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Abstract

This thesis examines the consequences of the ocean-surface-velocity depen-
dence of the wind stress (SVD) for the dynamics of the Southern Ocean. It
does so by comparing the output from eddying ocean-model experiments that
only differ in the way the wind stress is parameterized. The thesis consists
of three separate research papers.

The first paper assesses the influence of SVD on the near-inertial vari-
ability. It is shown that SVD leads to a substantial reduction of horizontally
averaged near-inertial energy (NIE) and of horizontally averaged wind power
input (WPI) into the near-inertial frequency band. The observed reduction
of NIE and near-inertial WPI is explained by the fact that SVD, to lead-
ing order, adds a linear damping term to the momentum equation governing
near-inertial oscillations in the mixed-layer. This damping term is inversely
proportional to the mixed-layer depth and hence the effect of SVD on near-
inertial oscillations is found to be largest if the mixed-layer is shallow.

The second paper assesses the influence of SVD on sub-inertial time
scales. It is found that SVD also substantially reduces sub-inertial WPI
and mesoscale eddy kinetic energy (EKE). The largest effect of SVD on sub-
inertial WPI and EKE is found along the path of the Antarctic Circumpolar
Current (ACC). SVD is found to generally damp the amplitude of monthly to
inter-annual variability in the model, without affecting the time-dependence
of the wind stress, of WPI, and of the strength of the ACC. SVD is, however,
found to have only a minor impact on the path and strength of the ACC.

The third paper connects to the first one by focussing on the spatial
and temporal distribution of NIE and near-inertial WPI in the Southern
Ocean. The modelled near-inertial WPI is found to be mainly governed by
the variability of the wind-stress at the local inertial frequency (IWSV). This
relationship is used to indirectly examine the temporal evolution of near-
inertial WPI on time scales much longer than those which can be directly
examined with the model. It is found that from 1979 to 2011 IWSV over the
Southern Ocean has increased substantially. Furthermore, the inter-annual
variability of IWSV in the Southern Ocean is shown to be largely governed
by the Southern Annular Mode.






Zusammenfassung

Die vorliegende Arbeit untersucht die Auswirkung einer Windstress-Para-
meterisierung, die von der Oberflaichengeschwindigkeit des Ozeans abhangt
(SVD), auf die Dynamik des Stidlichen Ozeans. Dazu wird die Ausgabe von
Ozeanmodellexperimenten verglichen, die sich nur in der Art der Windstress-
Parameterisierung unterscheiden. Die Arbeit besteht aus drei separaten
Forschungsartikeln.

Der erste Artikel untersucht den Einfluss der SVD auf die zeitliche Ver-
anderlichkeit bei Frequenzen nahe der Coriolis-Frequenz. Es wird gezeigt,
dass die SVD zu einer deutlichen Verringerung der horizontal gemittelten
kinetischen Energie von Inertialschwingungen (NIE) und der horizontalen
Windarbeit (WPI) in das entsprechende Frequenzband fithrt. Diese Ver-
ringerung wird dadurch erklart, dass die SVD in fithrender Ordnung einen
linearen Dampfungsterm zur Impulsgleichung der Inertialschwingungen hin-
zufiigt. Dieser Dampfungsterm ist umgekehrt proportional zur Tiefe der
Deckschicht. Daher sind die Auswirkungen der SVD dort besonders grof,
wo die Deckschicht flach ist.

Der zweite Artikel befasst sich mit dem Einfluss der SVD auf Zeitskalen
langer als die durch die Coriolis-Frequenz Bestimmten. Es wird gezeigt, dass
die SVD auch auf diesen Zeitskalen die WPI und die kinetische Wirbelen-
ergie (EKE) verringert. Der grofite Effekt der SVD findet sich entlang des
Pfades des Antarktischen Zirkumpolarstromes (ACC). SVD dampft die Am-
plitude der zeitlichen Verénderlichkeit im Modell auf monatlichen und auf
zwischenjahrlichen Zeitskalen ohne jedoch die normierte Zeitabhangigkeit des
Windstress, der WPI und der Starke des ACC zu beeinflussen. Desweiteren
ist der Einfluss der SVD auf den Pfad und die Starke des ACC nur sehr
gering.

Der dritte Artikel schliefit sich thematisch an den Ersten an und konzen-
triert sich auf die raumliche und zeitliche Verteilung der NIE und der nah-
inertialen WPI im Siidlichen Ozean. Die nah-inertiale WPI im Modell ist vor-
rangig durch die Veranderlichkeit des Windstress nahe der Coriolis-Frequenz
(IWSV) bestimmt. Diese Beziehung wird ausgenutzt, um indirekt auch die
zeitliche Entwicklung der nah-inertialen WPI auf Zeitskalen zu untersuchen,
die viel langer sind, als die mit dem Ozeanmodell behandelbaren Zeitraume.
Es wird gezeigt, dass sich die IWSV im Siidlichen Ozean von 1979 bis 2011
deutlich erhoht hat. Desweiteren wird gezeigt, dass die zwischenjahrlichen
Schwankungen der IWSV zum grofien Teil durch die Southern Annular Mode
bestimmt sind.






Chapter 1

Introduction

1.1 Motivation

As the typical wind velocity is bigger than the typical ocean-surface velocity
by one or two orders of magnitude, the contribution of the latter to the wind
stress is often neglected, and the wind stress is calculated from the 10-m-wind

vector, ﬁwmd, alone:
7__'ct7‘l = pacdﬂﬁwind') : ‘Uwind| : ﬁwind (11)

Here, p, denotes the density of air close to the sea-surface and c¢q(U) denotes
the drag coefficient. Alternatively, the wind stress can be parameterized in an
ocean-surface-velocity-dependent (SVD) way, by substituting the difference

between the wind and the ocean-surface velocity, Uycean, for the wind vector:
Tsod = pacd(’Uwind - uocean‘) . ’Uwind - uocean‘ : (Uwind - uocean) (12)

It is known that SVD generally damps the ocean currents in models (De-
war and Flierl, 1987), improves the representation of the tropical sea-surface
temperature (SST) modelled by regional ocean models (Pacanowski, 1987)
and by coupled climate models (Luo et al., 2005), reduces estimates of wind-
power input (WPI) into the general circulation of the ocean (Duhaut and
Straub, 2006; Hughes and Wilson, 2008; Xu and Scott, 2008; Scott and Xu,



2009), and acts to damp the mesoscale eddy-kinetic energy (EKE) in a re-
alistic ocean model of the North Atlantic (Zhai and Greatbatch, 2007). The
Southern-Ocean response to SVD is, however, largely unstudied.

In addition to the direct examination of the consequences of SVD, this
work highlights near-inertial oscillations. Near-inertial oscillations are ubi-
quitous in the ocean (van Meurs, 1998). They are usually accelerated by
changes of the wind-stress vector on time scales similar to the local Coriolis
parameter (Pollard and Millard, 1970; Gill, 1982). Besides being a poten-
tial source for the mixing that drives the meridional overturning circulation
(Munk and Wunsch, 1998), near-inertial oscillations have been shown to play
a role in setting the surface-mixed-layer depth (Pollard et al., 1972) and to
influence the tropical sea-surface temperature, which in turn influences the
global climate by teleconnections (Jochum et al., 2013). Locally, there are
observational studies contributing to the understanding of near-inertial oscil-
lations (Pollard and Millard, 1970; D’Asaro, 1985; Plueddemann and Farrar,
2006). On a global scale, however, there are only loose observational con-
straints to near-inertial WPI and near-inertial energy (NIE), which are based
on surface-drifter data (Elipot and Lumpkin, 2008; Chaigneau et al., 2008).
Hence, to a large part, the current understanding of the large-scale distribu-
tion of near-inertial WPI and NIE is based on modelling studies ( Watanabe
and Hibiya, 2002; Alford, 2003).

The primary objective of this thesis is to understand the response of the
Southern Ocean to SVD. It highlights the SVD-response of the Southern-
Ocean wind stress and WPI, of NIE and EKE, and of the strength and the
path of the ACC. Furthermore, this thesis seeks to extend the understanding

of near-inertial oscillations in the Southern Ocean.

1.2 Structure of the thesis

This thesis consists of three separate manuscripts. The first two manuscripts
(presented in Chapters 2 and 3) directly address the oceanic response to SVD.
The third manuscript (presented in Chapter 4) highlights the spatial and

temporal distribution of near-inertial energy (NIE) and near-inertial WPL.
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Reduction of Near-Inertial Energy Through the Dependence of
Wind Stress on the Ocean-Surface Velocity: The first manuscript,
which constitutes Chapter 2 of this thesis, studies the influence of SVD on
the oceanic variability at near-inertial frequencies. It is found that SVD
substantially reduces near-inertial WPI and NIE as modelled by a regional
primitive-equation model. The reduction is large where the mixed layer is
shallow. A mechanism for the reduction of near-inertial WPI and NIE is
proposed and tested using an idealized model and the primitive-equation

model.

Sub-Inertial Response to Ocean-Surface-Velocity Dependence of
the Wind Stress in a Model of the Southern Ocean: The second
manuscript, which constitutes Chapter 3 of this thesis, examines the sub-
inertial response to SVD. SVD substantially reduces sub-inertial WPI and
mesoscale EKE, while leaving the eastward transport associated with the
Antarctic Circumpolar Current (ACC) largely unaffected. Furthermore, while
SVD damps the amplitudes of the modelled annual-mean wind-stress, WPI,
EKE, and transport through Drake Passage, it does not affect the time-
dependence of the wind-stress, WPI and transport through Drake Passage.

On the Spatial and Temporal Distribution of Near-Inertial Energy
in the Southern Ocean: The third manuscript, which constitutes Chap-
ter 4 of this thesis, uses the model experiments detailed in Chapter 2 to
assess the spatial and temporal distribution of NIE and near-inertial WPI in
the Southern Ocean. The modelled near-inertial WPI is found to be largely
determined by the inertial wind-stress variance (IWSV). This close relation-
ship between near-inertial WPI and IWSV is exploited to indirectly assess
inter-annual and decadal variability of near-inertial WPI. IWSV is following
an upward trend from 1979 to 2011. The inter-annual variability of IWSV
in the South Pacific is shown to be closely related to the Southern Annular
Mode (SAM).

11
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Chapter 2

Reduction of Near-Inertial
Energy Through the
Dependence of Wind Stress on

the Ocean-Surface Velocity

Willi Rath, Richard J. Greatbatch, Xiaoming Zhai'

Abstract: A realistic primitive-equation model of the Southern Ocean at
eddying spatial resolution is used to examine the effect of ocean-surface-
velocity dependence of the wind stress on the strength of near-inertial oscil-
lations. Accounting for the ocean-surface-velocity dependence of the wind
stress leads to a large reduction of wind-induced near-inertial energy of ap-
proximately 40 percent and of wind power input into the near-inertial fre-
quency band of approximately 20 percent. A large part of this reduction
can be explained by the leading-order modification to the wind stress if the
ocean-surface velocity is included. The strength of the reduction is shown

to be modulated by the inverse of the ocean-surface-mixed-layer depth. We

!This chapter has been published: Rath, W., R. J. Greatbatch, and X. Zhai (2013a),
Reduction of Near-Inertial Energy Through the Dependence of Wind Stress on the Ocean-
Surface Velocity, Journal of Geophysical Research - Oceans, 118(6), 2761-2773, doi: 10.
1002/jgre.20198
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conclude that the effect of surface-velocity dependence of the wind stress
should be taken into account when estimating the wind-power input into the
near-inertial frequency band and when estimating near-inertial energy levels

in the ocean due to wind forcing.

2.1 Introduction

Near-inertial oscillations (NIO) dominate the internal-wave spectrum of the
ocean (see Kunze (1985)). They are thought to be a source for the energy
that drives the meridional-overturning circulation (see Munk and Wunsch
(1998)) and play a role in setting the surface-mixed-layer depth (see Pollard
et al. (1972)) and thereby influence the sea-surface temperature (SST) with
potentially important implications for climate (Jochum et al. (2013)). In the
surface-mixed layer, NIOs are quasi-free horizontal motions that are typically
generated by fast changes of the wind stress vector (Pollard and Millard
(1970); Gill (1982)). Once excited, NIOs are subject to deflection by the
Coriolis force, dissipation (including the loss of kinetic energy to potential
energy through entrainment of water into the mixed layer), stresses at the
base of the mixed layer due the ambient flow field and propagation of near-
inertial waves (NIW) out of the mixed layer (see, for example, Gill (1982),
Gill (1984), Plueddemann and Farrar (2006), Furuichi et al. (2008), and Zhai
et al. (2009)).

Our knowledge of wind power input (W PI) into the near-inertial fre-
quency band, and also near-inertial energy (NIE) levels in the ocean, is only
loosely constrained by observations. There are observational studies which
have contributed to our understanding of the physics of NIOs by analyz-
ing local observational data mainly from moorings (see Pollard and Millard
(1970), D’Asaro (1985) and Plueddemann and Farrar (2006)), but it is only
recently that the first direct estimates of global scale NIE have been obtained
based on surface-drifter data (see Elipot and Lumpkin (2008) and Chaigneau
et al. (2008)). In the meantime, the simple slab-ocean model proposed by
Pollard and Millard (1970), described in detail in Section 2.2.3, has been used

to assess NIE and near-inertial W PI on a global scale (see Watanabe and
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Hibiya (2002), Alford (2003)). Moreover, it can be expected that numerical
models will continue to be widely used in the future for assessing NIE and
near-inertial WPI.

This study aims at understanding how including the ocean-surface ve-
locity into the parameterization of the wind stress (called surface-velocity
dependence, or SVD, hereafter) influences the levels of NIE in the surface-
mixed layer and the near-inertial WPI. SVD is known to lead to a general
damping of the ocean currents (see Dewar and Flierl (1987)) which can im-
prove the modelled SST in climate models (see Pacanowski (1987) and Luo
et al. (2005)). SVD has been shown to reduce W PI into geostrophic motions
by up to 30% (see Duhaut and Straub (2006) and Hughes and Wilson (2008))
and mesoscale eddy kinetic energy (EKE) in a regional ocean model by about
10% (see Zhai and Greatbatch (2007)). The large effect of SVD on W PI into
the large-scale circulation of the ocean suggests that SVD can also have a
significant effect on NIE and W PI into the inertial frequency band.

As the main model to assess the relevance of SVD for NIOs, we use a
realistic primitive-equation model at eddying resolution (SPFLAME). We
find that SVD reduces temporally and horizontally averaged near-inertial
W PI by as much as 34.5% and temporally and horizontally averaged NIE
by as much as 43.1 % in summer. Averaged over a whole year, horizontally
averaged near-inertial WPI is reduced by 22.1 %, and horizontally averaged
NIE is reduced by 39.9% (see Table 2.1). We argue that a large part of the
reduction can be explained by the leading-order correction to W PI induced
by SVD. To illustrate the mechanism, we use the linear slab-ocean model of
Pollard and Millard (1970) (hereafter PM70). In PM70, SVD corresponds, to
leading order, to adding a linear damping term to the momentum equation.
The magnitude of the extra damping term is found to be set by the wind
speed and the inverse of the mixed-layer depth.

