation and its variability on time scales longer than a year is limited to Fram Strait [De Steur et al.,
2009; Beszczynska-Möller et al., 2011], the Greenland Sea at 75°N [Woodgate et al., 1999], and Denmark Strait
[Macrander et al., 2005]. Even during summer, the waters east of Greenland can be hard to access.
Two developments made remote-sensed (satellite) measurements useful in the whole of the Nordic Seas. First, the
latitudinal limit of altimetry coverage was extended to 81.5°N with the European ERS and Envisat satellites. Second,
Peacock and Laxon [2004] showed that altimetric measurements of the ocean sea surface height (SSH) could be
used to study ocean circulation variability in the ice-covered part of the ocean by detection of radar energy
reﬂected from leads (or other open water) in the sea ice. Previous publications have analyzed remote-sensed
data over the open waters of the Nordic Seas. Our aim in this manuscript is to provide the ﬁrst integral view of SSH
variability over the whole of the Nordic Seas, and covering the whole of the seasonal cycle. We ﬁrst describe
data and methods (section 2), then results (section 3), discussion (section 4), and lastly ﬁnal remarks (section 5).

2. Data and Methods
Along-track SSH measurements were acquired between November 2002 and October 2009 by the Envisat
radar altimeter (RA-2). SSH from the open ocean was calculated using standard techniques; SSH from leads
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Figure 1. Regional nomenclature: (a) Fram Strait (FS), Denmark Strait (DS), Greenland Basin (GB), Iceland Basin (IB), Lofoten
Basin (LB), Norwegian Basin (NB), Barents Sea (BS), Iceland (Ice), Svalbard (S), Ocean Weather Station Mike (M); the
Greenland-Scotland Ridge is the shallow bathymetric feature connecting Greenland, Iceland, and Scotland (which is off the
map to the south); depth contours are 1000, 2000, and 3000 m. (b) First, (c) second, and (d) third EOFs (cm). (e) Fraction of
2 2
total SSH variance described by ﬁrst three EOFs (%). (f) Summer and (g) winter EKE (cm s ). (h) Modeled steric height
amplitude, calculated as summer minus winter, with regional average subtracted (cm).
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within the ice-covered ocean was calculated using the method of Peacock and Laxon [2004]. There is a bias
between elevation estimates from the open ocean and from leads because different models are used to ﬁt
to the altimeter return echoes to provide elevation estimates. The bias was calibrated using data from the ice
edge (lead elevations are lower than ocean elevations); see Giles et al. [2012] (supporting information). The
distribution of the bias (the difference between ocean and lead elevations) is approximately Gaussian with a
mean, standard deviation, and standard error of 18, 10, and 0.2 cm, respectively, and there was no dependence
of the bias with time or location [Kaczmarska, 2012]. We add the mean difference to the lead elevations to
correct for this bias. The combined data set was generated by averaging onto a regular grid with spacing 0.5° in
latitude and 1° in longitude at monthly intervals. Finally, for each grid point, the record time-mean (2002–2009)
SSH was subtracted from the SSH to create the SSH anomaly (SSHA) data set. Figure S1 in the supporting
information shows a summary of these data, presenting standard deviation of SSHA by season.
The key spatiotemporal patterns of variability of SSH in the Nordic Seas were determined using an Empirical
Orthogonal Function (EOF) analysis, and the Monte Carlo method of Overland and Preisendorfer [1982] was
used to determine the statistical signiﬁcance of the EOF modes, whereby the autocorrelation time scale T is
t

T ¼ ∫a t ′ dt′

(1)

