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Zusammenfassung

Der Einfluss des Tiefen Westlichen Randstroms (DWBC) auf das interne Wellen-

feld sowie auf die vertikale Vermischung über dem Kontinentalhang bei 16◦ N im

westlichen tropischen Atlantik wird anhand von Zeitreihen von zwei Verankerungen

(durchgängig von 2000 bis 2005) in Kombination mit Schiffsmessungen von fünf

Reisen untersucht. Aufgrund der hohen zeitliche Variabilität in der Strömungsin-

tensität und der damit verbundenen Strömungsgeschwindigkeit, bietet diese Re-

gion ideale Vorraussetzungen für die Untersuchung des direkten Einflusses starker

Strömungen sowie deren Interaktion mit der Topographie auf die Erzeugung von

internen Wellen und die Intensität von vertikaler Vermischung.

Die Verankerungsdaten beinhalten 2-stündliche Geschwindigkeitsmessungen sowie

Temperatur/Leitfähigkeit-Zeitserien mit einer zeitlichen Auflösung von 5− 20 min.

Aufgrund dieser kurzen Messintervalle werden Zeitskalen von der niederfrequenten

Variabilität des großräumigen Randstroms, welcher für die Erzeugung der internen

Wellen verantwortlich ist, bis hin zu hochfrequenter vertikaler Vermischung auf-

grund von brechenden internen Wellen aufgelöst. Diapyknische Vermischungsraten

wurden mit Hilfe einer Feinstrukturparameterisierung bestimmt und zeigen erhöhte

Vermischungsraten von bis zu 10−3 m2 s−1 in den untersten 1500 m zu Zeiten eines

starken DWBC (maximale Strömungsgeschwindigkeiten von bis zu 50 cm s−1). Ein

erhöhtes Verhältnis von Geschwindigkeitsscherung zu Dehnung des Dichtefeldes

während dieser Perioden ist ein Zeichen für die Zunahme von niederfrequenten in-

ternen Wellen während Zeiten hoher Strömungsgeschwindigkeiten.

Aus Verankerungsdaten bestimme Variabilität im hochfrequenten Bereich wird als

Indikator für vertikale Vermischung genutzt und ist signifikant mit der Stärke des

Randstromes korreliert. Dies belegt ebenfalls eine Zunahme von vertikaler Vermis-

chung zu Zeiten eines starken DWBC.

Während dieser Perioden zeigen besonders unterhalb von 1200 m Spektren der

horizontalen Geschwindigkeiten sowie von verfügbarer potentieller Energie einen

Anstieg in der Energie von internen Wellen vor allem im niederfrequenten Bereich
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nahe der Coriolis Frequenz f. Diese Zunahme ist dabei stärker an der küstennahen

Verankerung.

Die Interaktion des DWBC mit dem Kontinentalhang westlich der Verankerungen,

wo die lokale Wassertiefe der Tiefe des Maximums des DWBC entspricht, wird als

Erzeugungsmechanismus vorgeschlagen, welcher zu der beobachteten Zuname in

der Energie insbesondere von niederfrequenten internen Wellen sowie der Intensität

der vertikalen Vermischung führt; Ausbreitungspfade, die für am Kontinentalhang

erzeugte interne Wellen abgeschätzt wurden, stimmen gut mit den beobachteten

Änderungen in den Spektren der internen Wellen in den unterschiedlichen Tiefen

überein. Weiterhin wurde die vertikale Energieausbreitung mit Hilfe von Rota-

tionspektren von LADCP Messungen bestimmt und zeigt eine Divergenz der En-

ergieflüsse in der ungefähren Tiefe des DWBC Kerns. Oberhalb des Kerns herrscht

eine aufwärtsgerichtete Ausbreitungsrichtung vor, wohingegen darunter im Mittel

ein abwärtsgerichteter Energiefluss dominiert. Dies ist in guter Übereinstimmung

mit den abgeschätzten Ausbreitungscharakteristika der (niederfrequenten) inter-

nen Wellen, die westlich der Verankerungen durch die Interaktion des DWBC mit

dem Kontinentalhang erzeugt wurden.
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Abstract

Five years of continuous mooring data combined with CTD/LADCP measure-

ments from five cruises are used to investigate the influence of the Deep Western

Boundary Current (DWBC) on the internal wave field and associated vertical

mixing at the continental slope at 16◦N in the western Atlantic. As the temporal

variability in current strength and corresponding flow speeds within the DWBC is

very high, this geographic location provides an ideal setting to analyze the direct

influence of strong currents or their interaction with topography on the generation

of internal waves and the magnitude of vertical mixing rates.

The mooring data include two-hourly rotor current meter measurements and tem-

perature/conductivity time series with high temporal resolution of 5 - 20 minutes.

Thus, the data resolve timescales ranging from the low-frequency variability of

the large scale DWBC that generates internal waves due to interactions with the

topography, to high frequency vertical mixing induced by breaking internal waves.

Diapycnal diffusivities obtained from a finescale parameterization show elevated

mixing rates of up to 10−3 m2 s−1 in the bottommost 1500 m during times of

a strong DWBC where velocities at the mooring site reach up to 50 cm s−1.

Enhanced shear to strain ratios during these times denote an increase in low

frequency waves during phases of strong flow.

Variability in the high frequency range calculated from mooring data, considered

as a proxy for turbulent mixing, is significantly correlated with the DWBC

strength above the continental slope which also indicates a pronounced increase

of vertical mixing during strong flow.

During these periods spectra of horizontal velocity and internal wave available

potential energy change substantially at depths below 1200 m and show a strong

increase of energy in internal waves particularly in the near inertial frequency

band. This increase is stronger at the mooring over the continental slope than

slightly more offshore over the continental rise. The generation of low frequency,

near inertial waves due to the interaction of the DWBC with the slope topography
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to the west of the moorings where the local water depth equals the depth of

the DWBC core is the mechanism proposed for the generation of the observed

intensification of low frequency waves and enhanced vertical mixing rates; ray

paths estimated for internal waves generated at the continental slope agree

well with the observed spectral changes at different depths. Furthermore the

vertical energy propagation direction estimated from rotary spectra of shipboard

LADCP measurements shows a divergence at depths approximately corresponding

to the depth of the DWBC core. Above the core the energy propagation is

dominantly upward whereas it is downward below. This is consistent with

the estimated ray path for (near inertial) internal waves generated by the in-

teraction of the DWBC core with the slope topography to the west of the moorings.
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1| Introduction

Internal waves - waves in the interior of the ocean - induced by disturbances of the

steady background state are important mechanism for the horizontal and vertical

transport of energy. Formerly perceived as noise distorting the real signal, the

challenge to identify and quantify the sources and generation processes of internal

waves is now ongoing for several decades. Nevertheless this is a well worthwhile

endeavour not only for their inherent interesting, complex three dimensional dy-

namics, their generation, interaction and dissipation characteristics but also for

their important role in transport processes of e.g. heat, energy, nutrients or sedi-

ments.
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Figure 1.1: Large scale internal waves are generated and propagate in physical (x) and
wavenumber (k) space until they finally break and vertical mixing and dissipation
is induced. Reproduced and modified from Müller and Briscoe (2000)

Large scale internal waves are generated e.g by wind, tides or flow-topography

interactions. As they propagate away from their generation site, energy is trans-

ferred to smaller scales by nonlinear wave-wave interactions and interaction with

fronts, eddies or topography until they finally break and turbulent mixing is in-

duced (Fig. 1.1). In total internal waves in the global ocean are estimated to
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1 Introduction

contain an energy of 14× 1018 J (Fig. 1.2). Because of the energy transport over

large physical and wavenumber scales, internal waves are an important link in the

closure of the energy budget of the ocean circulation (Fig. 1.2), eventually provid-

ing the energy needed for turbulent diapycnal mixing.