In Section 2.2, we discuss the wind-stress parameterizations, and the mod-
els and experiments used in this study. In Section 2.3, we briefly describe
the spatial and temporal distribution of NIE and near-inertial W PI in the
primitive-equation model. Section 2.4 covers the main results of this study.

First, we describe the large reduction of NIE and near-inertial W PI found

15



Jan. 2001  whole 2001
NIE, CONTROL-GCM  119.9Jm™2 135.8 Jm ™2

NIE, SVD-GCM 68.2 Jm 2 82.9 Jm—2
Ryie —431% —-39.9%

WPI, CONTROL-GCM  0.055TW  0.068 TW

WPI, SVD-GCM 0.036 TW  0.0563TW
Rwpr —34.5% —22.1%

Table 2.1: Temporally and horizontally averaged mized-layer NIE and
temporally averaged and horizontally integrated near-inertial W PI for the
whole model domain together with the relative differences for the experiments

CONTROL-GCM and SVD-GCM.

in the primitive-equation-model experiments when including SVD. We then
propose a simple mechanism that explains the observed reduction and show
results from the slab-ocean model to confirm that a large reduction of NIE
can be explained by the direct effect of the changed wind-stress parameter-
ization. Finally, we show that the reduction of NIE and near-inertial W PI
closely follow the annual cycle of the mixed-layer depth. Section 2.5 concludes
with a summary. In the appendices, we briefly discuss the definition used
for the mixed-layer depth, the time-filtering used to extract the near-inertial

signal from the model output and the tuning of the slab-ocean model.

2.2 Methods, Models and Experiments

2.2.1 The Wind-Stress Parameterization

Conventionally, the wind stress is parameterized in terms of 10-m-wind speed,
(710, alone. In terms of density of air close to the sea surface, p,, and the

drag coefficient, ¢4, the wind stress is then defined as

ToTL Epacd(|ﬁ10|)|ﬁ10|ﬁ10 (2-1>

We chose to parameterize the drag coefficient according to Large and Pond
(1981) with a leveling off for high wind speeds according to Donelan et al.

(2004). With the above parameterization of the wind stress, wind power
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input W PI is proportional to the projection of the wind-stress vector onto

the ocean-surface-velocity vector i,
W Plers = 7ot - o = paca(|Uro])|Uio|Uso - @, (2.2)

Alternatively, the wind stress can be parameterized in terms of the relative

velocity of the wind and the ocean U 10 — Uy
TSVD = pacd<|[710 - Eo‘)|[710 - 7~_5o|([710 — ) (2.3)

Duhaut and Straub (2006) show that the leading-order effect of changing the

wind stress to Toyp is
AWPI = WPIgyp — WPIery & —pacaUno| |G| + (@, - Uro)?]  (2.4)

where (Ajlo is the unit vector pointing in the direction of the 10-m-wind vector
Uyo. Since both |@,|* and (t, - [710)2 are positive definite, the effect of SVD is
a general reduction of W PI. This negative definite AW PI has been shown
to provide a sink term for mesoscale EKE by Zhai and Greatbatch (2007).

2.2.2 A Realistic Primitive-Equation Model
— SPFLAME

We use an eddying (1/10)° primitive-equation ocean model with realistic
topography, as described by FEden (2006). It covers the Southern Ocean
between 78°S and 30°S. In the vertical, the domain is separated into 42
levels with increasing thickness ranging from 10m at the surface to 250 m
at 5500 m depth. The model is driven by six-hourly 10m-winds from the
ERAA40 reanalysis (Uppala et al. (2005)) and by climatological surface-heat
fluxes (see Barnier et al. (1995)). Surface salinity is restored to climatological
values taken from Levitus et al. (1994) with a time scale of 15days for the
upper level of thickness 10m. The surface-momentum flux is derived from
10m-winds using the two different wind-stress parameterizations given by

(2.1) and (2.3) above. Vertical mixing is parameterized using the TKE-
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mixing scheme as described by Gaspar et al. (1990) and Blanke and Delecluse
(1993), and horizontal mixing is parameterized in both the momentum and
tracer equation as a biharmonic diffusivity. At 30°S, an open boundary is
used where barotropic in- and outflow are prescribed and where potential
temperature and salinity are restored to climatological values.

The model has realistic levels of mesoscale EKE (see Eden (2006) for
a comparison with an observational estimate of the EKE based on satellite
altimetry). The modelled depth-integrated transport through Drake Passage
of about 120 Sv is within the error bar of the estimate (134 4 27) Sv given by
Cunningham et al. (2003).

The model is spun up from rest (SPINUP-GCM) using the climatology of
Levitus et al. (1994) (for salinity) and Levitus and Boyer (1994) (for potential
temperature) as the initial condition and using the conventional parameter-
ization of the wind stress (see equation (2.1)) for 31 years. The years 1 to
10 of the spin-up phase are forced by climatological wind stress, and the
years 11 to 31 are forced by conventional wind stress, given by (2.1), for the
years 1980 to 2000 of 6-hourly 10-m-wind fields from the ERA40 reanalysis.
Then, the experiment is forked into two runs, one of which continues to be
forced by conventional wind stress (equation (2.1)), and one of which is forced
by surface-velocity-dependent wind stress (equation (2.3)). We name these
two runs CONTROL-GCM and SVD-GCM respectively. Note that we start
the analysis of the two model runs immediately after the forking and that,
consequently, the adjustment of the run SVD-GCM to the new wind-stress
parameterization is contained in the data we analyze. The mesoscale-eddy
field is important in modulating the small-scale structure of the spatial dis-
tribution of NIE by locally changing the effective Coriolis parameter (see
Zhai et al. (2005), Zhai et al. (2007)). Adjustment of the run SVD-GCM
to the new wind stress parameterization involves the model switching into
a different realization of the (chaotic) mesoscale-eddy field. To be sure to
capture the direct effect of the changed wind stress parameterization rather
than a secondary effect due to a changed mesoscale, we decided to accept
the disadvantage of a run that is subject to adjustment. We discuss the im-

plications of the adjustment process for our results in Section 2.4, where we
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also note that NIE itself goes through an adjustment process to the change
in the wind-stress parameterization.

The first 36.5 days of the output from the runs CONTROL-GCM and
SVD-GCM are available at a high spatial resolution (1/10° x 1/10°) and at a
high temporal resolution (3 hours). For the rest of the runs CONTROL-GCM
and SVD-GCM, covering the year 2001, we reduced the spatial resolution of
the model output to 1° x 1° without changing the temporal resolution. By
comparing the full-resolution output for the first 36.5 days to the reduced-
resolution output over the same period, we found that NIE at the reduced-
resolution contains all the information that is relevant for this study, and
hence decided to use the 1° x 1° resolution output throughout.

To calculate NIE, we filtered the velocity field to near-inertial frequen-
cies by using a fifth-order Butterworth filter as described in Appendix 2.B.
Throughout the manuscript, the subscript I indicates near-inertially filtered

quantities.

2.2.3 A Linear Slab-Ocean Model — PM70

Pollard and Millard (1970) proposed a local linear slab-ocean model for near-
inertial oscillations (PM70) which has since been widely used to assess the
input of near-inertial energy into the surface-mixed layer of the ocean (Alford
(2003)). It is a local model for the near-inertial velocity in the mixed layer
(u,v) featuring the Coriolis force f(—v,u), the wind stress 7 = (7%,7Y), a
linear damping term with the coefficient €, the mixed-layer depth H (assumed

to be time-independent), and the reference density py:

u — fo = —eu 2.5
' poH ( )
fu = = (2.6)
mw+ju = — —€ev .
t poH

The time-evolution of kinetic energy, £ = - @/2, in PM70 is governed by

1
Ey = uuy + vvp = —— (77u + 79%0) — €(u® + v?) (2.7)
poH
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To numerically integrate the slab model, we chose to discretize the Coriolis
term with centered differences, and the explicit linear damping, as well as
the wind-stress term using a backward scheme. For the surface-velocity-
dependent case, the wind-forcing term includes a damping component that
can become unstable if it is discretized with centered differences.

The model is started from rest. We prescribe a spatially varying mixed-
layer depth that has been diagnosed from the initial 36.5 days of the exper-
iment CONTROL-GCM as described in Appendix 2.A, and use the same
6-hourly-wind fields used to drive the primitive-equation model in the initial
36.5 days of the experiments CONTROL-GCM and SVD-GCM. We call the
experiments CONTROL-SLAB (with conventional wind stress) and SVD-
SLAB (with surface-velocity-dependent wind stress). The only free param-
eter of the model is then the explicit linear-damping time scale 1/e which
we set to 4.5days for both the experiments CONTROL-SLAB and SVD-
SLAB. For details on the tuning of €, we refer to Appendix 2.C. The velocity
fields from the PM70 experiments are filtered using the same filter as for the
SPFLAME data (see Appendix 2.B).

2.3 Near-Inertial Energy in an Eddying Mo-
del of the Southern Ocean

Figures 2.1 a,b and 2.2 a,b show NIE in the mixed layer for the primitive-
equation-model experiments CONTROL-GCM and SVD-GCM time-averaged
for January 2001 and for the whole year 2001. North of approximately
55°S, high levels of mixed-layer NIE (200J/m? and more) are concentrated
in patches of a few degrees in diameter. South of approximately 55°S low
levels of mixed-layer NIE (100 J/m? and less) prevail and spots of high NIE
are completely absent. Figures 2.3 a,b and 2.4 a,b show near-inertial W PI
for CONTROL-GCM and SVD-GCM time-averaged for January 2001 and
for the whole year 2001. As for NIE, high levels of near-inertial WPI (above
ImWm™2) occur in relatively small patches. For a detailed examination of

the spatial and temporal distribution of NIE and near-inertial W PI in the
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Figure 2.1: (a) CONTROL-GCM and (b) SVD-GCM time-averaged NIE
integrated over the mized layer (in Jm™2) for January 2001. (c) Relative
difference of the two (in %), as defined in (2.8), together with the 10, 20, 30,
and 40 m contour lines of time-averaged mized-layer depth.
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Figure 2.2: (a) CONTROL-GCM and (b) SVD-GCM time-averaged NIE
integrated over the mized layer (in Jm™2) for the whole year 2001. (c) Rela-
tive difference of the two (in %), as defined in (2.8), together with the time-
averaged mized-layer depth as contour lines (contour interval 40m).



Southern Ocean, we refer to the companion paper Rath et al. (2013b). Rath
et al. (2013b) explain the concentration of high NIE and near-inertial W PI
at latitudes that are most of the time significantly north of the Southern
Hemisphere storm track by the joint effect of a shallow mixed-layer depth
north of the Antarctic Circumpolar Current (ACC), and a reduced near-
inertial variability of the wind stress at high latitudes due to the increase in
the magnitude of the Coriolis parameter at high latitudes.

Figure 2.5 a shows temporally and horizontally averaged NIE from the
experiments CONTROL-GCM and SVD-GCM for January 2001 and for the
whole year 2001. NIE is concentrated at the surface. In January, when the
mixed-layer depth is close to its annual minimum, high NIE is confined to
depths less than 100 m. In the whole-year average, high horizontally averaged
NIE reaches down to approximately 200 m.

2.4 Influence of the Ocean-Surface-Velocity
Dependence of the Wind-Stress on the
Near-Inertial Frequency Band

In this section, we first report a large reduction of temporally averaged mixed-
layer NIE and near-inertial W PI due to SVD in the primitive-equation-model
experiments CONTROL-GCM and SVD-GCM. We then propose a simple
mechanism by which the leading-order correction to the wind-stress leads to
a reduction of NIE and near-inertial W PI approximately proportional to the
inverse of the mixed-layer depth. We test this mechanism by showing that
the PM70 slab-ocean model largely captures the reduction of mixed-layer
NIE, and by showing that the annual cycle of the reduction is closely tied to

the annual cycle of the inverse of the mixed-layer depth.

2.4.1 SPFLAME

When comparing the levels of mixed-layer NIE and of near-inertial W PI in
the experiments CONTROL-GCM (See Figure 2.1 a and Figure 2.2 a, and
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Figure 2.3: (a) CONTROL-GCM and (b) SVD-GCM time-averaged W PI
into the near-inertial frequency band (in mWm=2) for January 2001. (c)
Relative difference of the two (in %), as defined in (2.9), together with the
10, 20, 30, and 40 m contour lines of time-averaged mized-layer depth.
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Figure 2.4: (a) CONTROL-GCM and (b) SVD-GCM time-averaged W PI
into the near-inertial frequency band (in mWm=2) for the whole year 2001.
(¢) Relative difference of the two (in %), as defined in (2.8), together with

the mized-layer depth as contour lines (contour interval 40m).

25



100 100

300+

depth (m)
u
=)
=)
depth (m)
u
o
=)

N
o
o

700 -

900

-4.0 -3.0 -2.0 -50 -40 -30
log10(E_I) R_NIE (%)

Figure 2.5: (a) log,, of horizontally and temporally averaged NIE (whole
model domain) for January 2001 (red) and for the whole year 2001 (black).
The solid lines show NIE for the run CONTROL-GCM and the dashed lines
show NIE for the run SVD-GCM. (b) Relative difference of horizontally and
temporally averaged NIE for January 2001 (red) and for the whole year 2001
(black).

Figure 2.3 a and Figure 2.4 a respectively.) and in the experiment SVD-
GCM (See Figure 2.1 b and Figure 2.2 b, and Figure 2.3 b and Figure 2.4 b
respectively.), the most striking difference is the large reduction if the surface-
velocity-dependent wind stress is used. To quantify the reduction, we define

the relative differences of NIE, Ry;g, and of near-inertial W PI, Ry py, as

EI‘SVD B EI|CTL

R = 2.8

NIE Eilert (28)
WPI|syp — WPIi|cry

R = . 29

et WPI|ere (2.9)

Figure 2.1 ¢ and Figure 2.2 ¢ show the relative reduction of time-averaged
mixed-layer NIE for January 2001 and for the whole year 2001 together with
isolines of the time-averaged mixed-layer depth. The largest reduction (more
than 60% in the South Pacific) occurs in January where the mixed layer is

shallow. The relative reduction of near-inertial W PI is shown in Figure 2.3 ¢
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and Figure 2.4 c. Again, the largest reduction occurs north of the ACC, when
the mixed-layer is shallow. Along the ACC, where the mixed layer is deep,
and where a vigorous mesoscale-eddy field is present, the relative reduction
of NIE and near-inertial W PI are much smaller.