0

where a(t) is a mean autocorrelation function and t is the time needed for the function to reach zero. The
effective number of degrees of freedom, D, was then calculated as D = N/T, where N is the length of the
record, with T = 1.7 months and N = 84 months, D = 50.
To determine which EOFs are signiﬁcant, and to assess the noise level of the SSHA data, one hundred sets of
random, normally distributed data sets (with a mean of zero and standard deviation of one) of the same
spatial size as the original SSHA data were generated, and the EOFs of those data sets were calculated.
The temporal size of the random data had a dimension of the effective degrees of freedom. The obtained
eigenvalues were then compared to the real eigenvalues of normalized SSHA. An EOF mode was signiﬁcant
at the 95% conﬁdence level when its eigenvalue exceeds the eigenvalue of the randomly generated ﬁelds
over 95% of the time. The results showed that the ﬁrst three EOF modes were signiﬁcant above the noise
level of 2.4% of the total variance, or SSH variability below ~2 cm. The three signiﬁcant modes account for
48.6% of the total variance. The method of North et al. [1982] was also applied as an independent check, with
the same outcome: the ﬁrst three EOFs are all signiﬁcant.
A related metric of the variability in SSHA, often used in the discussion of the energetics of the ocean circulation
and the dynamics of the oceanic mesoscale eddy ﬁeld [Ferrari and Wunsch, 2009] is the surface eddy kinetic
energy (EKE), calculated as EKE = (hu′ 2i + hv′ 2i)/2. The zonal (x) and meridional (y) components of the surface
geostrophic velocity are u and v, respectively, primes indicate anomalies from the mean, and angled brackets
represent time averages. Velocity anomalies are calculated from the observed SSHA (η) as u′ =  (g/f)(dη/dy)
and v′ = (g/f)(dη/dx), where f is the Coriolis parameter and g the gravitational acceleration. Prior to computing
EKE, SSHA was mapped onto a 0.5° latitude × 1° longitude grid using a Gaussian weighting function with a
horizontal half width of 60 km and a cutoff length scale of 100 km.
The Nucleus for European Modelling of the Ocean (NEMO) is a widely used framework for oceanographic
modeling. The seasonal steric variation in the sea level of the Nordic Seas is assessed using NEMO. This
approach provides complete geographical coverage throughout the calendar year, whereas measurements
are completely lacking in some regions: particularly in winter under the seasonally ice-covered shelf waters.
NEMO uses the primitive equation model Ocean Parallelisé 9.1 [Madec and NEMO Team, 2011] coupled with the
Louvain-la-Neuve sea ice model (LIM2) [Fichefet and Morales Maqueda, 1997]. The model is discretized on a
tripolar grid with two northern poles (one in Siberia, one in Canada) and the geographical South Pole. A detailed
bathymetry is used by modiﬁcation of the 2 min gridded global relief Earth Topography (ETOPO2v2). In the
Nordic Seas, it contains Smith and Sandwell [1997] satellite data south of 72°N and the International Bathymetric
Chart of the Arctic Ocean [Jakobsson et al., 2008] north of 72°N. Description of ETOPO2v2 is available from
the National Geophysical Data Center of the U.S. National Oceanic and Atmospheric Administration via their
website at http://www.ngdc.noaa.gov/. Model atmospheric forcing is described by Brodeau et al. [2010].
Atmospheric features are drawn from the Common Ocean Reference Experiment 2 and the European Centre for
Medium-Range Weather Forecasts. Air-sea and air-ice ﬂuxes are calculated by atmospheric boundary layer
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formulations [Large and Yeager, 2004]. Steric height calculations are conducted with monthly averaged
model output. For comparability with the EOFs, we ﬁrst calculated the summer-minus-winter steric height
change in NEMO, then subtracted the area mean of this difference ﬁeld (4.5 cm), calculated north of 65°N,
from the whole ﬁeld.
Sea ice concentration data were downloaded from the U.S. National Snow and Ice Data Centre website at
http://nsidc.org/data/nsidc-0051 [Cavalieri et al., 1996, updated yearly], for the area used in Figure 1, and for
the same time span as Envisat.