Turbulent diapycnal mixing plays an important role in the oceanic circulation sys-

tem: In polar regions cold and dense water is formed by convection, sinks down

and spreads in the deep ocean. Without a subsequent upward transport mecha-

nism, this cold and dense water would eventually fill up the entire ocean basins and

heating by the sun would only induce a very shallow surface current (Wunsch and

Ferrari, 2004). Even though part of this deeper water masses are brought back up

by Ekman pumping particularly in the Southern Ocean due to the strong westerly

winds, vertical mixing was found to be a main driver in the upkeep of the observed

ocean stratification and current systems (Kuhlbrodt et al., 2007). If the formation

of deep water would have to be solely balanced by vertical mixing, Munk (1966)

estimated from an advective/diffusive balance model (as already used by Wyrtki,

1961) that in the global mean a diapycnal diffusivity of Kρ = 10−4 m2 s−1 is needed

to maintain the observed abyssal stratification. However measured mixing rates

were shown to be highly variable. While in the oceans interior away from bound-

aries they were found to be about an order of magnitude lower than this estimate

(Ledwell et al., 1993; Kunze and Sanford, 1996; Ledwell et al., 2010), it is exceeded

by two orders of magnitude at mixing hot spots like e.g. rough topography (e.g.

Polzin et al., 1997; Garabato et al., 2004). The combination of these locally signifi-

cantly enhanced mixing rates and Ekman upwelling is likely to compensate for the

lesser diapycnal mixing observed in the ocean interior in order to close the energy

budget of the overturning circulation.

The strength of vertical mixing is currently observationally estimated by mainly

three techniques: in large scale tracer release experiments (e.g. Ledwell et al.,

1993; Ledwell et al., 2000, 2010; Watson et al., 2013) tracers such as sulphur hex-

afluoride are induced at specific density interfaces and their dispersal is measured

during follow up cruises several months later. A finescale parameterization based

on wave-wave interaction theory and subsequent wave breaking inducing vertical

mixing uses shear and strain spectra obtained from hydrographic measurements to

infer the intensity of vertical mixing (e.g. Gregg, 1989; Polzin et al., 1995; Gregg
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et al., 2003; Kunze et al., 2006). Energy dissipation rates are obtained directly

using microstructure profilers measuring temperature or velocity fluctuations with

a very high temporal resolution (e.g. Carter and Gregg, 2002; St. Laurent et al.,

2012; Polzin et al., 1997).
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Figure 1.2: Flowchart of the energy budget of the global ocean circulation with EJ denoting exa-
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ing is denoted by dashed lines. Reproduced from Wunsch and Ferrari (2004); stated
internal wave energy was modified following Thorpe (2005).

The strength of vertical mixing induced by the breaking of internal waves de-

pends on the energy in the internal wave field that is related, among others, to

tides. Internal tides are generated by the interaction of barotropic tides e.g. with

topography and subsequently their energy is propagated from the internal tidal

frequency through the internal wave continuum until finally diapycnal mixing is

induced (Fig. 1.3). Thereby primarily low mode internal waves are generated at
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et al. (2008) whereas comparatively low mixing rates (Kρ ≈ 10−5 m2 s−1) in the

open ocean were obtained from a tracer release experiment west of the Canary Is-

lands (Ledwell et al., 1993) or in the Antarctic Circumpolar Current west of Drake

Passage (Ledwell et al., 2010).
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Figure 1.4: Snapshot of model results for kinetic energy (cm s−1, upper panel) interacting with
rough topography and inducing energy dissipation (log10 W kg−1, lower panel) in the
Southern Ocean. Energy dissipation is enhanced in the deep ocean above topogra-
phy, in the interior in regions of enhanced wave activity and at the surface in regions
of eddies and fronts. From Nikurashin et al. (2013)

However, internal waves not only play an important role in the upkeep of the

ocean´s stratification and current system by providing the energy needed for di-

apycnal mixing, but also for e.g. biological processes as they for example influence

the vertical transport of nutrients into the euphotic zone (Sandstrom and Elliott,

1984) and they effect the shape of the ocean floor by influencing sediment trans-

ports (Friedrichs and Wright, 1995).

The shape of the internal wave field in frequency and wavenumber space was found

to be quite universal away from direct generation sites and the semi-empirical
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1 Introduction

Figure 1.5: Annual mean of depth-integrated near inertial energy flux from modes 1 and 2 from
60 historical moorings. Arrow length is logarithmically related to the flux and pole-
ward flux is denoted by white arrows. The majority of the observed energy fluxes
is equatorward in good agreement with linear internal wave theory permitting the
poleward propagation of inertial waves. Colormap shows annual mean energy input
from the wind to near inertial mixed layer motions. From Alford (2003)

Garrett - Munk (GM) spectrum (Garrett and Munk, 1972a) is widely used as a

representation of the universal internal wave spectrum. However, local and tempo-

ral characteristics of the internal wave field were shown to vary strongly in response

to local properties and on timescales from days to months; the local buoyancy fre-

quency for example influences the slope of the continuum spectrum (van Haren

et al., 2002). The wind induces changes in horizontal near inertial internal wave

energy fluxes (Fig. 1.5, Alford, 2003; Alford and Whitmont, 2007) and thereby

also imposes a seasonal cycle on the energy in near inertial waves particularly close

to the surface with a maximum in local winter (Alford and Whitmont, 2007). A

near inertial gravity wave was found to radiate away from the Subtropical Front

in the North pacific (Alford et al., 2013) and topographic roughness, the stratifica-

tion and the velocity of the mean flow control the generation of internal lee waves

(Nikurashin and Ferrari, 2010a,b; Scott et al., 2011).

In a theoretical study Nikurashin and Ferrari (2010b) found that geostrophic and

near inertial currents flowing over rough topography can not only generate steady

lee waves, but can also lead to a positive feedback for the generation of near in-
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ertial waves and their harmonics. Energy is transferred to the inertial frequency f

via a triad interaction between lee waves and waves with harmonic frequencies of f

that are forced by inertial currents. Subsequent breaking of the near inertial waves

deposits their momentum and increases the inertial oscillations in the mean flow

(Nikurashin and Ferrari, 2010b). A corresponding disproportionally high increase

in near inertial wave energy due to interactions of deep reaching eddies with bottom

topography at the East Pacific Rise was observed in a study by Liang and Thurn-

herr (2012). Nikurashin and Ferrari (2010b) further showed that the vertical shear

associated with the inertial oscillations promotes enhanced wave breaking which

then induces increased vertical mixing. St. Laurent et al. (2012) found elevated

vertical mixing rates in the Drake passage which might be related to internal waves

and their subsequent breaking induced by the processes proposed by Nikurashin

and Ferrari (2010b).

Several studies have already been carried out to investigate the spatial and depths

distribution of internal wave energy and vertical mixing intensity (e.g. Eriksen,

1998; Polzin et al., 1997; Ledwell et al., 2000; Jayne and St. Laurent, 2001; Gara-

bato et al., 2004; Klymak et al., 2006; Kunze et al., 2006; Nikurashin and Ferrari,

2011; Scott et al., 2011; Alford et al., 2011). However besides seasonally and tidally

induced changes their temporal variability is not well known. In this study five

years of continuous mooring data permit such an observational analysis of tempo-

ral variations in internal wave energy and the analysis of the direct influence of

strong currents and their interaction with (slope) topography on the internal wave

field.