Table 2.1 lists temporally and horizontally averaged mixed-layer NIE,
temporally averaged and horizontally integrated near-inertial W PI, and the
relative differences thereof, Ry;r and Ry py, for January 2001 and for the
whole year 2001. Mixed-layer NIE is reduced by 43.1% in January 2001
(39.9 % for the whole year), and near-inertial W PI is reduced by 34.5% in
January 2001 (22.1 % for the whole year).

The horizontally averaged view presented in Figure 2.5 shows a large
reduction of NIE, which extends to all depths. For January 2001, the relative
reduction of NIE is biggest close to the surface and then decays to lower values
for greater depths. If the averaging period is extended to the whole year 2001,
the reduction of temporally and horizontally averaged NIE is largely uniform
throughout the water column. The difference between the average over the
whole year, and over only January, indicates that NIE at depth is fed from
the NIE that the wind injects at the surface and which in turn spreads to
depth from above, as discussed further below.

SVD-GCM is subject to an adjustment to the new wind-stress parame-
terization. We expect, that in January 2001, when the information about the
reduction of NIE at the surface has not yet been transferred to all depths,
that the reduction of NIE in the deep ocean is underestimated. Figure 2.7 a,
to be discussed in detail later, shows that the mixed-layer NIE is adjusting
relatively quickly, while it takes approximately a month before the informa-
tion about the reduction of the NIE that is injected at the surface reaches the
deep ocean. Note that the temporal evolution of horizontally averaged NIE
is an integral over many bursts of NIOs in different locations with different
mixed-layer depths and hence does not necessarily allow for an estimate of

the rate at which NIE is transferred to the deep ocean locally.
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2.4.2 Mechanism for Reducing Near-Inertial Energy
by Surface-Velocity-Dependent Wind Stress

In the framework of the simple slab-ocean model PM70 (see Section 2.2 for
details), the difference of the PM70 wind-stress terms leads to a difference of
the wind-power-input term of the energy equation (2.4) that is proportional

to the wind speed |(710\ and to the energy:

AWPI aC 2, % — 5 =
poH _ZOP;M + (- Ur0) || Unol[to|* = —€sv | (2.10)
where
aC - > 7
€SyD = PaCd [1 + (Uo : U10)2]|U10‘ <2'11>

poH

with @, = i,/|i,|. To leading order, the difference of W PI acts like an extra
linear-damping term with the damping time scale 1/egy p. It should be noted
that the derivation of (2.10) and (2.11) includes two strong assumptions: The
mixed-layer depth, H, has been assumed to be time-independent and also
the same, irrespective of whether the wind stress contains the SVD or not.

Consider a freely decaying near-inertial oscillation that is only subject to
linear damping. The time-integral of NIE is then proportional to the inverse
of the linear-damping coefficient. Let € = € + egyp. Then, for the same
initial conditions, the relative difference, Ry;g, of NIE subject to damping
with e alone, compared to damping with €, is esyp/(€ + €syp). If the linear
damping due to SVD is of the same size as the linear damping modelling all
other processes that remove NIE from the mixed layer, NIE is reduced by
50 %. R

The term (i, Uyo)? vanishes if the wind vector is orthogonal to the ocean-
velocity vector and is one if the wind vector and the ocean-velocity vector
are exactly (anti-)parallel. If the relative direction of the wind vector and
the ocean-velocity vector is completely random, ({To U 10)? is a Monte-Carlo
estimator for fozﬂ dz cos?z = 0.5. With p, = 1.22kgm 3, py = 1035 kgm 3,
cq~1.2-1073, and ({To . (?10)2 ~ 0.5, the linear-damping due to SVD acts on

time scales similar to
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H
~ 5days ——s~' . (2.12)
€SV D |U1()|

For typical wind speeds around 10ms~! the extra damping associated
with surface-velocity dependence of the wind stress acts on a timescale of
approximately 25days for H ~ 50m and on a time scale of approximately
5days for H ~ 10m. Earlier studies using PM70 such as that by D’Asaro
(1985) or Pollard and Millard (1970) found a linear-damping time scale, 1/e,
of 1 to 10 days to be appropriate for modelling observed time series of near-
inertial velocity. Hence, with a shallow mixed layer, or with strong winds,
€svp may compete with the other processes that remove NIE from the mixed
layer (and, indeed, may be included in the estimate for € given by the above
authors).

Plueddemann and Farrar (2006) found that shear instability at the base
of the mixed layer is an important sink for NIE in the mixed layer. In SVD-
GCM, the reduction in NIE compared to CONTROL-GCM, leads to less
vertical shear across the base of the surface-mixed layer and hence less tur-
bulent entrainment there. This rules out the possibility that the reduction of
NIE in SVD-GCM is partly due to an increased efficiency of shear instability

at the mixed-layer base.

2.4.3 Testing of the Proposed Mechanism for the Re-
duction of Near-Inertial Energy using PM70 —

Summer Conditions

To test the hypothesis that the large reduction of near-inertial energy seen
in the primitive-equation experiments can be explained by the direct effect
of the changed wind stress, we use the PM70 slab-ocean model. We assume
that there is a spatially and temporally universal linear-damping parameter,
€, (see equations (2.5) and (2.6)) that can be used to model the distribution of
NIE in the Southern Ocean. This is a strong constraint, and, as pointed out
by Plueddemann and Farrar (2006), a universal damping parameter is not

sufficient for accurately modelling the time evolution of near-inertial currents
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for long time series. Note also that the choice of the spatial dependence
of the linear damping parameter in PM70-like experiments is not agreed
upon in the literature. Alford (2003) uses a damping coefficient which is
proportional to f, while Watanabe and Hibiya (2002) use spatially uniform
damping coefficients. Hence, we cannot expect the PM70 slab model to
account for the spatial distribution of near-inertial energy and its reduction
in detail. However, we will show that the broad spatial distribution as well as
the magnitude of NIE and its reduction for surface-velocity-dependent wind
stress can be captured by PM70.

In the following, we present the results from the experiments CONTROL-
SLAB and SVD-SLAB and compare them to those of the experiments CON-
TROL-GCM and SVD-GCM. In order to isolate the effect of the wind stress
parameterization, both PM70 experiments use an explicit damping ¢ =
1/4.5days everywhere. The tuning of the damping parameter is described
in Appendix 2.C. In order to test the effect of the change in the wind-stress
parameterization, we also use a time-independent mixed-layer depth, H, al-
though, importantly, H varies spatially and is the monthly mean for January
diagnosed from CONTROL-GCM as described in Appendix A.

Figure 2.6 a and b show time-averaged mixed-layer NIE for the slab-model
experiments. The spatial pattern of NIE in the SPFLAME runs (Figure 2.1)
is largely reproduced. However the slab model fails to capture the much
finer spatial structure seen in the primitive-equation-model output pointing
to the relevance of the mesoscale-eddy field (see, e.g., Zhai et al. (2005), Zhai
et al. (2007), and Chavanne et al. (2012)), which is neglected in the PM70
experiments.

Figure 2.6 ¢ shows the relative difference of NIE in the slab-model ex-
periments. There is a broad agreement between PM70 and SPFLAME in
showing a large reduction of NIE where the mixed layer is shallow and in
showing a small or no reduction where the mixed layer is deep, consistent
with expectations from the mixed layer depth dependence in (2.12). It should
be noted that there is disagreement in the spatial distribution of the relative
reduction of NIE in the South Pacific between 65°S and 50°S. In this region,
the NIE reduction modelled by PM70 closely follows the mixed-layer depth,
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Figure 2.6: (a) CONTROL-SLAB and (b) SVD-SLAB time-averaged NIE

integrated over the mized layer (in Jm™2) for January 2001. (c) Relative
difference of the two (in %), as defined in (2.8), together with the 10, 20, 30,
and 40 m contour lines of time-averaged mixed-layer depth.
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as expected, while the NIE reduction as measured from CONTROL-GCM
and SVD-GCM is bigger than 65 % even where the mixed layer is relatively
deep.

The simple slab-ocean model PM70 confirmed that including the ocean-
surface velocity in the parameterization of the wind-stress can directly reduce
NIE in the mixed layer by a large amount. Further, despite its simplicity,
it is notable that PM70 even largely captured the spatial distribution of the

reduction, which, in turn, is controlled primarily by the mixed layer depth.

2.4.4 The Annual Cycle

The mixed-layer depth is subject to a significant annual cycle. At the same
location, the mixed-layer depth can vary by an order of magnitude (see, e.g.,
Figure 5 in de Boyer Montegut et al. (2004)). From (2.12), we can expect the
reduction of NIE and near-inertial W PI associated with SVD to be tightly
related to the annual cycle of the mixed-layer depth.

Figure 2.7 a shows the relative difference of horizontally averaged NIE,
Ryrg, for the upper 900 m of the water column. The reduction of NIE in the
mixed layer is changing from more than 50 % in austral summer, when the
mixed-layer is shallow, to approximately 15% in austral winter, when the
mixed layer is deep. Figure 2.7 a also reveals that the reduction of NIE in-
jected at the surface causes a reduction of the levels of NIE in the deep ocean
as well. At the beginning of the time series, the adjustment of the exper-
iment SVD-GCM following the change in the wind-stress parameterization
is clearly visible. For horizontally averaged NIE, it takes approximately a
month until the information about the significant reduction of NIE injected
at the surface is transferred to the deep ocean.

Figure 2.7 b and ¢ show the zonally averaged reduction of mixed-layer
NIE, RyrE, and of zonally averaged near-inertial W PI, Ry py, together with
the zonally averaged mixed-layer depth. In austral summer, the large reduc-
tion reaches south to approximately 50°S, south of which the mixed-layer
depth is considerably deeper than in the northern part of the model domain.

In fall, the deep mixed-layer expands towards the north and the region of
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Figure 2.7: (a) Relative difference of horizontally averaged NIE in the mized
layer (colors) together with the horizontally averaged mized-layer depth (white
contour). (b) Relative reduction of zonally averaged NIE in the mized layer
(colors) together with the zonally averaged mixed-layer depth (contours every
30m). (¢) Relative reduction of zonally averaged near-inertial W PI (colors)
together with the zonally averaged mized-layer depth (contours every 30m).
(d) Relative reduction of horizontally averaged NIE in the mized layer (black
line) and relative reduction of horizontally averaged near-inertial W PI (green
line) together with the horizontally averaged mized-layer depth (red line).
Relative differences are all given as defined in (2.8) and (2.9) in percent.
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the large reduction retreats accordingly, until in winter the reduction has
reduced to its annual minimum. As the mixed-layer gets shallower in spring,
the reduction recovers its largest extent again.

Figure 2.7 d summarizes Figure 2.7 a,b,c by showing that both, the re-
duction of horizontally averaged mixed-layer NIE, Ry;g, and the reduction
of horizontally averaged near-inertial W PI closely follow the horizontally
averaged mixed-layer depth, and that the annual minima and maxima of
both almost exactly coincide with the annual maxima and minima of the

mixed-layer depth.

2.5 Summary and Conclusion

We have used an eddying realistic primitive-equation model of the Southern
Ocean to examine the relevance of the ocean-surface-velocity-dependence of
the wind stress for determining NIE and for W PI into the near-inertial fre-
quency band. We found a large reduction of both NIE and W PI into the
near-inertial frequency band if the wind-stress parameterization accounts for
the ocean-surface velocity. Averaged over the whole year, 2001, horizontally
averaged mixed-layer NIE is reduced by 39.9% and horizontally averaged
W PI is reduced by 22.1%. Locally, much larger reductions are found es-
pecially in the South Pacific. As NIE at depth in our model mainly feeds
from NIE injected into the surface-mixed layer, there is a reduction of NIE
all throughout the water column.

The reduction of NIE is due to the fact that including ocean-surface-
velocity in the wind stress amounts, to leading order, to adding a linear-
damping term to the momentum equation for the surface-mixed layer. This
linear-damping term is proportional to the inverse of the mixed-layer depth.
Using the slab-ocean model first described by Pollard and Millard (1970), we
confirmed that a large part of the observed reduction of near-inertial W PI
and NIE can be explained by the direct effect of the changed wind-stress
parameterization. By examining the annual cycle of NIE and the mixed-
layer depth, we confirmed that it is in fact the inverse mixed-layer depth

which mainly determines the strength of the reduction of NIE.
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Our findings show that ocean-surface-velocity dependence of the wind
stress has a big effect on wind-induced near-inertial oscillations and hence
should be taken into account when W PI into the near-inertial frequency

band is estimated.

2.A The Mixed-Layer Depth

The mixed-layer depth used in this paper is defined as the depth at which the
modulus of the deviation of the primitive-equation-model potential temper-
ature to the surface temperature equals AT = 0.3 K. AT has been chosen
so that the mixed-layer depth approximately matches the depth at which
the ratio E;(z)/E;(0) ~ 1/e in regions with strong NIE, where E;(z) is the
energy in the inertial frequency band at depth z. In the PM70 experiments,
the mixed-layer depth, H, is taken to be the mean mixed-layer depth at each
horizontal grid point over the month of January 2001. We compared different
definitions for the mixed-layer depth and found that the results of this study

are not significantly changed.

2.B Time Filtering

The model output from the experiments CONTROL-GCM and SVD-GCM
and from the corresponding PM70 experiments was filtered using a fifth-order
Butterworth filter similar to the one used by Zhai et al. (2009). We chose the
cutoff frequencies to match the Coriolis parameter f at the latitudes 28°5 and
80°S which are just north and south of the boundaries of the model domain.
Using the filter, the velocity was split into sub-inertial (S), near-inertial (I),

and super-inertial (T) components
ﬁEU5+ﬁ[+?IT . (213)
Kinetic energy for each frequency band is then defined as

2 2
ugrr T VST

: (2.14)

Esrr=
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To avoid complications from the band-pass filter, which needs a couple of
days data to be fully defined, we chose to neglect the first five and the last
five days of the filtered data.

2.C Tuning of the PM70 Experiment
CONTROL-SLAB

Figure 2.8 compares the mixed-layer-averaged zonal near-inertial velocity
from the experiment CONTROL-GCM and the zonal near-inertial velocity
from PM70 at 100°E and 45°S. PM70 is forced by the same wind-forcing
as CONTROL-GCM, and is the same as used in CONTROL-SLAB. The
mixed-layer depth from the experiment CONTROL-GCM H = 36.1 m was
used. The linear-damping parameter ¢ = 1/4.5 days was chosen by compar-
ing PM70 output for different ¢, and primitive-equation-model output from
the experiment CONTROL-GCM. There are six to seven separate bursts of
inertial oscillations and it is evident that PM70 does not capture the magni-

tude and shape of all of them.
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Figure 2.8: Zonal near-inertial velocity at 100°E and 45°S. The black
line shows uy averaged over the mized layer for the first 36.5days of the
experiment CONTROL-GCM and the red line shows u; as modeled by PM70
using the same wind forcing, mized-layer depth H = 36.1 m and € = 4.5 days.
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Chapter 3

Sub-Inertial Response to
Ocean-Surface-Velocity
Dependence of the Wind Stress
in a Model of the Southern

Ocean

Willi Rath, Richard J. Greatbatch*

Abstract: We seek to understand the influence of including or neglecting
the surface-velocity of the ocean in the wind-stress parameterization on the
dynamics of the Southern Ocean. We do so by comparing model output
from a regional realistic primitive-equation model of the Southern Ocean
driven by different wind-stress parameterizations. The influence of surface-
velocity dependence of the wind-stress on wind power input, eddy kinetic
energy (EKE), and depth-integrated transport are examined with respect to
the time-mean circulation, and the monthly and inter-annual variability. We
confirm, that surface-velocity-dependent wind stress leads to a reduction of

wind power input and EKE as found by earlier studies. We do, however, find

IThis chapter will be submitted to Ocean Dynamics.
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that surface-velocity-dependent wind stress only leads to a minor increase in
eastward transport of the Antarctic Circumpolar Current, which contradicts

earlier findings based on idealized models.