3. Results
The ﬁrst three EOFs are shown in Figure 1. EOF1 (Figure 1b) is a basin-wide, coherent “breathing” mode that
explains 36% of the total variance. It shows the whole of the Nordic Seas (in relative terms) inﬂating and
deﬂating with annual period. It is at a minimum in winter and maximum in summer. Its amplitude is lowest
around the boundaries and over topography, and highest in the centers of the deep basins. EOF2 (Figure 1c)
shows an antiphase relationship between the deep basins and the shelf waters off Norway and Greenland:
when one is positive, the other is negative (and vice versa). The sign change occurs consistently close to the
shelf edge, represented in Figure 1 by the 1000 m isobath. The on-shelf amplitude becomes larger toward
the coast, while the deep basin amplitude increases (in the opposite sense) toward the centers of the deep
basins. EOF2 explains 10% of the total variance, it oscillates with annual period, and it lags EOF1 by ~3 months
(Figure S2). In EOF3 (Figure 1d), noise begins to emerge in the deep basins, evidenced by the appearance
of structures related to the satellite ground tracks with amplitude ~2 cm. It explains only 3% of the total
variance and shows a noisy annual cycle approximately in phase with EOF1, but as noted in section 2, it is still
a signiﬁcant EOF. Standing out from the background noise is the signal in the eastern and western shelf
waters, with amplitude ~4 cm and opposite sign between east and west.
Figure 1e shows the geographical distribution of variance explained by the ﬁrst three EOFs. They explain 49%
of the total, and locally they explain: up to 90% in the Greenland and Norwegian basins; 60–70% in the
Lofoten Basin, the Iceland Sea, the continental shelf off Northeast Greenland and off northern Svalbard; and
40–50% in the Barents Sea and the Norwegian continental shelf.
The distribution of EKE is shown for summer (Figure 1f) and winter (Figure 1g). It is high in several regions—
notably so all along the East Greenland coast, following the continental shelf. There is enhancement toward the
north of the Norwegian continental shelf, over the shallow waters south of Svalbard, and from the northwest
to the east of Iceland. Two high-EKE features extend over deep water: one in the Lofoten Basin, and a second
trending southwest to northeast from the Greenland shelf across Fram Strait.