The generation of low frequency, near inertial waves by the interaction of the

DWBC with the topography of the continental slope and an associated increase

of vertical mixing intensity will be the main subject of this study. The strength

and position of the Atlantic DWBC off the Lesser Antilles is highly variable over

time (Kanzow et al., 2006; Rhein et al., 2004). Therefore this location is ideal to

study the variability of the internal wave field and its frequency content in relation

to changes in the current strength using mooring data. Changes in the internal

wave field, induced by the DWBC, might lead to changes in turbulent mixing and

temporal variability in diapycnal diffusivities (derived from a finescale parameter-

ization) will be investigated in relation to the DWBC strength.
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1 Introduction

An introduction to the theoretical background of internal waves and diapycnal

mixing will be given in Chapter 2 followed by a description of the oceanographic

setting of the study area and a brief overview of the mooring array deployed in the

framework of the Meridional Overturning Variability Experiment (MOVE) (Kan-

zow et al., 2006, 2008) in Chapter 3. An extensive data set (Chaper 4) is provided

by five years of continuous measurements of temperature, salinity, pressure and

horizontal velocities from two moorings at the continental slope and rise in the

DWBC at 16◦N in combination with shipboard Conductivity-Temperature-Depth

(CTD)/ Lowered Acoustic Doppler Current Profiler (LADCP) data (Rhein et al.,

2004) from five cruises in the same area. The mooring instrumentation permits the

investigation of the influence of the DWBC strength and position (Chapter 5.3)

on the internal wave field on a long time period and over a large depth range.

Shipboard CTD/LADCP measurements are used to obtain diapycnal diffusivities

Kρ from an application of a finescale parameterization for the diffusivity for dif-

ferent flow situations at the mooring locations (Chapters 5.5.1 and 6). Changes in

the internal wave spectrum of horizontal velocities and available potential energy

induced by the variability in DWBC strength at the mooring locations are ana-

lyzed in Chapters 5.5.2, 5.3 and 7. Results will be discussed in Section 8 including

an estimation of the vertical energy propagation direction during different DWBC

phases deduced from rotary spectra as well as an estimation of a direct correlation

between internal wave energy and proxies for vertical mixing intensities during the

entire five years of mooring data considered in this study. An outlook on further

possible studies on the generation of internal waves and vertical mixing is given in

Chapter 10.
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2| Internal waves and diapycnal

mixing

2.1 Internal waves

Internal waves have a variety of energy sources and generation processes. Ma-

jor generation mechanisms are e.g a fluctuating wind stress at the ocean surface
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Figure 2.1: Sketch showing various processes of internal wave generation, propagation, inter-
action and breaking. Modified from Thorpe (1975)
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2 Internal waves and diapycnal mixing
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Figure 2.2: Wavenumber vector ~k = (k,m), group velocity ~cg and hodograph of particle velocity
~u near the inertial frequency f and the buoyancy frequency N. Reproduced from
Garrett and Munk (1979)

inducing downward propagating low frequency, near inertial (near the Coriolis fre-

quency f) internal waves; they can be generated by interactions of the barotropic

tides with the bottom topography inducing internal waves with tidal frequencies

(baroclinic tides) or large scale currents interacting with topography (Figure 2.1).

Once the internal waves are generated, they undergo a multitude of specific propa-

gation (Chapters 2.1.1 and 2.1.3) and interaction processes (Chapter 2.1.4) which

induce a propagation of energy through wavenumber space toward smaller scales

until the internal waves finally break and cause vertical mixing and dissipation

(Chapter 2.2).

Internal waves horizontally and vertically radiate energy and momentum through

the ocean, thereby changing the density field as they distort (i.e. vertically dis-

place) the background density interfaces. These vertical displacements can reach

up to some hundred meters, depending on the internal wave energy and the lo-

cal stratification whereas horizontal scales of internal waves range in the order of

102 − 103 m.

Using the boussinesq approximation and the equations of motion the dispersion
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2.1 Internal waves
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at the MOVE mooring in the center of western Atlantic basin during the fourth de-
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relation for internal waves is found to be

ω2

0 =
N2k2 + f 2m2

k2m2
= N2 cos2 Θ+ f 2 sin2 θ (2.1)

where ω0 is the internal wave frequency, k the horizontal and m the vertical

wavenumber. The local inertial frequency is denoted by f = 2Ω sin(φ) and N

is the buoyancy frequency N2 = gρ−1∂ρ/∂z. The permissible frequency range for

free internal waves therefore is given by f ≤ ω ≤ N (Fig. 2.3). Furthermore it

follows from the dispersion relation that the angle to the horizontal Θ under which

internal waves propagate only depends on their frequency; particle motion is cir-

cular and almost horizontal at frequencies slightly higher than f in combination

with an almost vertical wavenumbervector and gets increasingly more vertical in

combination with an almost horizontal wavenumbervector when approaching the
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2 Internal waves and diapycnal mixing

upper frequency limit N (Fig. 2.2). A further consequence of this permissible fre-

quency range also is that low frequency, near inertial waves can only propagate

equatorwards (Fig. 1.5) since poleward propagating waves are reflected at the crit-

ical latitude where their frequency equals the local inertial frequency.

The group velocity ~cg of internal waves is perpendicular to the propagation direc-

tion of the wavenumbervector ~k and is given by

~cg =

(
∂ω0

∂k
,
∂ω0

∂m

)

=

(
km

ω0

N2 − f 2

(k2 +m2)2
m,

km

ω0

N2 − f 2

(k2 +m2)2
k

)

(2.2)

Internal waves propagating in regions with strong mean currents ~u can be subject to

Doppler shifting which changes the internal wave frequency such that the intrinsic

frequency ω0 is given by

ω0 = ω − ~u~k. (2.3)

Furthermore relative vorticity ζ shifts the low frequency limit of internal waves

(Kunze, 1985), thus internal waves with effective frequencies feff below the inertial

frequency can be observed in regions of negative relative vorticity:

feff = f + ζ/2 (2.4)

2.1.1 Critical topographic slopes

The propagation characteristics of internal waves given by the dispersion relation

(Equ. 2.1) has important implications for the reflection of internal waves at to-

pography sloping at an angle α. While being reflected from these boundaries, the

internal waves will preserve their frequency and hence their propagation direction

relative to the horizontal (angle Θ, Fig. 2.4). Therefore incident waves with propa-

gation angles Θ are reflected offshore for α > Θ and shoreward for α < Θ (Fig. 2.4).

This has important consequences e.g. for the focusing of internal wave energy as

it can be accumulated in small areas due to the topographic settings. A special

role for the generation and dissipation of internal waves plays topography with

the so called "critical angle" to the horizontal. Here the sloping angle of the local

bottom topography α equals the propagation angle Θ of incident internal waves.

12



2.1 Internal waves

a) b)

c)

Figure 2.4: Internal waves incident on topography: panel a) shows internal waves impinging on
a slope with supercritical angle α, panel b) a subcritical slope and panel c) a slope
with a critical angle for the impinging wave.

These waves have to be dissipated at the topography since the angle under which

they would be reflected from the slope equals the sloping angle of the topography

(Fig. 2.4). On the other hand this topography can also generate internal waves with

the frequency that corresponds to the critical angle (e.g. shown at the Fieberling

Guyot by Eriksen, 1998). This generation mechanism is especially important if α

equals the propagation angle of internal waves with tidal frequencies as here the

conversion of barotropic tides into internal (tidal) waves is particularly efficient.

2.1.2 Lee waves

The bottom topography does not only influence the internal wave field via reflec-

tions but can also generate lee waves when a geostrophic current is flowing over

topography with specific characteristics. When a current with flow speed U is

13



2 Internal waves and diapycnal mixing

Figure 2.5: Global distribution of energy flux from geostrophic flows into lee waves in
log10(mW m−2) using linear theory applied to bottom topography from single beam
echo soundings, climatological bottom stratification and bottom velocity obtained
from a global ocean model. From Nikurashin and Ferrari (2011).

flowing over a topography having a sinusoidal shape with wavenumber k, it gener-

ates lee waves with the frequency ω = Uk. These waves can radiate upward from

their topographic source if ω lies between the inertial frequency f and the buoyancy

frequency N. This is the limiting factor for topographic scales that can generate

this type of waves as the topographic wavenumber has to fall into the range

N/U < k < |f |/U (2.5)

Waves generated at such topographic features can provide a net upward energy

transport as they have an upward group velocity cg and therefore transport energy

upward that can be dissipated higher up in the water column. Waves generated at

topographic scales that do not fall in the range given in Equ. 2.5 are evanescent

waves that are trapped at the ground and do not radiate energy.