3.1 Introduction

Since the ocean-surface velocity is typically smaller than the wind velocity by
one to two orders of magnitude, it is often neglected when parameterizing the
wind stress (Duhaut and Straub, 2006). The wind stress is then calculated

from the 10-m-wind-velocity vector ﬁwmd alone?

7__»ct?“l = pacd(lﬁwindD|(jwind|(jwind . (31>

Alternatively, the wind stress can be parameterized in terms of the difference

between the wind-velocity vector and the ocean-surface-velocity vector toecan
Tevd = PaCd(|med - uoecan|) |Uwz'nd — uoecan| (Uwind - uoecan) (32)

The effect of surface-velocity dependence (SVD) of the wind stress has been
examined both using model-based and observational approaches. Pacanowsk:
(1987) compares simulations of the tropical Atlantic using a regional primi-
tive equation model driven by both 7., and 7;,4. He finds, that SVD reduces
the velocity of the equatorial current system and renders the modelled cur-
rents more realistic. He also finds that SVD reduces a model bias towards
too cold sea-surface temperature (SST) at the equator. Luo et al. (2005)
find that in a coupled ocean-atmosphere general-circulation model, the SST
bias in the equatorial Pacific is reduced if the motion of the ocean is ac-
counted for in the atmosphere-ocean momentum transfer. Dewar and Flierl
(1987) examined air-sea interactions above Gulf-Stream rings and find that
SVD leads to a general damping of the ocean currents. Duhaut and Straub
(2006) show, using a quasi-geostrophic double-gyre ocean model, that SVD

can lead to a reduction of wind power input (WPI) to the geostrophic flow

2See Section 3.2.1 for details on the wind-stress parameterization.

40



of up to 30 %, where the circulation is strong. Hughes and Wilson (2008)
and Xu and Scott (2008) present observational support for the SVD-induced
reduction of geostrophic W PI found by Duhaut and Straub (2006) based
on scatterometer-wind data and ocean-surface currents derived from satellite
altimetry. Zhai and Greatbatch (2007) find that mesoscale eddy kinetic en-
ergy (EKE) is reduced by about 10 % in a regional model of the Northwest
Atlantic through SVD and note, that doing so leads to an additional sink for
the kinetic energy of mesoscale eddies. Using a regional quasi-geostrophic
model, Hutchinson et al. (2010) confirm both the SVD-induced reduction of
geostrophic WPI found in earlier studies (Duhaut and Straub, 2006; Hughes
and Wilson, 2008; Xu and Scott, 2008), and the SVD-induced damping of the
EKE found by Zhai and Greatbatch (2007). Rath et al. (2013a) find that by
a mechanism similar to the SVD-induced reduction of mesoscale EKE, using
Tsa 1N a realistic primitive-equation model of the Southern Ocean leads to
a reduction of WPI into the near-inertial frequency band by approximately
20 % and to a reduction of near-inertial energy by approximately 40 %.

To our knowledge, there is no study examining the effect of ocean-surface-
velocity dependence of the wind stress using a realistic eddying model of the
Southern Ocean. Hutchinson et al. (2010) use a quasi-geostrophic model to
test the effect of SVD on the dynamics of the the Antarctic Circumpolar
Current (ACC). They find the eastward transport associated with the ACC
to increase by 25 % if SVD is used, and attribute this increase to a combina-
tion of a weakened eddy field and eddy-saturation (Straub, 1993). However,
Hutchinson et al. (2010) note, that the absence of any thermodynamic ef-
fects and the absence of an overturning circulation in their quasi-geostrophic
approach calls for a test of the effect of SVD in a realistic model.

In this study, we examine the effect of using the surface-velocity depen-
dent 7,4 instead of the simplified 7., to drive a realistic eddying primitive-
equation model of the Southern Ocean. Section 3.2 presents details on the
different wind-stress parameterization and on the model used in this study.
Section 3.3 covers the response of the modelled wind-forcing, of the mod-
elled mean-state and of the modelled variability to SVD. In Section 3.4, we

summarize and discuss the results.
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3.2 Methods, Models, Data

3.2.1 Wind-Stress Parameterization

We examine the effect of changing the wind-stress parameterization from a

formulation that neglects the surface currents of the ocean
Tetrl = PaCd(medD|med|ﬁwmd (3.3)

to a formulation which includes the ocean surface-velocity
Fovd = PaCa(|Uwind — Toccan| )| Uwina — Toccan| (Uwind — Toccan) (3.4)

In the above equations, ﬁwmd is the 10-m-wind vector, Uyceqan 1S the ocean-
surface-velocity vector, p, is the density of air at sea level, and ¢4(U) is the
drag coefficient. We chose to parameterize c¢; according to Large and Pond
(1981) with a levelling off for high wind-speeds according to Donelan et al.
(2004).

As Duhaut and Straub (2006) show, changing the wind-stress parameteri-
zation from (3.3) to (3.4), keeping the ocean-surface velocity unchanged, and
approximating cq by a constant, amounts, to leading order, to adding two
sink terms to WPI. Let

WPIctrl = 7__‘ct7“l . ﬁocean (35)

and
WPIsvd = ﬁvd : ﬁocean . (36>

Then, the difference of WPI for the two wind-stress parameterizations is

AWPI = WPy — WPy (3.7)
AWPI = _pacd’ﬁwind’[|ﬁocean|2 + (ﬁocean : Uwind>2] (38>
AWPI = _pacd’ﬁwind’[l + (ﬁocean : Uwind)2”7jocean|2 (39>

where the unit vectors Uying = Uwind/|Uwind| and Gocean = Uocean /| Uocean| have

42



been defined. The first term of (3.9) is proportional to |@ocean|* and acts
irrespective of the wind-direction. The second term of (3.9) is proportional
t0 (Uocean * ﬁwind)2|ﬁocean|2 and hence is biggest when wyeeq, and Upind are

either parallel or anti-parallel.

3.2.2 Computing Wind-Power Input and Eddy Kinetic
Energy

Wind-fluctuations at frequencies close to the local Coriolis frequency accel-
erate near-inertial waves (D’Asaro, 1985; Alford, 2003). Rath et al. (2013a)
show that surface-velocity dependent wind stress significantly reduces near-
inertial WPI and near-inertial energy. In this study, we want to highlight
the oceanic response to SVD on monthly to inter-annual time scales. We
hence chose to calculate these low-frequency parts of WPI from monthly-
mean fields of the wind stress and ocean velocity. Likewise, we chose to
neglect the high-frequency velocity fluctuations and calculate the mesoscale

EKE from monthly averages of the velocity fields.

3.2.3 The Model and Experiments

We use a regional setup of the Southern Ocean of SPFLAME, which is de-
scribed by Eden (2006). The model covers all ocean south of 30°S at eddy-
ing horizontal resolution of (1/10)°. It has 42 vertical levels with thicknesses
ranging from 10 m near the surface to 250 m at 5500 m depth and a realistic
topography (Figure 3.1a). In the north, an open boundary condition with
prescribed barotropic in- and outflow and restoring to climatological values of
potential temperature and salinity is used. The model is driven by climato-
logical surface heat flux (Barnier et al., 1995). Sea surface salinity is restored
to climatological values with an e-folding scale of 15 days for the upper 10 m.
Vertical mixing is parameterized using the TKE-scheme (Gaspar et al., 1990;
Blanke and Delecluse, 1993) and horizontal mixing is parameterized as a bi-
harmonic diffusivity in both, the momentum and the tracer equation. The

model is spun up from a state of rest and from a climatological hydrography
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the experiment ERA40-SVD together with the contours of panel (a).
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(a) Colors show model bathimetry (m). Contours show the
time-averaged barotropic stream function for the experiment FRA40-CTRL
using a 40 Sv interval. (b) Colors show the depth integrated flow (] [ udz|)
in m?/s for the experiment ERA40-CTRL together with the contours from
panel (a). (c) Colors show the depth integrated flow (] [ udz|) in m?/s for



(Levitus et al., 1994; Levitus and Boyer, 1994) for 10 years using climato-
logical wind stress parameterized by the conventional 7., (Barnier et al.,
1995).

After the spin-up phase, we fork the model into four experiments which

are all run for 22 years:

¢ ERA40-CTRL uses realistic wind stress derived from 6-hourly 10-
m-wind fields from the years 1980 to 2001 ERA40 reanalysis ( Uppala

et al., 2005) using the parameterization e

e ER40-SVD is identical to ERA40-CTRL, but uses the wind-stress

parameterization Tg,q.

e CLIM-CTRL uses climatological wind stress parameterized by 7.

It is essentially a continuation of the spin-up phase.

e CLIM-SVD is identical to CLIM-CTRL, but uses the wind-stress pa-

rameterization Tayq.

3.3 Results

3.3.1 Response of the Mean Wind Forcing

Over the Southern Ocean, the wind-stress is dominated by a zonal band of
westerly winds between approximately 65°S and 40°S (Figure 3.2a and b
and Figure 3.3) which projects well onto the predominantly eastward surface
flow associated with the ACC and leads to positive WPI along the path of
the ACC (Figure 3.4a and b and Figure 3.5).

SVD reduces the horizontally and temporally averaged magnitude of the
wind-stress vector experiments by 5.1% for the ERA40 and by 2.9% for
the CLIM experiments (Table 3.1), but does not alter the large-scale spatial
pattern of the wind stress (Figure 3.2a and b and Figure 3.3). The largest
reduction of the wind stress is found between approximately 40°S and 60°S

(Figure 3.2¢, and Figure 3.3). An increase of the wind stress can be found

45



40S

180 150W 120w 0w B60W 30w 0 30E 60E 90E 120E 150E 180

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

408

60S

T T
180 150W 120w 0w 60W 30W 0 30E 60E 90E 120E 150E 180

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

408

60S

180 150W 120w 0w 60W 30W 0 30E 60E 90E 120E 150E 180

-0.02 -0.016 -0.012-0.008 -0.004 0  0.004 0.008 0.012 0.016 0.02

Figure 3.2: (a) Time-averaged magnitude of the wind stress |7| in N/m? for
the experiment ERA40-CTRL. (b) Same as (a) for the experiment ERA40.
(¢) Difference (b) minus (a). Contours show the time-averaged barotropic
stream function for the experiment FERA40-CTRL using a 40 Sv-interval.
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Figure 3.3: Zonally averaged magnitude of the wind stress |T| calculated
from time-averaged ™ and 7Y in N/m? for the experiments ERA40-CTRL
(solid) and ERA40-SVD (dashed).

south of South Africa, where the Agulhas Current flows against the prevailing
wind direction, and east of Argentina, where the ACC flows north-westward.

Likewise, horizontally and temporally averaged WPI is reduced by 14.9 %
or 9.4 % for the ERA40- and the CLIM-experiments respectively (Table 3.2)
while the spatial pattern with strong positive WPI between approximately
65°S and 40°S, where the ACC and the westerly winds align, is not affected
(Figure 3.4). The largest positive contribution to WPI in the Southern Ocean
is found along the path of the ACC, where the predominantly eastward wind-
stress vector projects onto the eastward surface-velocity associated with the
ACC (Figure 3.4a and b). The largest reduction of WPI induced by SVD is
associated with the ACC (Figure 3.4c and Figure 3.5). This is predicted by
(3.9), according to which the reduction of WPI is proportional to |@ycean|?. It
is furthermore consistent with the findings of Hughes and Wilson (2008) and
Xu and Scott (2008), who show that estimating WPI into the geostrophic

circulation from scatterometer winds and satellite altimetry leads to an over-
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Figure 3.4: (a) Time-averaged WPI in 1073W/m? for the experiment
ERA40-CTRL. (b) Same as (a) for the experiment ERA40-SVD. (c) Dif-
ference (b) minus (a). Contours show the time-averaged barotropic stream
function for the experiment FRA40-CTRL using a 40 Sv-interval.
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Figure 3.5: Zonally and temporally averaged WPI (1073 W /m?) for the
experiments ERAJ0-CTRL (solid) and ERA40-SVD (dashed).

Experiment (I7IY  STDaet.ann ST Daetnoac ST Dac

ERA40-CTRL  80.90 3.43 5.91 10.91
ERA40-SVD  76.79 3.29 5.63 10.01
A, —5.1% —4.2% —4.7% —82%
CLIM-CTRL  95.31 — — 10.33
CLIM-SVD 92.56 0.011 0.011 10.04
A, —2.9% — — —2.8%

Table 3.1: (|7|) denotes the temporal and horizontal mean of |7|. ST Dget ann
denotes the temporal standard deviation of the detrended and horizontally
averaged annual-mean |T|. ST Dget noac denotes the temporal standard devi-
ation of the detrended horizontally averaged monthly-mean |T| with the the
annual cycle removed. STD,. denotes the temporal standard deviation of
the annual cycle of horizontally averaged |T|. |T| is based on monthly-mean

wind-stress components. A, denotes the relative difference defined as (SVD-
CTRL)/CTRL. All numbers except for A, are given in 1073N/m?.
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Experiment (WPI)  STDgetann ST Dactnoae ST Dae

ERA40-CTRL 7.12 0.3955 0.827 1.47

ERA40-SVD 6.06 0.3565 0.747 1.31
A, —149% —10.8% —9.7% —10.9%

CLIM-CTRL 8.52 0.0106 0.046 1.56

CLIM-SVD 7.72 0.0149 0.035 1.46
A, -9.4% +40.6 % —24% —71%

Table 3.2: (WPI) denotes the temporal and horizontal mean of W PI.
ST D get.ann denotes the temporal standard deviation of horizontally averaged
detrended annual-mean W PI. ST Dgetnoae denotes the temporal standard
deviation of horizontally averaged detrended monthly-mean W PI with the
annual cycle removed. ST D,. denotes the temporal standard deviation of
the annual cycle of horizontally averaged W PI. W PI is based on monthly-
mean surface velocity and monthly-mean wind stress. A, denotes the relative
difference defined as (SVD-CTRL)/CTRL. All numbers except for A, are
given in 1073W /m?.

estimated WPI if 7., is used, and who find the effect to be particularly large
along the path of the ACC.