4. Discussion
In this section, we hypothesize physical interpretations of the patterns of variability seen in the three leading
EOFs and the EKE distribution.
To test whether EOF1 might show seasonal variability in steric height, we ﬁrst inspected the best central basin
records of year-round time series of temperature and salinity from surface to depth, from Ocean Weather
Station Mike, located near 66°N, 2°E [Nilsen and Falck, 2006; Skjelvan et al., 2008]. The annual cycle amplitude
of temperature is approximately 1–2°C over the upper ~300 m. Taking the coefﬁcient of thermal expansion
α ≈ 1 × 10 4ºC 1, the resulting amplitude of the thermal component of steric SSH variability is 2–4 cm.
The (net) steric amplitude is similar to that of EOF1. To test this hypothesis further, we inspected NEMO model
output, which was chosen for its complete coast-to-coast spatial coverage and unbiased temporal coverage.
Its realism has been demonstrated in, e.g., Bacon et al. [2014]. Figure 1h shows the NEMO seasonal steric
height amplitude. The mean amplitudes in both model and satellite data are similar, at ~5 cm. There is
agreement both with the seasonal cycle amplitude of ~5 cm estimated by Mork and Skagseth [2005] and
Siegismund et al. [2007] and also with their phase: their maximum steric height amplitudes occur around
October, the same as ours (Figure S2).
However, the spatial patterns of EOF1 and model steric height amplitude are different. The model signal has
maximum (highest negative) amplitude around the margins of the deep basins, following the paths of the
major currents, and is more weakly negative in the centers of the deep basins. EOF1 generally increases from
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low to high (negative) amplitude from the coastal margins, and also from the midbasin ridge systems, to the
centers of the basins. The Nordic Seas experience (in the mean) cyclonic wind forcing [Jonsson, 1991; Furevik
and Nilsen, 2005], and model experiments have shown that such forcing induces basin-scale and subbasin-scale
circulation which follows bathymetric contours [Nøst and Isachsen, 2003; Isachsen et al., 2003]. Voet et al. [2010]
use deep (1000–1500 m) ﬂoat trajectories to calculate the seasonal cycles of deep velocities in the subbasins,
which we use as proxies for barotropic velocities. The amplitudes of the cycles are greatest in the Norwegian
and Greenland basins, at 1 and 1.5 cm s1, respectively, and weakest in the Iceland and Lofoten basins. EOF1
is qualitatively similar regarding the relative sizes of the SSH gradients across the four basins, and it is also
quantitatively similar: for δη ∼ 3 cm and a scale distance of 200 km, the resulting barotropic current variability is
1 cm s1. EOF1 shows a wintertime lowering (and vice versa in summertime) of SSH, and while this signal is
likely to be mainly steric, it may also incorporate some element of seasonal dynamic variability.
EOF2 represents a contrast between the deep basins and the shelf waters of the Nordic Seas. In winter
(November-December-January), SSH is a maximum on the shelves and a minimum in the deep basins (and
vice versa in summer). The spatial pattern is consistent with a basin-wide response to wind forcing (Ekman
pumping). EOF2 lags EOF1 by ~3 months; assuming that the timings of major seasonal changes in surface
ﬂuxes of heat and momentum are correlated, and expecting that heat ﬂux changes will promote a fast steric
response while the dynamic response to changes in wind forcing will be delayed, we next ask whether this
is consistent with spin-up time scales (tspin). Gill [1982] provides a simple expression (using an argument from
Ekman pumping) to estimate tspin for turbulent ﬂows: tspin = H/(2CDU). We set the drag coefﬁcient CD = 103,
typical depth H = 3000 m and velocity U = 10 cm s1, resulting in tspin ~4 months. Also, Isachsen et al. [2003]
obtain a spin-up time scale of 1–2 months. These are both broadly consistent with the observations.
The strongest surface current variability in EOF2 will result from the cross-shelf SSH gradient, particularly east
of Greenland. Taking representative values of δη ∼ 5 cm and a scale distance of 100 km, we ﬁnd along-shelf
current variability of ±4 cm s1, accelerating southward in winter and decelerating in summer. South of
Denmark Strait, the East Greenland Coastal Current (EGCC) is known to exist on shelf all year [Bacon et al.,
2014]. Their assessment of the EGCC near 63°N found a wind-driven component with seasonal variability
±8 cm s1, which may be consistent with the present observations.
The most signiﬁcant signal in EOF3 is the late winter/early spring increase in SSH (Figure S2), by ~2 cm, east
of Greenland. We suggest two possible causes. First, the explanation of EOF2 assumes synchronous air-sea
momentum ﬂuxes to both eastern and western shelf waters. An asynchronous component concentrated
off east Greenland could produce the observed EOF3 response. Furthermore, it could be mediated by the
seasonal loss (though melting and advection) of the local sea ice cover. Air-sea momentum ﬂuxes are highest
for high, but still mobile, concentrations of sea ice [Tsamados et al., 2014]; and average (northerly) winds off
east Greenland are stronger than elsewhere in the Nordic Seas [Furevik and Nilsen, 2005].
The second possible explanation entails the cross-shelf circulation in the presence of downwelling favorable
winds [Moffat and Lentz, 2012; Bacon et al., 2014]—northerlies off east Greenland [Furevik and Nilsen, 2005].
Ekman transport moves near-surface water shoreward, and the resulting bottom pressure gradient moves deep
water offshore. Isopycnal tilt increases downward in the shoreward direction, so that near the coast, deeper,
denser water is displaced by less dense water. Taking representative values from Bacon et al. [2014], the
downward movement of isopycnals by ~100 m decreases salinity (S) by ~0.5. With density ρ, ∂ρ/∂S ≈ –0.8 kg m3,
the resulting increase in SSH is 1 cm. The observed spatial pattern, meridional extent, and SSH amplitude are
similar to the NEMO steric height change, so we favor the second explanation.
The distribution of EKE (Figures 1f and 1g) is strongly seasonal—high in winter, low in summer, which indicates
a response to wind forcing. Furthermore, the spatial distribution of high EKE is congruent with low total variance
explained by the ﬁrst three EOFs (Figures 1b–1d), which indicates a (quasi-) stochastic process. We observe
three geographical categories of EKE: open ocean, shelf/coastal, and ice edge, with some overlap between the
latter two. We consider each in turn.
First, there is a persistent patch of high EKE in the Lofoten Basin centered near 3°E, 70°N, consistent with
the “warm pool” formed by the coalescence of anticyclonic vortices originating at the Lofoten Escarpment,
described in detail by Rossby et al. [2009] and Koszalka et al. [2011]. The low background levels of open
ocean EKE are lower in the western basins than eastern, with the dividing line of the midbasin ridge system,
indicative of greater instability in the north going Atlantic waters.
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Second, the purely coastal/shelf EKE features, away from sea ice inﬂuence, appear in three places, and all
likely derive from wind forcing and instability processes. North of Iceland, the variability is associated with the
North Iceland Irminger Current [Våge et al., 2013]; off the coast of Norway, there is the Norwegian Coastal
Current [Haugan et al., 1991; Skagseth et al., 2011] and the Lofoten eddy-shedding region [Rossby et al., 2009;
Koszalka et al., 2011]; and west of Svalbard, the West Spitsbergen Current [Teigen et al., 2010, 2011].
Third, there is the Y-shaped feature east of Greenland seen in winter, where very high levels of EKE appear
south of Denmark Strait and persist northward to ~75°N. Near this latitude, the southern end of the broad
northeast Greenland shelf (Belgica Bank), the pattern divides. One branch remains close to the coast, and
the other trends northeastward, initially following the shelf break but then crossing Fram Strait toward
Svalbard. Instability processes are known to generate eddies which contribute to the recirculation of Atlantic
water in the vicinity of Fram Strait [Teigen et al., 2010, 2011], and the East Greenland Current (EGC) ﬂowing
south down the shelf break is eddy rich [Woodgate et al., 1999]. Winds generate eddies at the ice edge
[Johannessen et al., 1983, 1987], and EGC eddies and their relationship to the ice edge are illustrated by Zhang
et al., 2011. The position of the ice edge relative to the shelf break exerts control over wind-driven upwelling and
downwelling [Carmack and Chapman, 2003], and winds favoring downwelling at the ice edge will generate
eddies because downwelling jets are unstable [Häkkinen, 1986]. Furthermore, on-shelf SSH variations on short
time scales will result from wind forcing variability [Lentz, 2004; Moffat and Lentz, 2012], and the winds off
Greenland near Denmark Strait (barrier winds) can be strong and highly variable [Moore and Renfrew, 2005].
The EKE band east of Greenland is therefore likely to derive from the complex interplay of ice, ocean, coast,
bathymetry, and winds, and these arguments should also apply to the patch of variability southeast of Svalbard.
Heorton et al. [2014] model the response of sea ice edge regions to atmospheric and oceanic jet formation.
There is a remarkable similarity between our EKE results and their locations and relative intensities of jet
formation (their Figures 12a and 12b), and there is a very close match in winter between the location of the
ice edge and of the EKE maxima, both east of Greenland and south and east of Svalbard (Figure 1g).