Lee wave generation is strongest in the Southern Ocean and a global total energy of

approximately 0.2 TW is contained in lee waves (Fig. 2.5, Nikurashin and Ferrari,

2011).

14
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Figure 2.6: Critical layers occur at depths where the frequency of a propagating internal wave
equals the local buoyancy frequency N (a) and at depths were the geostrophic mean
velocity equals the group velocity cg of the internal wave (b). Plot reproduced and
modified from Munk (1981).

2.1.3 Critical layers

Another process which is very important for the propagation of internal waves is

the response of internal waves to so called "critical layers". There are two types of

critical layers: one where a propagating internal wave encounters a depth where its

frequency equals the local buoyancy frequency N and the second where the group

velocity cg equals the velocity of the geostrophic mean current.

When an internal wave propagates into a layer where the local N equals its fre-

quency, the vertical wave number and the group velocity approach zero and the

wave is vertically reflected (Fig. 2.6a). This can lead to a trapping of internal waves

in specific depths ranges when a local maximum occurs in the buoyancy frequency

profile.

For the second form of a critical layer the effect of the geostrophic mean current on

the local dispersion relation as given in Equ. 2.3 has to be taken into account. The

intrinsic frequency ω0 of an internal wave group propagating through a background

with increasing background velocity U(z) will decrease as U increases and can even-

tually encounter a depth where ω0 = f . At this depth the vertical wavenumber

approaches infinity and the group velocity tends toward the horizontal (Fig. 2.6b).
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Figure 2.7: Wave-wave interaction processes involving three waves: a) induced diffusion, b)
elastic scattering and c) parametric subharmonic instability. The aspect ration m/k
corresponds to a fixed frequency ω following the dispersion relation given in Equ. 2.1.
Plot reproduced and modified from e.g. McComas and Bretherton (1977).

Different from the simple reflection at the critical N-layer the effect of the critical

U(z)-layer depends on the background Richardson number and waves can either

be enhanced or absorbed by the mean flow (Jones, 1968; Munk, 1981).

2.1.4 Resonant interactions

Interactions between a triad of internal waves can occur if their wavenumbers and

frequencies obey to the conditions of resonant interactions:

ω1 = ω2 ± ω3 (2.6)

~k1 = ~k2 ± ~k3

McComas and Bretherton (1977) found three distinct processes dominating the

resonant interactions: the induced diffusion, elastic scattering and the parametric

subharmonic instability (Fig. 2.7).

In the induced diffusion a high frequency/high wavenumber wave (~k3, Fig. 2.7)

interacts with a low frequency/low wavenumber wave (~k2). Thereby the high

frequency/high wavenumber wave propagates through a shear field of scales much

larger than the wave packet. This induces a diffusion of wave action (internal

16



2.1 Internal waves

wave energy/frequency) along constant horizontal wavenumbers k and towards

increasing vertical wavenumbers m (~k1). In this processes the energy is not

conserved but interacts with the frequency/low wavenumber wave.

In the elastic scattering a wave with high frequency is scattered at a low frequency,

near inertial wave with approximately twice the vertical wavenumber (~k2) inducing

a wave with almost opposite vertical wavenumber (~k1 = −~k3). This results in

an almost balanced vertical energy transport for all but near inertial frequencies

which also implies that if an asymmetry in the vertical energy propagation

in higher frequencies is observed, the source of these waves has to be in close

proximity (McComas and Bretherton, 1977).

The third form of resonant interaction, the parametric subharmonic instability,

transfers energy from a low wavenumber (~k1) wave with frequency f1 to two waves

with higher wavenumbers and approximately half the frequency of f1 until the

internal wave action is distributed almost equally among the three waves. This

process therefore primarily generates near inertial frequency waves with high

wavenumbers.

2.1.5 The Garrett-Munk model

Even though the exact shape and magnitude of the internal wave spectrum was

shown to be influenced by local properties such as e.g. topography, wind, cur-

rents or the stratification, its overall shape was found to be quite universal away

from immediate generation sites. This prompted Garrett and Munk to develop

a semi-empirical model describing internal wave energy in the frequency as well

as in the wavenumber domain. The so called Garrett-Munk (GM) spectrum was

fitted to the existing data at that time and its first form proposed in Garrett and

Munk (1972b) was slightly modified over time (Garrett and Munk, 1975; Cairns

and Williams, 1976; Munk, 1981; Levine, 2002) to achieve better agreement with

(new) observational results. The model was successfully tested against observa-

tional results from the Internal Wave EXperiment (IWEX) (Briscoe, 1975; Müller

et al., 1978). This experiment was located in the Sargasso Sea where current
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2 Internal waves and diapycnal mixing

Figure 2.8: Garrett-Munk spectrum for internal wave energy at frequencies ω and horizontal
wavenumber α. The integration MS(ω) =

∫
E(α, ω)dα yields the prediction of the

internal wave spectrum measured by moored instruments. From Garrett and Munk
(1975).

and temperature measurements were carried out with a three-dimensional moored

tetrahedron array. This experimental setup allows the simultaneous measurement

of internal waves in wavenumber and frequency spectra.

Major factors in the upkeep of the universal shape of the internal wave spectrum

are the processes of resonant interactions between internal waves that were dis-

cussed above. They quickly (within few wave periods) redistribute internal wave

energy within the spectrum thereby giving rise to the relatively smooth internal

wave spectrum away from immediate internal wave sources.
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2.2 Turbulence and vertical mixing

The GM spectrum can be factorized into:

E(α, ω) = EtotB(ω)A(α, ω) (2.7)

with the horizontal wave number α, the wave frequency ω and the total local energy

Etot. As the GM model assumes horizontal isotropy, different representation of the

energy spectrum are related by:

∫ ∫ ∫

E(α1, α2, β)dαadα2dβ =

∫ ∫

E(α, β)dαdβ =

∫ ∫

E(α, ω)dαdω

=

∫ ∫

E(β, ω)dβdω = E (2.8)

with E being a dimensionless constant related to the energy per unit area and β

representing the vertical wavenumber. Consequently the GM spectra for moored

measurements MSξ (of vertical displacements ξ) can be obtained by

MSξ =

∫

Z2(ω)E(α, ω)dα (2.9)

as with moored observations contributions from different wavenumbers but equal

frequencies can not be distinguished. The GM spectra for horizontal wavenumber

α and frequency ω can be seen in Fig. 2.8 and shows the characteristic fall off

below the inertial frequency f and the local buoyancy frequency N.

2.2 Turbulence and vertical mixing

When internal waves eventually break, they generate turbulent motion. This tur-

bulence results in an irreversible loss of kinetic energy and in a vertical transport

(flux) of e.g. heat, salt and nutrients.

In order to analyze the effect of turbulence in the ocean, motions are often sepa-
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2 Internal waves and diapycnal mixing

rated in mean and fluctuating parts (Reynolds decomposition):

T̃ = T + T ′ (S̃ = S + S ′, ρ̃ = ρ+ ρ′)

ũi = Ui + ui

p̃ = P + p (2.10)

where properties denoted by tildes are instantaneous values of temperature (T̃ ),

salt (S̃), density (ρ̃), velocities (ũi) and pressure (p̃), capital letters or overbars

respectively denote average values and fluctuations are indicated by small letters

or primes. The definition of the fluctuating parts is such, that their mean is equal

to zero.