Note that the modelled reduction of WPI shown in Figures 3.4c shows
many small scale features which we attribute to the different realizations of
the mesoscale-eddy field of the experiments shown here. Note that there are
no such small-scale features in the estimates of AW PI presented by Hughes
and Wilson (2008) and Xu and Scott (2008). This is due to the fact, that
these studies base their calculations on a single realization of the mesoscale-
eddy field (the real world).

In summary, we can confirm that including SVD in the wind-stress pa-
rameterization leads to a strong reduction of the modelled wind stress and
of the modelled WPI.

3.3.2 Response of the Circulation

The transport of the ACC is concentrated in fronts (Orsi et al., 1995), that
are often no wider than a degree (Figure 3.1a). The flow is obviously steered
by topography (see also Orsi et al. (1995) and Hughes and Ash (2001)).
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Experiment D STDatann STDactnoae ST Dge

ERA40-CTRL 121.8 2.33 4.53 1.73

ERA40-SVD 124.0 2.01 4.20 1.53
A, +1.8% —13.6% —7.3% —11.6 %

CLIM-CTRL  119.7 1.12 2.57 2.10

CLIM-SVD 121.9 1.20 2.57 1.81
A, +1.8% +7.0% 0% —13.8%

Table 3.3: D denotes the temporal mean of DPT. ST D get,ann denotes the
temporal standard deviation of detrended annual-mean DPT. ST D jet poqc de-
notes the temporal standard deviation of the detrended monthly-mean DPT
with the annual cycle removed. ST D,. denotes the temporal standard devi-
ation of the annual cycle of DPT. A, denotes the relative difference defined
as (SVD-CTRL)/CTRL. All numbers except for A, are given in Sv.

Changing the wind-stress parameterization shows almost no effect on the lo-
cation and width of the ACC fronts (compare Figures 3.1b and ¢). We find
a small but significant increase of depth-integrated transport through Drake
Passage (DPT), which is the canonical metric for the strength of the ACC
(Cunningham et al., 2003), of 1.8% for both the ERA40- and the CLIM-
experiments (Table 3.3 and Figure 3.9 which is discussed in detail in Sec-
tion 3.3.3). This is in contrast to Hutchinson et al. (2010), who find that
using Tse in an idealized quasi-geostrophic regional model of the Southern
Ocean leads to an increase of eastward transport associated with the ACC
of approximately 25%.

Horizontally and temporally averaged mesoscale EKE at the surface is
reduced by 17.0 % or 24.5% for the CLIM- and ERA40-experiments respec-
tively (Table 3.4). The strongest EKE is found along the path of the ACC,
in the Agulhas retroflection zone south of South Africa, and in the Malvinas
Confluence Zone east of South America (Figure 3.6a and b). The largest
SVD induced reduction of EKE is associated with strong EKE along the
path of the ACC (Figure 3.6¢).
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Figure 3.6: (a) log,, of time-averaged monthly-mean based surface EKE in
cm?/s? for the experiment ERA40-CTRL. (b) Same as (a) for the experiment
ERA40-SVD. (c) Difference (b) minus (a) on a linear scale in cm?/s?. Con-
tours show the time-averaged barotropic stream function for the experiment

ERA40-CTRL using a 40 Sv interval.
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Experiment  (EKE) STDgetann ST Dt

ERA40-CTRL 95.1 1.88 4.06

ERA40-SVD 71.8 1.40 2.97
A, —245% —-254% —26.8%

CLIM-CTRL 101.4 1.51 4.16

CLIM-SVD 84.1 1.45 3.00
A, —17.0% -3.5% —27.9%

Table 3.4: (FKFE) denotes the temporal mean of the monthly-mean-based
EKE at the surface. ST Dget ann denotes the temporal standard deviation of
the detrended annual-mean EKE at the surface. ST Dy denotes the tempo-
ral standard deviation of detrended monthly-mean EKE at the surface. A,
denotes the relative difference defined as (SVD-CTRL)/CTRL. All numbers
except for A, are given in cm?/s%.  All temporal means are taken for the
years 1982 to 2001 and hence neglect the adjustment to the surface-velocity-
dependent wind stress in the first two years of the model runs.

3.3.3 Response of the Variability

The annual cycle of the wind stress and WPI is characterized by a broad max-
imum in austral winter (Figure 3.7a and b). Inter-annually, the signature of
the Southern Annular Mode (SAM) (Thompson and Wallace, 2000; Visbeck,
2009) dominates the variability (Figure 3.7c to e). Using Ts,q does not alter
the time-dependence of the wind-forcing. The basin-averaged annual-mean
wind stress and WPI of the experiments ERA40-CTRL and ERA40-SVD are
highly correlated (Figure 3.7a and b).

Using Ts,q damps the variability of horizontally averaged wind-stress on
all time scales. The amplitude of the seasonal cycle, the amplitude of the
monthly anomalies, and the amplitude of annual averages of the wind stress
are all reduced (Table 3.1 and Figure 3.8a and b). The same is true for
monthly-mean based WPI (Table 3.2 and Figure 3.8¢c and d). We find the
reduction of the wind-stress variance and of the WPI variance to be biggest
between approximately 65°S and 35°S (Figure 3.8).

DPT is subject to drift (Figure 3.9a, b,e and f) which is due to the
lack of proper formation of Antarctic Bottom Water in the model ( Treguier

et al., 2010). The drift causes DPT to decrease by approximately 2.7 Sv per
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Figure 3.7: (a) Horizontally averaged annual cycle of |T| for the experiment
ERA40-CTRL (solid) and ERA40-SVD (dashed). (b) Horizontally averaged
annual cycle of monthly-mean-based WPI for the experiment ERA40-CTRL
(solid) and ERA40-SVD (dashed). (c) Annually and horizontally averaged
|T| for the experiment ERA40-CTRL (solid) and ERA40-SVD (dashed).
The correlation coefficient is 1 = 1.0. (d) Annually and horizontally av-
eraged monthly-mean-based WPI for the experiment ERA40-CTRL (solid)
and ERA40-SVD (dashed). The correlation coefficient is r = 1.0. (e) An-
nual mean SAM index from Visbeck (2009). The correlation coefficient be-
tween the SAM index shown in (e) and the time-series of basin-averaged wind
stress shown in (c) is r = 0.8. The correlation coefficient between the SAM
index shown in (e) and the time-series of basin-averaged WPI shown in (d)
is v = 0.7. The SAM index has been normalized to mean 0 and standard
deviation 1 for the years 1980 to 2001.
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Figure 3.8: (a) Zonally averaged variance of the wind stress magnitude |T|
(in 1073N%/m*) for the annual cycle. (b) Same as (a) for the annual means.
(¢c) Zonally averaged variance of WPI (in 107*W?/m*) for the annual cycle.
(d) Same as (c) for the annual means. Solid lines represent the experiment

ERA40-CTRL and dashed lines represent the experiment ERA40-SVD.

95



decade (for ERA40-CTRL). Earlier studies noted that there is significant
inter-annual variability of DPT in eddying models of the Southern Ocean
even if there is no inter-annual variability in the forcing that drives the model
(Treguier et al., 2010; Munday et al., 2013). We also find that in the CLIM-
experiments, which are driven by repeated-year forcing, there is significant
variability of DPT, both on inter-annual and on monthly time-scales (Ta-
ble 3.3 and Figure 3.9c and g). The DPT time series from CLIM-CTRL and
CLIM-SVD, however, are not significantly correlated (Figure 3.9¢ and g).
This indicates importance of chaotic internal ocean dynamics (eddies) that
drive the variability.

Nevertheless, the wind-forcing has been shown to determine a significant
part of the interannual variability of DPT (Hughes et al., 1999; Treguier
et al., 2010; Zika et al., 2013) as can be seen by noting the larger amplitude of
variability in those experiments that include variable wind forcing other than
the seasonal cycle (Table 3.3). Furthermore, the DPT time series from the
ERA40-experiments are highly correlated on monthly (correlation coefficient
r = 0.68) and inter-annual (r = 0.80) time scales (Figure 3.9d and h). When
the wind stress is parameterized using 7,4, the amplitudes of monthly and
inter-annual variability of DPT from the ERA40-experiments are reduced by
7.3 % and 13.5 % respectively (Table 3.3). The amplitudes of the monthly and
inter-annual variability of DPT from the climatologically forced experiments
are not reduced.

EKE shows a marked downward trend (Figure 3.10), which is consistent
with the downward trend of DPT (Treguier et al., 2010). All four experi-
ments start from the same initial condition on 1980-01-01. After switching to
SVD, EKE of the experiments CLIM-SVD and ERA40-SVD adjusts to lower
values within two years and then follows a largely linear trend (Figure 3.10).
We do not find a significant correlation between the EKE time series of the
realistically forced experiments ERA40-CTRL and ERA40-SVD. This is con-
sistent with Treguier et al. (2010) who find that EKE across model runs with
identical forcing fields but different initial conditions was uncorrelated, and
who concluded that on monthly and interannual timescales EKE is not de-

terministic. Using SVD damps the amplitude of horizontally averaged EKE
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Figure 3.9: (a) Monthly mean DPT (Sv) for CLIM-CTRL (black) and
CLIM-SVD (red). The straight lines show the linear trends. (b) Same as
(a) for the ERA4O experiments. (c¢) Monthly mean DPT (Sv), detrended
and with the annual cycle removed, for CLIM-CTRL (black) and for CLIM-
SVD (red). The correlation coefficient is r = 0.15. (d) Same as (c) for
the ERA40 experiments. The correlation coefficient is r = 0.68. (e) Annual
mean DPT (Sv) for CLIM-CTRL (black) and CLIM-SVD (red). The straight
lines show the linear trends. (f) Same as (e) for the ERA40 experiments. The
correlation coefficient is r = 0.68. (g) Annual mean DPT (Sv), detrended, for
CLIM-CTRL (black) and for CLIM-SVD (red). The correlation coefficient
is v = 0.30. (h) Same as (g) for the ERA40 experiments. The correlation
coefficient is r = 0.80.
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Figure 3.10: Horizontally averaged surface EKE in cm?/s* for the experi-
ment CLIM-CTRL (black solid), CLIM-SVD (black dashed), ERA40-CTRL
(red solid), and ERA40-SVD (red dashed) together with the respective linear
trends calculated for the years 1982 to 2001.

on monthly and on inter-annual time scales (Table 3.4).

3.4 Summary and Discussion

Including the ocean-surface velocity into the parameterization of the wind
stress has been shown to substantially reduce WPI into the geostrophic cir-
culation (Duhaut and Straub, 2006; Hughes and Wilson, 2008; Xu and Scott,
2008), and to substantially reduce mesoscale EKE (Zhai and Greatbatch,
2007). Using a realistic primitive equation model, we have confirmed, that
SVD leads to a reduction of time-averaged WPI by up to 14.9 %, and of time-
averaged mesoscale EKE by up to 25.5%. The largest reduction of WPI is
found where the westerly winds align with the eastward surface flow associ-
ated to the ACC. The largest reduction of EKE is associated with the strong
mesoscale eddy field along the path of the ACC.

Compared to the large effect of SVD on WPI and EKE, we find that
the response of the ACC to SVD is relatively weak. SVD does not alter the
position of the ACC fronts, which carry the bulk of the eastward transport,
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and which are thought to be controlled by topography (Orsi et al., 1995;
Hughes and Ash, 2001). DPT is increased by 1.8 % if SVD is used. This
contradicts the findings of Hutchinson et al. (2010), who find that SVD in an
idealized quasi-geostrophic model, leads to an increase in eastward transport
as big as 25 %.

SVD is found to reduce the inter-annual variability of the wind-forcing, of
EKE, and of DPT. At the same time, the time-dependence of basin-averaged
wind stress, WPI, and of DPT with SVD were found to be highly correlated
to those without SVD.
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Chapter 4

On the Spatial and Temporal
Distribution of Near-Inertial

Energy in the Southern Ocean

Willi Rath, Richard J. Greatbatch, Xiaoming Zhai'

Abstract: We use an eddying realistic primitive equation model of the
Southern Ocean to examine the spatial and temporal distribution of near-
inertial wind power input (WPI) and near-inertial energy (NIE) in the South-
ern Ocean. We show that near-inertial WPI is almost proportional to inertial
wind-stress variance (IWSV), while NIE is modulated by the inverse of the
mixed-layer depth. We use this close relationship to asses recent decadal
trends of near-inertial WPI from trends of IWSV based on reanalysis wind-
stress. Averaged over the Southern Ocean, annual-mean IWSV is found to
have increased by 16 percent over the years 1979 through 2011. Part of the
increase of IWSV is found to be related to a positive trend of the Southern
Annular Mode in the same period. Furthermore, we show that there are hor-
izontal local maxima of NIE at depth that are almost exclusively associated

with anticyclonic eddies.

IThis chapter is under review for the Journal of Geophysical Research - Oceans.
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4.1 Introduction

Near-inertial waves (NIW) play a key role in the global climate system. By
deepening the oceanic mixed layer (Pollard et al., 1972), they influence the
global sea-surface temperature (SST) and especially in the tropics, by tele-
connections, potentially have a global impact on the atmospheric circulation
(Jochum et al., 2013). The contribution of wind-generated NIWs to the
energy available for mixing at depth, which is thought to drive the global
overturning circulation (Munk and Wunsch, 1998), is a matter of debate.
Model-based estimates of global near-inertial wind power input (WPI) are
of the order of 0.5 TW (Watanabe and Hibiya, 2002; Alford, 2003; Furuichi
et al., 2008) with large uncertainties stemming from a high sensitivity to the
spatial and temporal resolution of the wind stress used to force the model
(Jiang et al., 2005), from missing physics in the simple models (Plueddemann
and Farrar, 2006) and from the wind-stress parameterization (Rath et al.,
2013a). Direct global observational estimates of NIWs are restricted to the
surface (Chaigneau et al., 2008; Elipot and Lumpkin, 2008), and observations
of NIWs at depth are only available at a limited number of locations (Pollard
and Millard, 1970; D’Asaro, 1985; Alford, 2003; Plueddemann and Farrar,
2006).

Recent modelling studies show that the majority of the wind-induced
near-inertial energy (NIE) is dissipated within the surface mixed layer, and
estimate only approximately 20 % of the NIE injected at the surface is able
to escape the mixed layer and contribute to mixing in the ocean interior
(Furuichi et al., 2008; Zhai et al., 2009). Anticyclonic eddies are known to
trap NIWs (Kunze, 1985; Zhai et al., 2005), and provide a possible pathway
to the interior ocean (Zhai et al., 2007; Jing et al., 2011). However, the
relevance of anticyclonic eddies for determining the fraction of NIE available
for mixing at depth, has yet to be quantified.