5. Final Remarks
We have provided the ﬁrst integral view of SSH variability over the whole of the Nordic Seas, including ice-covered
regions, and spanning all seasons. The annual cycle is a major component of the variability across the Nordic
Seas. The coherent component is partly the steric response to seasonal temperature change, and partly dynamic,
resulting from seasonal spin-up/spin-down of the Nordic Seas circulation. The shelf waters are an important
element of the dynamic variability. The stochastic component illustrates the widespread importance of eddies
in the region and their seasonal variability.
We have described our interpretations of the variability in SSH, but more work is needed to conﬁrm these
interpretations and to elucidate their importance. We speculate here on one potential impact of future changes.
Arctic sea ice thickness and extent is predicted to continue to decline [Intergovernmental Panel on Climate
Change, 2013]. Mixing (induced by eddies) along the EGC in the Nordic Seas sets the properties of the
intermediate waters that form the Denmark Strait Overﬂow [Strass et al., 1993], which is one of the primary
components of the deep, south going limb of the AMOC [Dickson and Brown, 1994]. If eddy formation is tied to
ice edge processes, then perhaps the properties and transports of the Overﬂow will change in future, with
consequences for the AMOC.
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Example code

To illustrate our work flow, we add some examples of code.

Collating data
#!/bin/tcsh -f
#================================
# Concatenate NEMO data:
# Global fields
# This program splits the time up
#================================

set start = ($argv[1])#1978
set end = ($argv[2])#2007
set resolution = N0083
set y = ${start} #Start year
set pathData = /noc/msm/scratch/valor2/maike/concatenateData/N0083
set output = ($argv[4])
set vars = ($argv[5])
while ( $y <= ${end}) #End year to loop including
echo "["$y"] " # Print the year being treated to the screen
echo ncrcat -h -A -v ${vars},nav_lon,nav_lat
/noc/users/mjsp106/storage/maike/concatenateData/...
N0083/T_Files/ORCA0083-N01_${y}m$argv[3]T.nc

${pathData}/tmp${resolution}${y}${output}.nc
ncrcat -h -A -v ${vars},nav_lon,nav_lat
/noc/users/mjsp106/storage/maike/concatenateData/...
N0083/T_Files/ORCA0083-N01_${y}m$argv[3]T.nc

${pathData}/tmp${resolution}${y}${output}.nc
#nrcat is a program. "sossheigh" is the variable selected.
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#The data will be appended (the --append switch) to the last
filename.
@ y = $y + 1
#Moving to the next year
end
ncrcat -h -A -v ${vars},nav_lon,nav_lat,time_counter