If this decomposed properties are used in the equations of motion, the nonlin-

ear term ũj (∂ũi/∂x̃i) induces an additional stress τ = −ρ0uiuj where ρ0 is the

background density. The so called Reynold stress tensor represents an additional

stress acting on the mean flow due to turbulent motions. The Reynolds stress is a

symmetric tensor whose off diagonal elements vanish for isotropic turbulence and

it tends to decrease gradients in the mean flow as it transports e.g. momentum

across diapycnals.

The x-z component of the Reynolds stress is related to the mean vertical velocity

gradient via the eddy viscosity Kv:

τ ≈ −ρuw = ρKvdU/dz (2.11)

where u denotes horizontal and w the vertical velocity.

Analog to this vertical transport of momentum eddy diffusivities can be obtained

for other properties so that e.g. the vertical heat flux can be formulated in terms

of an eddy diffusivity of temperature KT :

F = 〈ρcpwT ′〉 = −ρcpKTdT/dz (2.12)

where cP is the specific heat capacity of the water. The vertical transport of density

can be obtained from:

F = 〈wρ′〉 = −Kρdρ/dz (2.13)
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2.2 Turbulence and vertical mixing

with the eddy diffusivity of density Kρ.

The effect of turbulent motions on the kinetic energy budget of the mean flow can

be evaluated using again the Reynolds decomposition into mean and fluctuating

properties along with the resulting Reynolds stress in the equations of motion

(Navier stokes equations). Multiplication of the equation of motion for the mean

flow by Ui yields the mean kinetic energy. Following the notation of Kundu and

Cohen (2008) it is given by

D

Dt

(
1

2
U2

i

)

=
∂

∂xj

(

−PUj

ρ0
+ 2νUiEij − uiujUi

)

︸ ︷︷ ︸

transport

− 2νEijEij

︸ ︷︷ ︸

viscous dissipation

+uiuj
∂Ui

∂xj
︸ ︷︷ ︸

loss to
turbulence

− g

ρ0
ρU3

︸ ︷︷ ︸

loss to
potential energy

(2.14)

where Eij is the mean strain rate

Eij =
1

2

(
∂Ui

∂xj

+
∂Uj

∂xi

)

(2.15)

and ν the viscosity of seawater. The first terms in equation 2.14 describe the trans-

port of kinetic energy by the mean pressure, by viscous stresses and by Reynold

stresses.

An expression for the budget of the kinetic energy of the turbulent flow can be

obtained by subtracting the equation of motion for the mean flow from the total

flow, thus only the kinetic energy of the turbulence remains:

D

Dt

(
1

2
u2
i

)

= − ∂

∂xj

(
1

ρ0
puj +

1

2
u2
iuj − 2νuieij

)

︸ ︷︷ ︸

transport

−uiuj
∂Ui

∂xj
︸ ︷︷ ︸

shear production

+ gαwT ′

︸ ︷︷ ︸

buoyant production

− sνeijeij
︸ ︷︷ ︸

ǫ=viscous dissipation

(2.16)
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where eij is rate of the fluctuating strain:

eij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)

(2.17)

The kinetic energy lost by the mean kinetic energy to the turbulence production

term is now part of the kinetic energy of the turbulence whereas the buoyant pro-

duction term can either be a source or sink of turbulent kinetic energy depending

on the stratification. Unlike for the kinetic energy of the mean flow, the viscous

dissipation term ǫ in the kinetic energy of the turbulence is of the same order of

magnitude as the shear and buoyant production terms and always is a sink for

turbulent energy. It is related to the eddy coefficient Kρ discussed above by

Kρ =
Rf

1−Rf

ǫ

N2
=

Γǫ

N2
(2.18)

where ǫ is the viscous dissipation. Γ is the mixing efficiency factor and a function

of the flux Reynolds number Rf

Rf =
gwρ′ρ0

−uwdU/dz
(2.19)

that gives the ratio at which buoyancy forces reduce the mean kinetic energy for the

production of turbulent kinetic energy by eddy stress on the mean shear. It exists

an upper boundary above which turbulence is suppressed, a theoretical prediction

of Rf = 0.15 was given by Ellison (1957), hence Osborn (1980) proposed an upper

boundary of Γ ≤ 0.2. Even though Γ was shown to be somewhat variable a value

of 0.2 is now widely used.

The scale at which finally viscous dissipation takes place is given by the Kolmogorov

microscale

η =

(
ν3

ǫ

)1/4

(2.20)

The energy spectrum for wavenumbers k ≪ l−1 with l denoting the size of the

energy containing eddies can be represented by an isotropic frequency spectrum

given by

E(k) = αǫ2/3k−5/3 (2.21)
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Figure 2.9: Energy-wavenumber spectrum with dashed line denoting theoretical data. Repro-
duced and modified from Kundu and Cohen (2008)

with the constant α ≈ 0.5 (Tennekes and Lumley, 1972), Fig. 2.9. The upper

wavenumber limit for this spectrum is equal to k ∼ η−1 as dissipation occurs at

smaller scales leading to a fall off in the spectrum for higher k. The wavenumber

range l−1 ≪ k ≪ η−1 is called the inertial subrange. Even though energy is not dis-

sipated in the inertial subrange, energy has to be transferred through the spectrum

in dependence on the magnitude of ǫ in order to maintain an equilibrium state.

Furthermore Kolmogorov argued, that the equilibrium range is independent of the

viscosity. The spectral dependence in ǫ and k was subsequently deduced by Kol-

mogorov based on dimensional grounds. For wavenumbers above the Kolmogorov

scale η dissipation sets in and a sharp drop off occurs in the spectrum.
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3| Oceanographic setting and

the mooring array

Figure 3.1: The MOVE array is located between the Lesser Antilles and the Mid Atlantic Ridge at
about 16◦N (left). From 2000− 2005 it continuously consisted of three geostrophic
and one current meter mooring to measure the flow over the continental slope (right).
Its main purpose is to measure the transport of North Atlantic Deep Water (NADW)
which is approximately located in the depth range denoted by the gray shading. From
Kanzow et al. (2006)

Along with five hydrographic sections spanning the western tropical Atlantic at

16◦N this study is based on data obtained by two moorings at the westernmost

end of a mooring array deployed in the framework of the Meridional Overturning

Variability Experiment (MOVE) (Fig. 3.1, Kanzow et al., 2006, 2008; Rhein et al.,

2004, 2005; Send et al., 2011). The MOVE array was installed in 2000 and is in

continuous operation since then. It spans the west Atlantic basin at 16◦N from the

Lesser Antilles to the Mid Atlantic Ridge (MAR). The primary objective of this

mooring array is to obtain measurements of transport fluctuations of the merid-

ional transport of the North Atlantic Deep Water (NADW, Kanzow et al., 2006,

2008).

25



3 Oceanographic setting and the mooring array

45.9 

60° 36’ 60° 24’ 60° 12’ 60° 59° 48’W

salinity
34.8 35 35.2 35.4 35.6 35.8 36

45.9

depth (m)

 

60° 36’ 60° 24’ 60° 12’ 60° 59° 48’W

0

1000

2000

3000

4000

5000

34.42

34.7

34.755

45.8345.83

45.9

 

34.42

34.7

34.755

45.8345.83

45.9

 

Θ (°C)
2 4 6 8 10 12

Figure 3.2: Exemplary sections of potential temperature (left) and salinity (right) along 16◦N
obtained during M53/3. The main temperature/salinity characteristics do not sig-
nificantly depend on the strength of the DWBC. Density interfaces between wa-
termasses forming the NADW, which is transported southward by the DWBC, are
depicted by white isopycnals (density intervals from Rhein et al., 2004). In the den-
sity range 34.42 < σ1.5 < 34.70 the upper Labrador Seawater (uLSW) is found fol-
lowed by the classical Labrador Seawater (cLSW 34.70 < σ1.5 < 34.755). Between
σ1.5 = 34.755 and σ4 = 45.83 the middle North Atlantic Deep Water (mNADW) is
located, between σ4 = 45.83 and σ4 = 45.90 the Denmark Strait Overflow Water
(DSOW). The deepest watermass (σ4 > 45.90) below the NADW is the Antarctic
Bottom Water (AABW) (Rhein et al., 2004). The salinity minimum slightly above
1000 m is induced by Antarctic Intermediate Water (AAIW), the higher salinity below
by water from the Mediterranean Sea.