In this study, we use a realistic primitive equation model at eddying
spatial resolution to examine the spatial and temporal distribution of near-
inertial WPI and NIE in the Southern Ocean. After describing details on the

model and the data in Section 4.2, we present our results for the large-scale
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spatial and vertical distribution of near-inertial WPI and NIE, and assess
the relevance of enhanced NIE in anticyclonic eddies in Section 4.3. We
proceed to the annual cycle in Section 4.4. Section 4.5 highlights the relation
of inertial wind-stress variance (IWSV) to near-inertial WPI and NIE in the
mixed-layer. In Section 4.6, we assess recent decadal trends of IWSV and
use the relationship to near-inertial WPI to assess the implications for NIWs

in the ocean. We close with a summary in Section 4.7.

4.2 Methods, Models and Data

4.2.1 Primitive-Equation Model

We use an eddying (1/10)° primitive-equation ocean model with realistic
topography which is identical to the one described in Rath et al. (2013a).
It covers all the Southern Ocean south of 30°S. The model is driven by
realistic wind stress derived from six-hourly wind fields using the surface-
velocity-dependent parameterization described by Duhaut and Straub (2006)
and Rath et al. (2013a)

FSVDEpacd<|ﬁ10_ﬁo|)|ﬁ10_ﬁo|(ﬁ10_ﬁo) ) (4-1)

where p, is the density of air close to the sea surface, ¢4(U) is the drag-
coefficient that depends on the relative speed of the wind and the ocean-
surface velocity, 1, is the surface velocity, and Uy is 10-meter wind from the
ERAA40 reanalysis (Uppala et al., 2005). Surface-heat flux is prescribed using
a climatology (Barnier et al., 1995). Surface salinity is restored to clima-
tological values with a time scale of 15days for the upper level of thickness
10m. Vertical mixing is parameterized using the TKE-mixing scheme as
described by Gaspar et al. (1990) and Blanke and Delecluse (1993), and hor-
izontal mixing is parameterized in both the momentum and tracer equation
using a biharmonic diffusivity.

The model is spun up for 31 years from a state of rest and hydrography
specified from climatology. The first 10 years of the spin-up are driven by
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climatological wind stress that depends on the 10-meter wind alone
7_"CTLEPacd(|lj1o|)|ﬁ1o|(j10 (4.2)

and the following 21 years of the spin-up are driven by 6-hourly ERA40-based
wind stress parameterized according to (4.2). The model shows a realistic
Antarctic Circumpolar Current (ACC), and a realistic mesoscale eddy field
(see Rath et al. (2013a) for details).

After the spin-up, and starting on January 1, 2001, the wind-stress pa-
rameterization is changed to include the ocean-surface velocity according to
(4.1). Note that we start the analysis of the model output immediately after
changing the wind-stress parameterization to surface-velocity dependent and
that, consequently, the adjustment of the model to the new wind-stress pa-
rameterization is contained in the data we present here. Rath et al. (2013a)
showed that surface-velocity-dependent wind stress acts to significantly re-
duce NIE in the mixed layer as well as at depth and that this reduction
spreads from the surface to depth within approximately a month. Hence, we
expect that during the first month of the model output presented here, NIE
especially at depth is overestimated. The focus of this study, however, is on
near-inertial WPI and on mixed-layer NIE, which adjust to surface-velocity-
dependent wind stress on timescales much shorter than a month.

The first 36.5 days of the model output for the year 2001 are available
at the full spatial resolution of the model (1/10° x 1/10°) and at a temporal
resolution of 3 hours. For the rest of the year 2001, the spatial resolution
of the model output was reduced to 1° x 1° without changing the temporal
resolution. By comparing the full-resolution output for the first 36.5 days to
the reduced-resolution output over the same period, it was confirmed that
near-inertial WPI and NIE at the reduced spatial resolution contains all the
information that is relevant for this study. Apart from the discussion of the
effect of anticyclonic eddies in Section 4.3.1, all the analysis presented here

is based on the reduced-resolution output.
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4.2.2 Near-Inertial Quantities

We separate the velocity field into the sub-inertial, the near-inertial, and
the super-inertial frequency band. The subscript I indicates near-inertial
quantities, and the subscripts S and T indicate sub-inertial and super-inertial
quantities respectively. In the actual calculations, the separation into the
three frequency bands was realized using a fifth-order Butterworth filter as
described in Rath et al. (2013a).

We define near-inertial energy (NIE) as
Uy - Uy

5

Er = po

the mixed-layer NIE as the integral

/H E(z)dz (4.4)

where H is the mixed-layer depth (see Section 4.2.5), and near-inertial WPI

WPI; =7 -u(z=0). (4.5)

4.2.3 Simplified Models for Near-Inertial Wind Power
Input and Near-Inertial Energy

Pollard and Millard (1970) proposed a local linear slab-ocean model for near-
inertial oscillations (PM70) which has since been widely used to assess the
input of near-inertial energy into the surface-mixed layer of the ocean (see,
e.g., Alford (2003)). It is a local model for the near-inertial velocity in the
mixed layer (u,v), which is assumed to be vertically uniform. It features
the Coriolis force f(—wv,u), the wind stress 7 = (7%, 7Y), a linear damping

term with the coefficient €, the mixed-layer depth H (assumed to be time-
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independent), and the reference density po:

-
_ — — 4.6
uy — fo ool €u (4.6)
fu= = (4.7)
v+ fu = — €V .
' poH

The time-evolution of kinetic energy, E = @ - #/2, in PM70 is governed by

E; = uuy + vvy = L(7'“”u + 7Y0) — e(u® + v?) (4.8)
poH
With given mixed-layer depth H, € is the only free parameter of the model.
It is usually tuned to minimize the difference between modelled currents, the
modelled near-inertial WPI or the modelled NIE and observations. Typically,
tuned 1/e is found to be in the range of 2 to 10 days (see, e.g., Pollard and
Millard (1970) or D’Asaro (1985)).

In Section 4.5.1, the ratio of time-averaged NIE and near-inertial WPI
will be examined. In PM70, a relation between time-averaged NIE and near-
inertial WPI can be obtained by setting E; to zero in (4.8) and by using
(4.5). This leads to

E, 1 1
- - 4.9
WPI, ~ 2peH  H (4.9)
and to 2o )
L= — . (4.10)
WPI,  2poe

Plueddemann and Farrar (2006) examine the performance of PM70 and
of a mixed-layer model (PWP) similar to the one described by Price et al.
(1986) that features a vertically uniform slab on top of a transition zone
where free convective mixing, mixed-layer entrainment and shear-instability
can alter the mixed-layer depth. Plueddemann and Farrar (2006) added a
linear damping term mimicking the radiation of NIWs away from the mixed-
layer which acts on similar timescales as the linear-damping term of PM70.
In PWP, mixed-layer entrainment and mixing driven by shear-instability is
parameterized using two different Richardson number criteria, both relating

stratification to velocity shear at the base of the mixed layer. Compar-
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ing PM70 and PWP model results to observed near-inertial currents from
mooring sites, Plueddemann and Farrar (2006) found PM70 to be unable to
reproduce the observed near-inertial WPI and NIE at the same time, because
it lacked an energy sink acting on time scales shorter than those associated to
e. PWP, on the other hand, correctly captured the observed energy balance

on all time scales.

4.2.4 Regions and Seasons

We separate the model domain into four regions shown, e.g., as white boxes

in Figures 4.1.
e RO1: z € (190°E,270°F) and y € (50°S5, 35°S5)
e R02: z € (190°E,270°F) and y € (65°S5,50°5)
e R03: z € (315°E,010°F) and y € (50°S, 35°S5)
e R0O4: z € (010°E, 145°F) and y € (60°S,40°S)

The regions were chosen to take account of the large spatial differences of
the mixed-layer depth (see Figure 4.2d and Figure 4.3).

For the seasons, we use the oceanographic convention with boreal winter
/ austral summer comprising the months January to March (JEM), boreal
spring / austral fall comprising April to June (AMJ), boreal summer / austral
winter comprising the months July to September (JAS), and boreal fall /
austral spring comprising the months October to December (OND).

4.2.5 Mixed-Layer Depth

The vertical distribution of NIE is separated into high levels of NIE that are
confined to a surface layer and into lower levels of NIE below. The depth
of this surface layer is often approximated by the mixed-layer depth derived
from hydrographic criteria (de Boyer Montegut et al. (2004) list various cri-

teria used in the literature). If not stated otherwise, we will use the depth
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Figure 4.1: 2001 time-averaged mized-layer depth H (m) diagnosed from
the primitive-equation-model potential density oy as discussed in the tet.
Also shown are the regions R01, R02, R03 and R0} referred to in the text.

H at which the monthly mean potential density oy first exceeds the value at
the surface by 0.03kg/m3.

In the Southern Ocean, a deep mixed-layer along the path of the ACC
(reaching more than 300m in the annual average) is flanked by a shallower
mixed-layer (up to 50m in the north and up to 100m in the south). The
modelled annual mean mixed-layer depth shown in Figure 4.1 broadly agrees
with the climatological estimate provided by de Boyer Montegut et al. (2004)
(not shown). Depending on the region, the austral winter mixed-layer depth
can be more than ten times deeper than the austral summer mixed-layer
depth (see Figure 4.2d which is discussed later).

4.2.6 Inertial Wind-Stress Variance — IWSV

We define the inertial wind-stress variance
IWSV = |(7)* + (7)?| (4.11)

where 77 and 77 are the Fourier transforms of the wind-stress components 7%
and 7Y at the (latitude-dependent) inertial frequency. We calculate monthly

values for IWSV by calculating the Fourier transforms 77 and 7; based on
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Figure 4.2: Monthly means of horizontal averages of, (a), near-inertial
WPI (mW/m2), (b), amplitude of the near-inertial velocity at the surface
(m/s), (c), mized-layer NIE (J/m?), (d), the mized-layer depth (m), and,
(e), the inertial wind-stress variance, IWSV, for the regions R01 (red lines),
R02 (green lines), RO3 (blue lines), RO4 (cyan lines), and for the full model
domain (black lines).
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Figure 4.3: Horizontal averages of NIE (solid lines), and potential density
referenced to the surface oy (dashed lines) over the top 350 m of the water
column together with horizontal averages of the penetration depth of NIE,
Hg, ., (horizontal solid lines), and of the mized-layer depth, H, (horizontal
dashed lines). The horizontal averages have been calculated for the regions

RO1 to RO4 (from top to bottom) and for the seasons JEM to OND (from left
to right). Note that the scales differ for each panel.
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6-hourly wind stress separately for each month. We tried different proxies
for the wind-stress variability on inertial time-scales and found the results of
this study to be hardly affected. We will give IWSV in arbitrary units that

are, however, consistent throughout this study.

4.2.7 Choosing the Wind-Product

Figure 4.4 compares the annually and zonally averaged variances of zonal
10-m wind on time scales shorter than five days (UVARS) for ERA40 and
for ERA-Interim. UVARS5 for the pre-satellite era (before 1979) is signifi-
cantly lower than UVARDS later on. There is a notable decrease of UVARS
for the years 1973 to 1978 of ERA40. UVARS5 from ERA-Interim is higher
than UVARS from ERA40 in the years present in both products. The spatial
and temporal variability of UVARS5 in ERA-Interim and ERA40, however,
broadly agrees. The spatial resolution of the ERA-Interim fields is approxi-
mately 0.7° x 0.7° and the spatial resolution of the ERA-40 fields is approx-
imately 1.2° x 1.2°. We attribute the higher UVAR5 of ERA-Interim to the
higher spatial resolution of the ERA-Interim wind fields (see also Jiang et al.
(2005)).

4.2.8 Southern-Annular Mode

We calculate the Southern-Annular-Mode index (SAM) using an ad-hoc def-
inition (Gong and Wang, 1999) based on the difference of monthly-mean
zonally averaged sea-level pressure (SLP) at 65°S and at 40°S. The annual-
mean SAM index is obtained by annually averaging the monthly SAM index.
There is broad agreement with the station-based SAM index presented by
Visbeck (2009) (Figure 4.5a). The regression of the zonal 10-m-wind anoma-
lies onto the annual-mean SAM index (Figure 4.5b) is dominated by a largely

zonal pattern of positive wind anomalies between 65°S and 45°S.
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Figure 4.4: Annual and zonal averages of UVARS in m?/s* (see text) for
(a) ERA40 and (b) ERA-Interim.

4.3 Spatial Distribution of Near-Inertial
Wind Power Input and Near-Inertial En-

ergy

4.3.1 Horizontal Distribution

The large-scale spatial patterns of time-averaged near-inertial WPI and of
mixed-layer NIE for the whole year 2001 are generally different (Figure 4.6).
While near-inertial WPI is dominated by a largely zonal structure with merid-
ional maxima between 65°S and 40°S, high levels of mixed-layer NIE are
mainly found north of 55°S. Figure 4.7 shows the 2001 seasonal averages
(JFM etc.) of near-inertial WPI and mixed-layer NIE. As for the whole-year
average, seasonally averaged near-inertial WPI shows a banded structure fol-
lowing the southern hemisphere storm track with smaller local maxima that
are often less than 5° in diameter. The spatial distribution of seasonally av-
eraged mixed-layer NIE, on the other hand, is more obviously characterized

by structures less than 5° in diameter. Again, the zonal structure of near-

72



2.0
1.0
0.0
-1.0

stddev

-2.0

'30 l T T T T l T T T T l T T T T l
1980 1990 2000 2010

H\\h\HM\HM\HMH\“\H

408

60S

T T T [ T T [ T T [ T T [ T T [ TT
180 150W 120w 90W B60W 30W 0 30E 60E 90E 120E 150E 180

-0.8-0.7-06-05-04-03-02-01 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 4.5: (a) Annual-mean SAM index calculated from ERA-Interim

(black line) and from Visbeck (2009) (red line). (b) SAM-related annual-
mean zonal wind pattern (m/s).
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Figure 4.6: Year 2001 time averages of (a) near-inertial WPI (mW /m?)
and (b) mized-layer NIE (J/m?).

inertial WPI is not reflected by the mixed-layer NIE, but on spatial scales of
a few degrees, local maxima of mixed-layer NIE often agree with local max-
ima of near-inertial WPI. However, there are strong maxima in near-inertial
WPI that are not associated with high mixed-layer NIE.

While in region R01, R03, and R04 (see Section 4.2.4 and Figure 4.1)
high near-inertial WPI leads to high levels of mixed-layer NIE, there is a
discrepancy between near-inertial WPI and mixed-layer NIE in R02 which
covers the Pacific sector of the ACC. In R02, even when near-inertial WPI is
large compared to the spatial average over the whole model domain, mixed-
layer NIE levels remain low. This difference is most pronounced in austral
winter (JAS), when the high near-inertial WPI in the Pacific sector of the
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Figure 4.7: Seasonal averages of near-inertial WPI (mW /m?) and mized-
layer NIE (J/m?). (a-d) Near-inertial WPI (mW /m?) for JFM, AMJ, JAS,
OND from 2001. (e-h) Mized-layer NIE (J/m?) for JFM, AMJ, JAS, OND

from 2001.
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ACC (R02) is not reflected by the mixed-layer NIE.