${pathData}/tmp*${output}.nc ${pathData}/${output}.nc
rm ${pathData}/tmp*${output}.nc

Cython example
from numpy import arange, sin, random, pi, mean, append, rot90, tile,
empty, size, array,
squeeze, savetxt, genfromtxt, correlate, load, zeros, NaN, nonzero
from matplotlib.pyplot import xlabel, ylabel, legend, savefig, colorbar,
title, xcorr
import pylab
import scipy.stats as sts
import h5py
cimport numpy as np

DTYPE = np.float
ctypedef np.float_t DTYPE_t

def welfords(np.ndarray data, np.ndarray M, np.ndarray S, float k, int
nr=76):
for zz in xrange(nr):
dataInt = data[zz, :, :]
delta = dataInt-M
M_new = M + delta/k
S_new = S+delta*(dataInt-M_new)
k=k+1
return M_new, S_new, k
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Example calculation
# -*- coding: utf-8 -*# <nbformat>3.0</nbformat>

#import os
import sys, gc, h5py
sys.path.append(’/noc/users/mjsp106/storage/’)
import subprocess
from seawater.density import dens
from numpy import nan, empty, genfromtxt, size, nansum, nanmax,
linspace, squeeze, zeros, fromfunction, repeat
from scipy import array
from scipy.stats import nanmean
from pylab import clf, plot, show, floor, ceil, imshow
from matplotlib.pyplot import xlabel, ylabel, legend, savefig, colorbar,
title, clim
from scipy.io import netcdf, netcdf_file, netcdf_variable
from welfordPoint import welfords

#Importing the depth
Z = h5py.File(’/noc/users/mjsp106/NEMO/StephenTemplates/mesh_zgr.nc’,
’r’)
z_L = Z[’e3t’]
z_L=z_L[0, :, :, :]

# Below I calculate the pressure from the cumulative sum of the
thickness of the layers.
#I add a surface layer (which can be either positive or negative), for
the SSH contribution.
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P_L = zeros([size(z_L, axis=0)+1, size(z_L, axis=1), size(z_L, axis =
2)])
for n in xrange(1, 64):
P_L[n, :, :] = P_L[n-1, :, :]+z_L[n, :, :]

#Define needed variables
xDim = 4322
yDim = 3059
deptht = 75

counter = 0
nt = 360
startT = 2007
endT = startT+1
step = 2

for timeStep in xrange(startT, endT):
counter = counter + 1
startYr = timeStep
endYr = timeStep
print startYr, endYr
print "counter = ", counter

#Collating the data
for yearPart in xrange(5, 6):
mm = 1 # Number of months
endMonth = 3*yearPart
startMonth = endMonth-2
if yearPart == 1: Months = ’01’
elif yearPart ==2: Months = ’02’
elif yearPart ==3: Months = ’03’#’0[5-6]’
elif yearPart ==4: Months = ’04’#’0[7-8]’
elif yearPart ==5: Months = ’05’#’0[9]|1[0]’
elif yearPart ==6: Months = ’06’#’0[9]|1[0]’
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elif yearPart ==7: Months = ’07’#’0[9]|1[0]’
elif yearPart ==8: Months = ’08’#’0[9]|1[0]’
elif yearPart ==9: Months = ’09’#’0[9]|1[0]’
elif yearPart ==10: Months = ’10’#’0[9]|1[0]’
elif yearPart ==11: Months = ’11’#’0[9]|1[0]’
else: Months = ’12’#’0[7-9]|1[0-2]’

print "I’m currently in year ", timeStep, " and month
",Months, ". The counter is ", counter
#Calling the subroutine to collate the raw data
subprocess.check_call(["~/concatenate_ncrcat_N0083_2PartYr",
str(startYr), str(endYr),Months,...
"nameGlobal"+str(counter)+"_"+str(yearPart),
"vosaline,votemper,sossheig,sosstsst,sosaline"])
f =
h5py.File(’~/tmp/nameGlobal’+str(counter)+"_"+str(yearPart)+".nc",
’r’)
T=f[’votemper’]
S=f[’vosaline’]
SST = f[’sosstsst’]
SSS = f[’sosaline’]
SSH=f[’sossheig’]