The NADW is transported southward in the Deep Western Boundary Current

(DWBC) which is the cold southward return flow of the Atlantic Meridional Over-

turning Circulation (AMOC). The NADW is localized at depths between approxi-

mately 1200 m and 4000 m (Rhein et al., 1995) and consists of several watermasses

which are subsumed as NADW at 16◦N: the upper Labrador Sea Water (uLSW),

the classical Labrador Sea Water (cLSW) the middle NADW (mNADW) and the

Denmark Strait Overflow Water (DSOW) (Rhein et al., 2004).

In addition to the watermasses forming the NADW, the surface water at the loca-

tion of the westernmost moorings of the MOVE array is a mixture of water coming

from the South Atlantic (Schott et al., 1998) and water discharged by the Amazon

(Hellweger and Gordon, 2002).
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Figure 3.3: Mean geostrophic transport (February 2000−May 2005) per unit depth between the
three geostrophic moorings of the MOVE array and over the continental slope ob-
tained from the current meter mooring. Different water mass boundaries are denoted
on the right and roughly correspond to the definitions given in Rhein et al. (2004).
Modified from Kanzow et al. (2008).

A layer of high salinities is found below the surface (Fig. 3.2); here the Salinity

Maximum Water (SMW) which is formed by subduction of water north and south

of the equator (Schott et al., 1998) is located.

At a depth of approximately 1000 m a salinity minimum layer is induced by the

Antarctic Intermediate Water (AAIW) whereas warm and salty Mediterranean

Water which is transported westward causes an elevated salinity at a depth of

approximately 1200 m in the density layer of the uLSW at the mooring location.

Below the NADW the Antarctic Bottom Water (AABW) is found, which is the

densest water found in the Atlantic and subsumes several watermasses that are

formed around Antarctica.

The position of the MOVE array fulfills several constraints in order to establish a

reliable transport measurement (Kanzow et al., 2006): the continental slope on the
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3 Oceanographic setting and the mooring array

Figure 3.4: top: Internal transports (zonally integrated meridional geostrophic transports relative
to the reference pressure of 4950 dbar) between the three geostrophic moorings M1 -
M2 (west), M2 - M3 (east) between 1180 dbar and 4950 dbar relative to 4950 dbar.
center: Transport over the continental slope west of the M3 mooring below 1180 dbar
obtained from current meter measurements. bottom: 120-day low-pass filtered time-
series of volume transport across the MOVE array in the NADW layer. Top and center
panel from Kanzow et al. (2008), bottom panel from Send et al. (2011).

western end of the mooring array is very steep allowing for a transport calculation

with a minimum of additional current meter moorings on the continental slope,

all moorings are located on approximately the same latitude and the topography

between the end points is not shallower than the bottom depths at the two end

point moorings. This allows the calculation of transport timeseries using geostro-

phy. Furthermore the seasonal variability at this latitude is smaller than further
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Figure 3.5: Sections of meridional velocities obtained during cruises Sonne 171 in June 2003
(left) and Meteor 62/1 in July 2004 (right).

south, yet at this latitude the majority of southward flowing water is found in the

western basin whereas further north a significant amount is found in the eastern

basin (Kanzow et al., 2006).

In this study data from 2000 to 2005 are being used. During this timespan three

geostrophic moorings and one additional current meter mooring (Fig. 3.1), de-

ployed to estimate the flow over the continental slope, in combination with bot-

tom pressure measurements were continuously used to obtain transport timeseries.

Both moorings are directly located in the flow path of the DWBC that is a confined

jet of less than 100 km width at this latitude (Kanzow et al., 2006). Shipboard

measurements showed that it carried between 25.6− 28.9 Sv southward in 2000,

2002 and 2003 at 16◦ N (Rhein et al., 2004). However the strength and position of

the DWBC is highly variable resulting in pronounced differences in the observed

flow structure directly over the continental slope (Fig. 3.5). During some periods

(e.g. during the Sonne 171 cruise during June 2003) the flow directly over the con-

tinental slope is weak whereas it was very strong in July 2004 during the Meteor

62/1 cruise.

Using the mooring data from the entire MOVE array Kanzow et al. (2008) de-
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Figure 3.6: Long-term variability of meridional velocity averages between 1600 m and 3000 m
obtained from the 9 moorings that were deployed in the framework of MOVE and
GAGE (Guyana Abyssal Gyre Experiment). Sites 1, 6 and 9 correspond to MOVE
moorings M1, M2 and M3 (Fig. 3.1), 95% confidence intervals are denoted by vertical
lines. From Kanzow et al. (2008).

termined -15.9 Sv as the total mean transport of NADW in the western Atlantic

basin between 2000− 2005 (Fig 3.3). This mean southward transport is far from

continuos as very high temporal variability of up to 40 Sv within one month within

the entire MOVE section (Kanzow et al., 2008) was observed (Fig. 3.4).

In almost 10 years of continuous NADW transport measurements within the MOVE

section a decrease of approximately 0.3 Sv per year is found with a statistical sig-

nificance of 85% (Send et al., 2011) and if a constant depth of the level of no

motion is assumed. This trend is supposed to be part of the natural multi-decadal

transport fluctuations.
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Figure 3.7: Mean meridional and zonal velocities (2000− 2005) at both moorings along with
ellipses denoting the standard deviation in the five years in the rotated velocities at a
depth of approximately 1500 m (red). M2 tidal ellipses for moorings at the continental
slope and rise at approximately 1500 m (maximum of the DWBC) are shown in the
inset. Topography in the background is from the ETOPO2 database (Etopo2, 2001).

Long term variability in mean meridional velocities between 1600 m and 3000 m

at the easternmost (MAR) MOVE mooring shows a peak at approximately

80− 120 days probably induced by westward propagating Rossby waves (Kanzow

et al., 2008, Fig. 3.6). Moving further west, the spectral energy level increases and

the 80− 120 days peak is less pronounced at the central MOVE mooring and is

no longer found at the mooring in the DWBC. Here additional features like North

Brasil Current rings additionally influence the long-term current variability (Kan-

zow et al., 2008).

Velocities measured at the westernmost moorings within the DWBC vary consid-

erably over time (Fig. 4.2) and reach peak values of up to 50 cm s−1 in the core of

the DWBC (approx. 1500 m− 2500 m). Velocities decrease towards the sea floor

down to values close to zero. The flow direction reverses to a weak northward flow

during four periods in the five years (early 2000, mid 2001, November 2002 and

April 2003) during which the DWBC might shift eastward (Kanzow et al., 2006).
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3 Oceanographic setting and the mooring array

The mean flow as well as the ellipse of the dominant M2 tidal constituent in the

core of the DWBC are following the bathymetry in a southeastward direction at

both moorings (Fig. 3.7).
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4| Data

4.1 Timeseries data

Next to the DWBC transport calculations, the MOVE timeseries also provides an

excellent data base to study the long term variability of the internal wave field due

to the large number of sensors and the small sampling intervals.