4.3.2 Vertical Distribution

In the simple linear slab-ocean model of PM70 (see Section 4.2.3), the wind-
stress acts as a bulk force over a surface layer that is often associated with
the mixed-layer. In the surface layer, near-inertial velocities are assumed to
be vertically uniform. Figure 4.3 shows the horizontal and seasonal averages
of NIE, of potential density referenced to the surface (0y), of the mixed-layer
depth defined as in Section 4.2.2; and of the penetration depth of NIE, defined
as the depth at which NIE has decayed to 50 % of its value at the surface, for
each of the four regions. The assumption of PM70, that NIE is concentrated
in a layer close to the surface, generally holds and in fact, the values of NIE
in the mixed-layer are often higher than the values of NIE below by several
orders of magnitude. However, the amplitude of the near-inertial velocities
within the mixed layer is not vertically uniform. On the contrary, most of
the NIE in the mixed layer is concentrated near the surface and there is a
decay of NIE towards the base of the mixed layer. In austral winter (JAS),
NIE is concentrated much closer to the surface than the mixed-layer depth
would indicate. In RO02, the austral-winter NIE even penetrates less deep

than in autumn and in spring.

4.3.3 Trapping in Anticyclonic Eddies

The vertical profiles of NIE shown in Figure 4.3 indicate that high levels
of NIE are confined to a surface layer which often coincides with the sur-
face mixed-layer. However, among many others, Kunze (1985), Zhai et al.
(2005), and Zhai et al. (2007) showed that in anticyclonic eddies, there can
be enhanced downward propagation of NIE. They argue that it is the effec-
tive Coriolis parameter f + (/2, where ( is the relative vorticity, rather than
the Coriolis parameter f alone that sets the frequency at which NIWs are
excited. NIWs generated inside an anticyclonic (positive ¢ in the southern
hemisphere) eddy are then trapped inside of the eddy because they cannot

propagate into the surrounding regions where the modulus of the effective
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Coriolis parameter is larger. Recent observations show further observational
evidence for the trapping of NIE in anticyclonic eddies (Jing et al., 2011;
Joyce et al., 2013).

We use the high-resolution model output from the primitive-equation
model that is available for the first 36.5 days of 2001 to show that there are
strong local maxima of NIE at depth associated with strong anticyclonic
eddies. Local maxima of NIE at depth are scattered all over the model
domain. As an example, we examine the vertical distribution of NIE along
a section in the South Atlantic. Figure 4.8a shows near-inertial energy Ej,
sub-inertial relative vorticity (s = (vs)s — (us)y, and E,e = Er/Er smoothed
for a section at 49.9°S ranging from 30°W to 15°W. E7 smoothea denotes
NIE that has been horizontally filtered with a £1° x +2° (lat xlon) Hanning
window. We use E,. as a measure for the ratio of local NIE to the ambient
NIE and hence as a measure for the strength of local maxima of NIE. From
Figure 4.8a, it is evident that regions of high NIE coincide with regions of
positive (s at depth. To further confirm this, Figure 4.8b shows a scatter
plot of E,..; and (g for the section shown in Figure 4.8a covering all depths up
to 1000 m, and Figure 4.8d shows the same scatter plot for the whole model
domain and restricted to 1000 m depth. Local maxima of NIE (E,., > 1)
are almost exclusively associated with positive relative vorticity. Figure 4.8c
compares horizontally and temporally averaged NIE for the whole model
domain to horizontally and temporally averaged NIE for grid points where
time averaged surface relative vorticity (g exceeds 0.5-107°/s. There is a clear
enhancement of NIE inside anticyclonic eddies for depths around 200 m and,
again, around 700 m depth. The area of the surface with (s > 0.5-107°/s is
about 9.8 % of the whole (water covered) model domain. The contribution
of NIE from the same part of the model domain at depths between 300 m
and 1000 m is about 21.3 %. We conclude that the enhancement of deep NIE
in anticyclonic regions may play a significant role in providing energy that is
available for mixing in the deep ocean. However, it should be remembered
that the bulk of the wind induced NIE in the ocean is, nevertheless, used to
increase potential energy (by deepening the mixed-layer depth) or to produce

heat (by dissipation within the mixed layer) and hence is unavailable for
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mixing at depth (Furuichi et al., 2008; Zhai et al., 2009).

4.4 'Temporal Distribution of Near-Inertial
Wind Power Input and Near-Inertial
Energy

Figure 4.2 shows, for the year 2001, monthly-mean time series of near-inertial
WPI, the amplitude of the near-inertial velocity at the surface, mixed-layer
NIE, the mixed-layer depth, and the amplitude of the inertial wind-stress
variance, IWSV (see Section 4.2.6), of the wind-stress averaged over the whole
model domain and averaged over the regions R01 to R04 (see Section 4.2.4).
Near-inertial WPI shows a broad maximum during austral fall (AMJ) and
winter (JAS) which is largely reflected by the mixed-layer NIE. Despite the
stronger wind-forcing in austral winter (JAS), the near-inertial amplitudes
at the surface are maximal in austral summer (JFM) and minimal in austral
winter (JAS) when near-inertial WPI is spread over a deeper mixed-layer.
This agrees with the findings of Chaigneau et al. (2008) who present direct
observational estimates for the annual cycles of near-inertial amplitudes at
the surface. In our model experiment, the mixed-layer NIE peaks in austral
spring (AMJ). This is contrary to the indirect estimate of Chaigneau et al.
(2008) who, due to the lack of direct global-scale estimates of NIE at depth,
assume the near-inertial amplitudes to be vertically uniform throughout the
mixed-layer. They therefore estimate mixed-layer NIE as the product of the
surface NIE and the mixed-layer depth and hence find that mixed-layer NIE
to peak in austral winter (JAS) when the mixed layer is deep. The remarkable
similarity of the time series of IWSV and near-inertial WPI is discussed in
detail in Section 4.5
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Figure 4.8: (a) Zonal section at 49.9°S. Colors show log,y(ET), black con-
tours show the 0.4-107°/s isoline of (s = (vs), — (us)y, and white contours
show E,.q which is a measure for the strength of local mazima (see text).
High E, coincides with positive (s at depth. (b) Scatter plot of E,.e versus
(s for the data shown in (a). The dashed line indicates zero relative vortic-
ity. (c) Horizontal (whole model domain) average of NIE (m?/s?) using all
grid points (black line) and using only grid points (red line) where (s at the
surface exceeds the value of 0.5-107°/s. (d) Same as (b) but for the whole
model domain and restricted to 1000 m depth. All data show time averages
for the first 36.5 days of the year 2001.
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4.5 The Relationship Between Near-Inertial
Wind Power Input, Near-Inertial Energy
and the Wind Forcing

We seek to explain the relationship between the wind-forcing at inertial
timescales, IWSV, near-inertial WPI, and the amplitude of NIWs measured
by the amplitude of the near-inertial velocity at the surface and the mixed-
layer NIE.

4.5.1 Insensitivity of Near-Inertial Wind-Power Input
to the Mixed-Layer Depth

As pointed out above, horizontal averages of monthly-mean IWSV and month-
ly-mean near-inertial WPI shown in Figure 4.2a and e follow each other
closely.

Figure 4.9a shows a scatter plot of monthly-mean IWSV and near-inertial
WPI averaged over bins of size 6° x 10° (latitudexlongitude). Near-inertial
WPI is almost proportional to IWSV with a slight damping for very high
values of IWSV. On the other hand, Figure 4.9b shows that near-inertial
WPI divided by IWSV is largely independent of the mixed-layer depth.

As, for example, pointed out by Plueddemann and Farrar (2006), NIE
is injected into the ocean mainly during strong events which often last for
only a fraction of one inertial cycle, while the NIWs generated by such an
event then decay on time scales typically of O(5days). Figure 4.10 shows
near-inertial WPI and the amplitude of near-inertial velocity || for the top
150m for a typical storm event. Near-inertial WPI is large for only a few
hours and small during the subsequent decay phase. The initial response of
|ii7| is constrained to the upper 10 m and then spreads to depths larger than
100 m within approximately 24 hours. The time-average of the near-inertial
WPI time series shown in Figure 4.10 is dominated by the strong positive
contribution on September 20, and this, in turn, is determined by the initial

increase of |i;| before NIE is spread to depth at a rate of approximately
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Figure 4.9: (a) Inertial wind-stress variance, IWSV, (in arbitrary units)
versus near-inertial WPI (in mW /m?). (b) log,, of the mized-layer depth,
H, versus logy, of the ratio of IWSV and near-inertial WPI. (c¢) log,, of the
mized-layer depth, H, versus log,, of surface NIE divided by near-inertial
WPI. The slope of the red line is —1. Hence, the data are compatible with
Ei(z=0) x WPI;/H. (d) log,, of the mized-layer depth, H, versus logy,
of mized-layer NIE divided by near-inertial WPI. The slope of the red line is
—0.5. FEach point represents a monthly and a horizontal mean over a 6° x 10°
(latitudex longitude) bin.
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Figure 4.10: Near-inertial WPI (a) and near-inertial amplitude |iu;| (b) at
52°S and 136°FE from September 19, 2001 to September 22, 2001. The black
dashed line has a slope of 100 m/24 hours ~ 5m/h.

5m/hour.

Note that the event shown in Figure 4.10 is chosen as a representative
example for many similar events scattered all over the model domain and
over the whole year 2001. The characteristics of all these events are similar:
Strong positive near-inertial WPI for a short time, often less than an inertial
cycle, spreading of |i;| to depth at O(5m/s), and subsequent decay of ||
that is largely vertically uniform over a surface layer that often coincides
with the mixed-layer depth.

Hence, we conclude that the insensitivity of near-inertial WPI to the
mixed-layer depth that we find in our model experiment can be explained by
the fact that the vertical homogenization of || in the mixed layer happens
on time scales larger than the duration of strong positive near-inertial WPI
events. We note that in the slab-ocean model PM70, the vertical homog-
enization happens, by definition, instantaneously, and that hence PM70 is
unable to capture the insensitivity of near-inertial WPI to the mixed-layer
depth found here.
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4.5.2 Meridional Distribution of Inertial Variability of
the Wind Stress

Figure 4.11a shows the sum of the zonally averaged spectral densities of the
wind stress 7°(w) and 7Y(w), together with the inertial frequency f. The
contribution of wind stress to near-inertial WPI is set by the spectral density
close to the inertial frequency, f, that is indicated by the thick black line. It
is immediately clear that the reduced near-inertial WPI for high latitudes is
predominantly due to the fact that NIWs at the ocean surface “sample” the
wind stress at frequencies with weaker and weaker variability the higher the
latitude. Another notable feature of the spectral density of the wind stress
is the enhanced variability at diurnal frequencies of 1cpd (cycles per day),
which we attribute to the land-sea breeze (see Elipot and Lumpkin (2008),
Gille et al. (2003), and Gille et al. (2005)). At 30°S, the inertial frequency
and the diurnal cycle of the wind stress are in resonance and lead to enhanced
IWSV.

Figure 4.11b shows the zonal averages of IWSV, of temporally averaged
near-inertial WPI, of the variance of the wind-stress, and of the mean mod-
ulus of the wind-stress all based on the 6-hourly wind-stress driving the
primitive-equation model during the year 2001. The meridional maximum
of IWSV and near-inertial WPI is shifted to the north compared to both
the maximum of wind-stress variance, and of the modulus of the wind-stress.
North of their maxima, IWSV and near-inertial WPI are generally larger
than south of their maxima, while the wind-stress variance and the modulus
of the wind stress are largely symmetric about 55°S. The resonance of the
inertial frequency close to the northern boundary of the model domain at
30°S is clearly visible in zonally averaged IWSV. In temporally and zonally
averaged near-inertial WPI, the enhancement at 30°S is less pronounced.
Note, however, that especially during austral summer and fall, there is en-
hanced near-inertial WPI close to 30°.S within approx 10° longitude from the

continents (see Figure 4.7b and c).
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Figure 4.11: (a) Colors show zonally averaged spectral density of the wind
stress (7%)2+(7Y)? in arbitrary units. The black line indicates the dependence
of the modulus of the inertial frequency, f, depending on the latitude. (b)
Zonal averages of the spectral density of the wind-stress evaluated at the iner-
tial frequency (solid black line), of time-averaged near-inertial WPI (dashed
black line), of the variance of the wind-stress (solid red line), and of the
time-average of the modulus of the wind-stress (dashed red line). The zonal
averages have been normalized by their meridional averages. All data are
derived from the 6-hourly wind-stress of the year 2001 that is used to drive
the primitive-equation model.
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4.5.3 The Influence of the Mixed Layer Depth

In the PM70 slab model (see Section 4.2.3), the wind-power input term acts
to accelerate currents that are uniformly distributed over the whole mixed-
layer depth. Hence, NIE in the slab model is proportional to the inverse
of the mixed-layer depth (see (4.9). We find that the assumption of verti-
cally uniform near-inertial amplitudes throughout the mixed-layer does not
hold (see Figure 4.3) while there is a clear separation between the mixed-
layer, where strong near-inertial amplitudes are found, and the interior ocean,
where near-inertial amplitudes are weaker by several orders of magnitude.
For the near-surface NIE shown in Figure 4.9¢c, the relation NIE o« H™!
from (4.9) is satisfied almost exactly. NIE integrated over the whole mixed-
layer depth is still sensitive to a monotonically rising function of the inverse
of the mixed-layer depth (Figure 4.9d compares the model output to H %),
and the simple PM70 scaling (4.10), which predicts mixed-layer NIE to be
independent of the mixed-layer depth, no longer holds. The meridional max-
imum of the mixed-layer depth (see Figure 4.1) approximately coincides with
the meridional maximum of near-inertial WPI (see Figure 4.6a). Hence, the
effect of near-inertial WPI close to its meridional maximum is reduced and
the meridional maximum of NIE at the surface and NIE integrated over the

mixed layer (see Figure 4.6b) is found further north.

4.6 Recent Trends in the Wind Forcing and
their Implications for Near-Inertial En-
ergy and Near-Inertial Wind Power In-
put

In this section, we examine recent decadal trends of the inertial variability
of the wind-forcing, as measured by IWSV defined in (4.11), to gain insight
into decadal variability of near-inertial WPI and NIE in the Southern Ocean.
As was shown in Section 4.4 and in Section 4.5, near-inertial WPI almost

exactly follows IWSV, at least for the seasonal cycle, and we assume this
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relationship continues to hold on longer time scales.

We diagnose monthly IWSV as described in Section 4.2.6 based on 6-
hourly ERA-Interim winds covering the years 1979 to 2011. In Section 4.2.7,
we show that ERA-40 winds from the pre-satellite era (before 1979) produce
much weaker high-frequency wind variability than those post 1979, and hence
should not be used to estimate high-frequency properties of the wind forcing.