#Creating the dummy variable
tmpSH = empty([mm, 75+1, yDim, xDim])
tmpSH[:] = nan
#Perform calculation
for t in xrange(mm):
dens_inSitu = empty([75+1, yDim, xDim])
dens_ref = empty([75+1, yDim, xDim])
if t%12 ==0: print t
p = array(map(lambda n: P_L[n,:,:]+SSH[t,:,:],xrange(76)))
#Add SSH to the pressure for this timestep
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dens_inSitu[0, :, :] = dens(SSS[t,:,:],SST[t,:,:], p[0,
:, :])
dens_inSitu[1:76, :, :] = dens(S[t,:,:, :],T[t,:,:, :],
p[1:76, :, :])
dens_ref[0, :, :] = dens(35.0, 0, p[0, :, :])
dens_ref[1:76, :, :] = dens(35.0, 0, p[1:76, :, :])
tmpSH[t, 0, :, :] = (1-(dens_inSitu[0,:, :]/dens_ref[0,
:, :]))*SSH[t, :, :]
tmpSH[t, 1:76, :, :] = (1-(dens_inSitu[1:76, :,
:]/dens_ref[1:76, :, :]))*z_L[:]
#Here the z field is missing the sea surface layer.

del dens_inSitu, dens_ref, T, S, SST, SSS, SSH
#Deletes links to place in memory where variable is held
gc.collect()
#Allows garbage collection to clean up thing no longer
needed/referred to
stericHeight = tmpSH
f =

h5py.File(’~/N0083stericHeingtChunk’+str(counter)+"_"+str(yearPart)+’.
’w’)
f.create_dataset(’stericHeight’, ..
stericHeight.shape, dtype=stericHeight.dtype,
compression=’gzip’, compression_opts=4)
#Specify compression method.
f[’stericHeight’][:] = tmpSH; f.close()
del tmpSH, stericHeight
#Remove the collated raw data
subprocess.check_call(["rm",
’~/tmp/nameGlobal’+str(counter)+"_"+str(yearPart)+".nc"])
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Using CDF tools
This script builds on the work of Stephen Fawcett.
#!/bin/tcsh -f
unset noclobber
if ( $#argv != 2 ) then
echo " usage: runvt year_start year_end"
exit
endif
# Name of CONFIG and CASE
set CONFIG=ORCA1
set DATACASE=N403
set CASE=N001

# Set the location of the program cdfmhstrans (if desired), and where
the data should be read from
#set bindir = /noc/users/mjsp106/storage/maike/MHS/N1/george
set datadir = /noc/altix/scratch/omfman/NEW_ORCA1/ORCA1-N403/means/PASS1

# Innput read from the prompt. Should be start year and end year.
set start = ( $argv[1] )
set end

= ( $argv[2] )

set y = $start
while ( $y <= $end )
echo "["$y"] "
set files = ( ‘ls $datadir/${y}/${CONFIG}-${DATACASE}_${y}m??V.nc‘ )
echo $files
if ( $#files > 0 ) then
foreach ffr ( $datadir/${y}/${CONFIG}-${DATACASE}_${y}m??V.nc )
set fr = ‘echo $ffr:t | sed -e ’s/V\.nc//’‘
if ( -f $datadir/$y*/$fr{V.nc} ) then
if ( ! -f $fr{U.nc} ) ln -s $datadir/$y/$fr{U.nc} $fr{U.nc}
if ( ! -f $fr{V.nc} ) ln -s $datadir/$y/$fr{V.nc} $fr{V.nc}

338

CHAPTER 8. CONCLUSION

Maike Sonnewald

if ( ! -f $fr{VT.nc} ) ln -s $datadir/$y/$fr{VT.nc} $fr{VT.nc}
#Call program with VT, U and V files, giving it the tracs (i and j
coordinates of the transect)
cdfmhstrans $fr{VT.nc} $fr{U.nc} $fr{V.nc} < tracs_acc > /dev/null
#$bindir/cdfmhstrans $fr{VT.nc} $fr{U.nc} $fr{V.nc} < tracs_arctic_N1
> /dev/null
#Put output in the file "name".out
cat tracs.tmp >> tracsmon_mhst_acc_ORCA1_pass1.out
echo ‘pwd‘
/bin/rm -f tracs.tmp
if ( -l $fr{U.nc} ) rm $fr{U.nc}
if ( -l $fr{V.nc} ) rm $fr{V.nc}
if ( -l $fr{VT.nc} ) rm $fr{VT.nc}
endif
end
endif
@ y = $y + 1

end
echo Done
exit
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