This study focuses on data from one mooring location on the continental rise and a

second mooring location on the continental slope (Fig. 4.1). Information on the de-

ployment periods, location, instrumentation and sampling intervals for the various

moorings that occupied these sites during the mooring deployments are provided

in Tables 4.1 and 4.2 respectively. Data were used from five mooring deployment

periods covering the time from 2000 to 2005. The mooring on the continental rise

was equipped with 15 to 22 Sea-Bird temperature/conductivity recorders (SBE 37

MicroCAT) with a sampling interval of 5 to 20 min and 5 to 8 RCM8 Aanderaa cur-

rent meters with a sampling interval of 120 min. During the first two deployment

periods, the topmost instrument was at a depth of 1200 m and 600 m respectively.

From the third deployment period onward instrumentation was extended to the

surface. The vertical spacing between the instruments was 200 m at the top of the

mooring, 330 m at mid-depth and decreasing towards the bottom to 200 m.

Data calibration, quality control and depths assignment for the MOVE data set

were carried out by Torsten Kanzow (see Kanzow et al., 2006, 2008) and are shortly

summarized below.

Temperature and conductivity measurements were calibrated against a Sea-Bird

CTD probe prior and after each deployment and a linear drift correction was

applied. This yields a temperature accuracy of 0.002 ◦C and an accuracy of

0.002 mS cm−1 for conductivity.

Pressure was measured with a temporal resolution of 20 min− 60 min by up to

five custom build miniature temperature and pressure loggers (MTD) which were
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Figure 4.1: Two moorings of the MOVE array were deployed in the pathway of the DWBC and
equipped with the instrumentation exemplarily shown for the 4th deployment period
(2003 - 2004, right). Contours show a strong DWBC with meridional velocities of up
to 50 cm s−1 determined from LADCP measurements during the Meteor 53/3 cruise
in June 2002. Positions of CTD/LADCP measurements are denoted by the dots in
the detailed map at the bottom left.

attached to the mooring close to the MicroCATs. Additionally, pressure was mea-

sured by one of the upper MicroCATs from the 3rd deployment period onward.

Accuracy of both instrument types is approximately 0.1% (0.5 dB).

MicroCAT depths were determined for 2 h intervals for all MicroCats that were not

deployed close to an MTD either by linear interpolation or using a mooring curva-

ture model during times when the mooring was heavily knocked down. Thereby a

depth assignment with an accuracy of ±3 m is achieved.

Data records are continuous except for a small gap of approximately two and a half

months at the end of 2001 due to a loss of buoyancy elements in the upper part of

the mooring, including the upper part of the depth range of the DWBC (Fig. 4.2).

As the main focus of this study is on variability in the internal wave field in the

DWBC, all data measured during this time span were not used. Additionally, one

MicroCAT (nominal depth 3900 m) of the first deployment did not provide good
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4.1 Timeseries data

quality data for a period of approximately two months, therefore data from this

instrument were not used. Data from the topmost MicroCAT of the third deploy-

ment were not used because no accurate pressure could be assigned.

The mooring located on the continental slope is used to supplement the analysis of

internal wave velocity spectra as it was continuously equipped with four RCMs at

depths between 800 m and 2900 m during the full time period from 2000 to 2005.

Data are continuous except for few gaps (Fig. 4.2) during the third and fourth

deployment period.
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deployment period location topmost # of sampling # of sampling
instrument µCATs interval RCMs interval

02/04/00 - 12/30/00 16◦ 20.0′ N, 60◦ 30.2′ W 1185 m 15 5 min 7 120 min
01/14/01 - 01/23/02 16◦ 20.4′ N, 60◦ 30.3′ W 586 m 18 10 min* 8 120 min
02/07/02 - 06/15/03 16◦ 20.4′ N, 60◦ 30′ W 18 m 22 10 min 5 120 min
06/27/03 - 02/18/04 16◦ 20.4′ N, 60◦ 30′ W 53 m 21 10 min 7 120 min
03/01/04 - 04/30/05 16◦ 20.0′ N, 60◦ 31′ W 31 m 21 15 min 5 120 min

*uppermost 2 instruments just measured with a resolution of 20 min, data were interpolated to 10 min resolution to obtain a consistent temporal resolution.

Table 4.1: Geographic position, position of uppermost instrument, number of instruments and instruments sampling intervals of the
moorings at the continental rise during the five deployment periods. Instrument distribution with depth is shown in Fig. 4.2.

deployment period location instrumentation # of sampling
range RCMs interval

02/04/00 - 01/10/01 16◦ 20.0′ N, 60◦ 36.2′ W 1087 m - 2945 m 4 120 min
01/14/01 - 01/23/02 16◦ 20.4′ N, 60◦ 36.5′ W 1098 m - 2951 m 4 120 min
02/05/02 - 05/15/03 16◦ 20.0′ N, 60◦ 36.4′ W 771 m - 2930 m 4 120 min
06/27/03 - 02/17/04 16◦ 20.0′ N, 60◦ 36.4′ W 772 m - 2931 m 4 120 min
03/02/04 - 04/30/05 16◦ 20.0′ N, 60◦ 36.4′ W 824 m - 2919 m 4 120 min

Table 4.2: Geographic position, position of uppermost instrument, number of instruments and instruments sampling intervals of the
moorings at the continental slope during the five deployment periods. Instrument distribution with depth is shown in Fig. 4.2.
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Figure 4.2: Top: Time series of 3-day mean temperature anomalies from mean temperature at the respective depths at the continental
rise, black lines denote instrument depth. The data gap between second and third deployment period results from a breakage
of the upper part of the mooring at the end of the second deployment period. Data measured by the remaining deeper
instruments during this time were not used in the analyses. Center: RCM time series of horizontal velocities at the continental
rise. Bottom: RCM time series of horizontal velocities at the continental slope.
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4 Data

4.2 Hydrographic data

LADCP and CTD stations were occupied close to the moorings along 16◦N and

provide data that were used to determine diapycnal diffusivities using a finescale

parameterization. Measurements were carried out during five cruises between 2000

and 2005. The positions of the stations during each cruise are depicted in Fig. 4.1,

LADCP configurations are given in Table 4.3.

The CTD probe used on all cruises was a SBE 911plus with an accuracy of 0.002 ◦C

for temperature and of 0.002 - 0.003 for salinity. Velocities were measured either

by two RDI 300 kHz Workhorse Monitor ADCPs or a customized RDI 150 kHz

Narrowband ADCP (Rhein et al., 2004, 2005; Kirchner et al., 2008). Available

velocity profiles were processed by an inverse method (Visbeck, 2002) with applied

bottom track, barotropic and smoothness constraints. Bin length zbin were set

to 10 m (17.6 m) for the 300 KHz (150 KHz) instrument resulting in a nominal

accuracy of 2 cm s−1 (3.2 cm s−1) for the horizontal velocity of each individual bin.

Ship Time period number of LADCP DWBC
stations frequency zbin zgrid d′ present

Sonne 152 Dec 2000 3 150 kHz 17.36 m 10 m 12.5 m yes
Meteor 53/3 Jun 2002 4 150 kHz 17.36 m 10 m 12.5 m yes
Sonne 171 Jun 2003 6 150 kHz 17.36 m 10 m 12.5 m no
Meteor 62/1 Jul 2004 6 300 kHz 10 m 10 m 9 m yes
Meteor 66/1 Aug/Sept 2005 14 300 kHz 10 m 10 m 9 m no

Table 4.3: Cruise details and instrument specifications for LADCP data obtained off the Lesser
Antilles along 16◦N.
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5| Methodology

If strong currents, such as the DWBC, or their interaction with topography can lead

to variability in the near inertial frequency range of the internal wave field, these

currents could play an important role in generating internal waves and promoting

vertical mixing. Should a downscale energy transfer from currents via internal

waves (as proposed by e.g. Nikurashin and Ferrari, 2010b,a; Liang and Thurnherr,

2012) to vertical mixing occur throughout significant volumes of the world oceans,

its influence on the internal wave field and global vertical mixing rates would need

to be incorporated in future parameterizations of vertical mixing.