Figure 4.12 shows the annual cycle of IWSV based on the first 16 years
and the last 16 years of ERA-Interim. There is a general shift towards
stronger IWSV in the second half of ERA-Interim. When averaged over the
whole Southern Ocean south of 30°S, the increase of IWSV is bigger than two
temporal standard deviations (based on monthly means) of the horizontally
and monthly averaged data throughout the year.

Figure 4.13 shows time-series of IWSV split into the four seasons JFM,
AMJ, JAS, OND, and into the four regions RO1 to R04 (see Section 4.2.4)
for the years 1979 through 2011 together with estimates of linear trends.
We assess the significance of the trends using a bootstrap approach (Efron
and Tibshirani, 1986) which we outline in the following. From the full time
series, we draw 10® random subsamples {t", IW SV (t")}, each of which has
the same length as the full time series, but may have doublers. Then, for each
sub-sample indicated by the superscript n, the linear trend S™ is estimated

as

g = WV UWEVER)) (1.12)
)

where (...) denotes a time-average and the prime denotes a deviation thereof.
We estimate the trend of the full time series as the mean of all S™ and error
of S as the standard deviation of all S™.

Horizontally averaged IWSV based on ERA-Interim winds shows a signif-
icant upward trend for all four seasons if averaged over the whole Southern
Ocean south of 30°S. Split into different regions, the picture is more diverse,
but upward trends of IWSV prevail. Table 4.1 lists relative increases of
IWSV associated with the trend estimates for the 33 years covered by ERA-
Interim. Averaged over the full model domain, annual mean IWSV increased
by (16.442.2)%. In RO1 and R02, the increases of annual mean IWSV were
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Figure 4.12: Annual cycles of the horizontal averages of IWSV for the last
16 years of ERA-Interim (solid lines), and for the first 16 years of ERA-
Interim (dashed lines). The upper and lower lines show the annual cycle +
one standard deviation (see text). From left to right, IWSV is averaged over
the full domain, and over the regions R0O1, R02, R03, R0j.
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Figure 4.13: Seasonal and horizontal averages of IWSV together with the
linear trends measured as the mean of an N = 1e3 bootstrap ensemble (see
text). Top to bottom: Full domain, RO1, R02, R03, R0O/. Left to right: JFM,
AMJ, JAS, OND, annual average.
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JFM AMJ JAS OND Annual mean

Full 16.8+28 15.7+3.1 14.7+38 20.1+3.1 16.4 +£2.2
RO1 352+£133 —-06+8.0 35.1+£12.0 44.3+£135 25.2+6.8
R02 34.7£14.0 585#£13.8 1954+16.1 504+14.4 39.8+9.3
R0O3 11.6£13.0 —-094+£9.7 14.0£97 —51+124 4.8+£48
RO4 143+£65 15.0£6.0 10.8=£6.1 13.6 £6.8 13.1+£4.0

Table 4.1: Slopes S £+ og of the linear fits shown in Figure 4.13. Shown is
the ratio of the increase or decrease of IWSV associated with the slope acting
for 33 years relative to the temporal mean over 33 years in percent.

stronger (25.2% and 39.8%) than averaged over the whole domain, and in
R04, the increases were lower (13.1%) than averaged over the whole domain.
Annual mean IWSV in R03 does not show a significant trend.

Figure 4.14a shows the regression of annual-mean IWSV onto the annual-
mean SAM index (see Section 4.2.8). A positive SAM-index is associated
with enhanced IWSV south of approximately 50°S and reduced IWSV north
of 50°S. The strongest SAM-related increase of IWSV is found over the
Pacific Sector of the ACC, which roughly corresponds to our region R02
and which also shows the strongest positive trend of annual-mean ITWSV
(Figure 4.14b). The modulus of the correlation of the annual-mean SAM
index and the annual-mean IWSV can be understood as a measure of the
fraction of interannual variability of IWSV associated with the SAM. Over
the Pacific Sector of the ACC (R02), the strong positive trend of IWSV
and a high correlation (between 0.5 and more than 0.8) of IWSV and the
SAM index coincide. Over the other regions, the spatial distribution of the
correlation between the SAM and IWSV is noisy. Comparison of basin-wide
and regional averages of annual-mean IWSV (Figure 4.15) further support
the picture that in R02, it is the gradual shift to a more positive SAM index
during the last three decades that drives the stronger IWSV. In the other
regions and in the whole model domain, only years of very strong positive or
negative SAM index leave their signature in annual-mean IWSV (see, e.g.,
the years 1998 and 1999).

Given the fact that near-inertial WPI very closely follows IWSV on month-

ly to seasonal time scales, and given the insensitivity of near-inertial WPI to
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Figure 4.14: (a) SAM-related IWSV pattern. (b) Trend of IWSV over the
whole ERA-Interim record. (c¢) Modulus of the correlation of IWSV to the
SAM index. Assuming that all years are independent, the critical correlation
for 95% confidence is 0.34. All data are based on the annual-mean SAM

index and annual-mean IWSV.
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: Annual-mean SAM index (black lines) and horizontally aver-
aged annual-mean IWSV (red lines) for the full model domain and for the
regions R0O1 to R0O4. The time-series of horizontally averaged annual-mean
IWSV has been normalized to yield zero mean and unit standard deviation.
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the mixed-layer depth (see Section 4.5.1), we conclude that near-inertial WPI
over the Southern Ocean has undergone a significant upward trend during
the last three decades.

Mixed-layer NIE and NIE at the surface, however, are sensitive to the
mixed-layer depth. Sallee et al. (2010) present observational evidence, that
the mixed-layer depth responds to changes in the SAM in a zonally asym-
metric way. They find that the mixed-layer-depth anomaly associated to £1
standard deviation of the SAM index can be as big as £100 m in the eastern
Indian Ocean and in the central Pacific Ocean which correspond to parts of
our regions R04 and R02. Given the marked upward trend of the SAM index
in recent decades (Marshall, 2003; Swart and Fyfe, 2012) that is also visible
in Figure 4.15, the associated mixed-layer deepening may partly compensate
the effect of increased IWSV on mixed-layer and near-surface NIE in these
regions. In fact, one might hypothesize that at least part of the observed
SAM-related mixed-layer deepening is due to the enhanced IWSV (Pollard
et al., 1972).

4.7 Summary and Conclusions

In Section 4.3, we highlighted the spatial distribution of time-averaged near-
inertial WPI and NIE. While near-inertial WPI shows a large-scale zonal
structure with meridional maxima between 65°S and 40°S that is super-
imposed by many smaller hot-spots, mixed-layer NIE does not reflect the
largely zonal structure of near-inertial WPI, but agrees in the distribution
of the smaller hot-spots. In the vertical, we found that there generally is
a separation into a surface layer with high levels of NIE and the interior
ocean with much lower NIE. However, the simple picture of vertically uni-
form near-inertial velocity throughout the surface mixed layer could not be
verified. Furthermore, we showed that there is a clear enhancement of NIE at
depth, which is almost exclusively associated to the presence of anticyclonic
relative vorticity.

In Section 4.4, we examined horizontal averages of monthly-mean near-
inertial WPI and NIE. While near-inertial WPI and mixed-layer NIE show
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broad maxima during austral fall and winter, which largely follow the in-
creased inertial wind-stress variability, IWSV, the near-surface near-inertial
amplitudes are maximal in austral summer and spring when NIE injected at
the surface spreads over a shallower mixed-layer.

We seeked to systematize the relation between wind-forcing at the inertial
frequency, near-inertial WPI and NIE in Section 4.5. Near-inertial WPI
was found to very closely follow IWSV and to be largely insensitive of the
mixed-layer depth. This, we attributed to the fact that near-inertial WPI
is injected into the ocean mainly by strong events which often last only for
a few hours, while the vertical homogenization of NIE within the mixed
layer is determined by longer time-scales. Hence, time-averaged near-inertial
WPI is determined by the strong events and is insensitive to the mixed-layer
depth. On the other hand, time-averaged NIE at the surface was shown to
be sensitive to the mixed-layer depth with larger values of near-surface NIE
for shallower mixed-layers. This is because after the short resonant events
of strong near-inertial WPI, NIE decays on time-scales of several days and
feels the influence of the mixed-layer depth. We found that both IWSV and
the closely related near-inertial WPI are maximal north of the latitudes of
the strongest mean wind-stress and of the strongest wind-stress variability
integrated over the whole frequency domain. We explained this asymmetry
by the fact that the inertial frequency depends on the latitude and that,
hence, the wind-stress is sampled at frequencies with less and less variability
the higher the latitude.

In Section 4.6, we examined trends of IWSV based on the ERA-Interim
reanalysis, that covers the last three decades (1979 to 2011), and found
annual-mean IWSV averaged over the whole model domain to increase by
(16.4 + 2.2) %. In the South Pacific and in the Pacific Sector of the ACC,
annual-mean IWSV increased by 25.2% and 39.8 % respectively. Further-
more, we showed that on inter-annual to decadal time scales, IWSV in the
Pacific Sector of the ACC (region R02) is largely determined by the SAM
index. Assuming that the close relationship between IWSV and near-inertial
WPI, that was found for monthly to seasonal time scales, also holds on

decadal time scales, we concluded that in the last three decades, near-inertial
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WPI also significantly increased. The implications for NIE, however, depend
on decadal variability of the mixed-layer depth. Sallee et al. (2010) present
evidence for a recent zonally asymmetric change of the mixed-layer depth that
is associated to the increase of the SAM index over the last three decades.
They show that a positive SAM leads to a deepening of the mixed layer in
the Pacific Sector of the ACC (our region R02), where we found the largest
SAM-related and the largest overall increase of IWSV. Hence, in R02, the
effect of increased mixed-layer depth and increased IWSV on NIE may at
least partly compensate.

Our results highlight the importance of the knowledge about the time-
dependence of the vertical distribution of NIE and about the vertical spread-
ing of NIE, which directly affect the magnitude of near-inertial WPI, and
hence are critical to the levels of NIE in the ocean. While there are global-
scale observational estimates of near-inertial amplitudes at the surface ( Chaig-
neau et al., 2008; Elipot and Lumpkin, 2008), direct observations of near-
inertial WPI and of the vertical distribution of NIE which could shed light
on the relation of near-inertial WPI and IWSV are restricted to measure-

ments in a few locations.

94



Chapter 5
Summary

This thesis aimed at understanding the influence of SVD on the dynamics
of the Southern Ocean as represented by a realistic numerical ocean model
covering all ocean south of 30°S. It highlighted the response of the Southern
Ocean at near-inertial frequencies (Chapter 2) and at sub-inertial frequencies
(Chapter 3). Furthermore, it examined the spatial and temporal distribution
of NIE in the Southern Ocean (Chapter 4).

The main results of Chapter 2, which highlights the impact of SVD on the

near-inertial frequency band, are the following:

e SVD causes horizontally averaged NIE to be reduced by approximately
40 % and horizontally averaged near-inertial WPI to be reduced by
approximately 20 %. Locally, the reduction can be much higher.

e The reduction of NIE is found throughout the water column. This

indicates that NIE in the model mainly feeds from input at the surface.

e The observed reduction of NIE and near-inertial WPI can be explained
by the fact that SVD, to leading order, adds a linear damping term
to the momentum equation governing the temporal evolution of near-
inertial oscillations in the mixed-layer. This damping term is found to
be inversely proportional to the mixed-layer depth. Hence, the largest
SVD-induced reduction of NIE and near-inertial WPI is found where

the mixed-layer is shallow.
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e Examination of the seasonal cycle shows that (in the Southern Ocean)
the SVD-induced reduction of NIE and near-inertial WPI is biggest
in austral summer, when the mixed-layer is shallower than in austral

winter.

The main results of Chapter 3, which examines the response of the sub-

inertial frequency band to SVD, are the following:

e Horizontally averaged sub-inertial WPI and mesoscale EKE are reduced
by approximately 15 % and 26 % respectively, if SVD is used. Locally,

the reduction can be much higher.

e The largest SVD-induced reduction of sub-inertial WPI is found where
the ACC and the prevailing westerly winds align. The largest reduction
of mesoscale EKE occurs along the ACC, where the most vigorous

mesoscale-eddy field in the Southern Ocean is found.

e SVD acts to reduce the variance of monthly-mean and annual-mean
wind stress, sub-inertial WPI, mesoscale EKE, and transport through
Drake Passage. Otherwise, the time-dependence of the wind-stress,
sub-inertial WPI, and transport through Drake Passage is not affected
and the respective time-series remain highly correlated across model
experiments which only differ in the way the wind stress is parameter-

ized.

e The time-average of transport through Drake Passage is found to un-
dergo a small increase (by 1.8%) if surface-velocity-dependent wind

stress is used.

The findings of Chapter 2 and 3 show that it is important to include the
ocean-surface velocity into the wind-stress parameterization and that ne-
glecting it can lead to significantly increase estimates of WPI on all time
scales, of NIE, and of mesoscale EKE.
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The main results of Chapter 4, which assesses the spatial and temporal dis-

tribution of NIE and of near-inertial WPI, are the following:

Near-inertial WPI in the model is almost proportional to IWSV, while
NIE is modulated by the inverse of the mixed-layer depth.

The close relationship between near-inertial WPI and IWSV is used
to indirectly assess decadal trends of near-inertial WPI based on a
reanalysis wind product. From 1979 to 2011, IWSV averaged over
the Southern Ocean increased by 16 %. In the South Pacific, IWSV
increased by approximately 39 %, while in the South Atlantic, IWSV

did not significantly increase or decrease.

The decadal and inter-annual variability of IWSV (and hence near-
inertial WPI) in the South Pacific is found to be governed by the SAM.

There are horizontal maxima of NIE at depths much larger than the
depth of the surface-mixed layer. The fact that these maxima are
almost exclusively associated with anti-cyclonic eddies, points to the
role of anti-cyclonic eddies in providing NIE with a pathway to the

deep ocean.

It is found, that before approximately 1979, the high-frequent variabil-
ity of reanalysis winds shows large and likely unrealistic fluctuations.
This renders model-based estimates of IWSV and near-inertial WPI

based on reanalysis winds prior to 1979 highly uncertain.
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List of Acronyms

ACC Antarctic Circumpolar Current
DPT Drake-Passage Transport
EKE Eddy Kinetic Energy
IWSYV Inertial Wind-Stress Variance
NIE Near-Inertial Energy
PM70 The slab-ocean model of Pollard and Millard (1970)

PWP The mixed-layer model described by Plueddemann and Farrar (2006)
similar to the one described by Price et al. (1986)

SAM Southern Annular Mode
SLP Sea-Level Pressure
SST Sea-Surface Temperature
SVD Surface-Velocity Dependence (of the wind stress)
NIO Near-Inertial Oscillation
NIW Near-Inertial Wave

WPI Wind Power Input
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