The extensive data set available for this study allows to address this issue with a

high temporal resolution and over a long time span. Combined with the CTD/

LADCP data the five year long time series allows to deduce significant correlations

between DWBC strength and position and variability in the internal wave field

and vertical mixing.

5.1 Finescale parametrization of diapycnal

diffusivities

To investigate the influence of the high velocities within the DWBC on mixing

rates, diapycnal diffusivities were calculated from CTD and LADCP data using a

finescale parameterization based on shear 〈V 2
z 〉 and strain variances 〈ξ2z〉 (Gregg

et al., 2003). This is an indirect method to estimate diapycnal diffusivities Kρ

based on the theory of wave-wave interactions. In the finescale parameterization

the spectral energy transport rate in the vertical wavenumber domain is used to

infer mixing intensities. It provides a smoothed integral estimate of the mixing

rate as it considers a signal at larger scales (intermediate internal waves) to infer

diapycnal diffusivities by assuming that the spectral energy transport rate in the
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5 Methodology

vertical wavenumber domain equals the rate of turbulent production.

Gregg (1989) found that mean estimates of mixing intensities obtained from mi-

crostructure measurements agree to a factor of 2 with estimates obtained from the

finestructure parameterization. A more recent study by Sheen et al. (2013) found a

general overprediction of mixing rates obtained from the finescale parameterization

compared to microstructure measurements by typically a factor of 2 and up to a

factor of 8 in extreme cases. However the general pattern of the intensity of verti-

cal mixing obtained from the finescale parameterization seems to be robust. The

influence of the choice of the integration limits in the integration of our shear and

strain variance spectra on the magnitude of the calculated Kρ values is discussed

at the end of this subsection.

The calculation of Kρ closely follows the method described in Kunze et al. (2006)

and diapycnal diffusivities were obtained from:

Kρ = K0

〈V 2
z 〉2

GM〈V 2
z 〉2

h1(Rω)j

(
f

N

)

(5.1)

with buoyancy frequency N, inertial frequency f, K0 = 0.05×10−4 m2 s−1 and shear

variance GM〈V 2
z 〉2 as defined by the GM model spectrum in the same frequency

range as 〈V 2
z 〉2. Shear/strain variance ratio and latitudinal correction terms are

given by

h1(Rω) =
3 (Rω + 1)

2
√
2Rω

√
Rω − 1

, (5.2)

j(f/N) =
farccosh(N/f)

f30arccosh(N0/f30)
, (5.3)

with f30 = f(30◦) and N0 = 5.2 × 10−3 rad s−1. The shear/strain variance ratio

Rω is defined as

Rω =
〈V 2

z 〉
N

2〈ξ2z〉
. (5.4)

Using CTD and LADCP data from the same cruises analyzed here, Stöber et al.

(2008) found a correlation between the velocities in the DWBC and diapycnal

diffusivities. Here the integration limits (see discussion below) as well as the applied

transfer function were modified compared to Stöber et al. (2008). In this study the

most recent transfer function developed by Thurnherr (2012) for velocity profiles
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5.1 Finescale parametrization of diapycnal diffusivities

calculated using the inverse method is applied. Nevertheless as Thurnherr (2012)

finds only minor differences between the different transfer functions for wavelengths

above 150 m the difference in Kρ induced by the different transfer function is not

crucial for the used integration range (wavelengths between 320 m and 110 m).

Using this most recent transfer function the data used in Stöber et al. (2008)

where reprocessed and grouped into the two flow situations of a strong and an

absent DWBC over the continental slope in order to obtain a synoptic picture of

the calculated mixing rates and the dominant wave frequencies via the shear to

strain ratio Rω for the different flow strengths.

The transfer function by Thurnherr (2012) corrects for the attenuation in the shear

spectra at high wavenumbers induced by the LADCP data processing and is given

by:

Scorrect =
1

sinc4
(

zbin

λz

)

sinc4
(

zgrid
λz

)

sinc2(d′)
(5.5)

where λz is the considered vertical wavelength, zbin is the LADCP bin length, zgrid

the vertical grid size and d′ the range maxima. This correction accounts for range

averaging, depth binning, pre-binning into super-ensembles before the inversion

and instrument tilt. The cruise dependent parameters zbin, zgrid and d′ are given

in Table 4.3.

Resulting shear and strain spectra were grouped depending on flow situation to

obtain regime average diffusivity profiles: three of the cruises (So152, M53/3 and

M62/1) were carried out during times when a coherent southward flow was observed

at several adjacent stations above the continental slope and two cruises (M66/1 and

So171) where the flow is rather dominated by a mesoscale eddy structure (Rhein

et al., 2004; Stöber et al., 2008). Thereby a synoptic picture of the intensity

of vertical mixing and its spatial distribution could be obtained for both flow

situations of a strong or an absent DWBC over the slope.

Vertical wavenumber spectra of shear and strain as well as corresponding estimates

of the GM model (Gregg and Kunze, 1991) were calculated from all profiles and

grouped according to the two different flow situations of a strong or an absent

DWBC at the moorings. Furthermore spectra were binned with respect to meters

above bottom (mab) and mean spectra in different depth ranges are shown in

Fig. 5.1. All calculated mean shear and strain variance spectra are well above
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Figure 5.1: Top: Mean uncorrected shear vertical wavenumber spectra from all cruises grouped
according to meters above bottom (mab) and divided into two groups: All cruises
where the DWBC was found at the mooring location (So152, M53/3 and M62/1, left)
and cruises during which there was no DWBC at this position (M66/1 and So171,
right). Bottom: Mean shear (dashed lines) and strain (solid lines) vertical wavenum-
ber spectra from all cruises grouped according to meters above bottom (mab) and
divided into the two different flow situations. GM shear and strain spectral values are
shown in red, estimates for noise in LADCP data are denoted by dotted lines. Noise
levels were either determined by fitting the noise spectrum (Kunze et al., 2006) to
shear spectral values at wavelengths shorter than 40 m or were set to a fixed noise
level of 3 cm s−1 whichever is higher. Integration limits are denoted by vertical dotted
lines and 95% confidence intervals are shown on the bottom left in each plot.

GM estimates except the uppermost strain variance spectra during phases when

the DWBC was at the mooring. Overall, changes in magnitude of shear and strain

variance spectra with depths are more pronounced during these times as both shear

and strain variances increase significantly towards the bottom (Fig. 5.1).
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5.1 Finescale parametrization of diapycnal diffusivities

Especially during phases of a strong DWBC uncorrected shear variance does not

show the decrease at higher wavenumbers (induced by the LADCP data processing,

top panel in Fig. 5.1) which is commonly observed and which is also found in spectra

obtained from data measured during weak flows at depths more than 2000 m above

the bottom. This leads to blue spectra especially during phases of strong flows

(lower left panel of Fig. 5.1) after the correction term accounting for attenuations

in the high wavenumber range due to the LADCP data processing has been applied.

However it is unclear whether this is a result of an elevated noise level or caused

by real signals. Noise spectra (following Kunze et al., 2006) were fitted to shear

spectral values at wavenumbers corresponding to wavelength of less than 40 m. For

shear spectra closer than 2000 to the bottom during strong DWBC phases noise

was found to be highest (up to 5.8 cm s−1), for all remaining spectra the noise level

is significantly lower and the noise spectra shown in the bottom panel of Fig. 5.1

correspond to an upper estimate of the noise level of 3 cm s−1.

The influence of the choice of the integration limits used in the integration of

the shear (blue) and strain (red) spectra was estimated by calculating diapycnal

diffusivities with different upper wavenumber limits (Fig. 5.2). To evaluate the

sensitivity of the calculated Kρ values to variations in the upper wavenumber limit

in the integration of the shear spectra, the wavenumber limits in the integration of

the strain spectra were kept constant and vice versa. Mean diapycnal diffusivities

in different depth ranges were calculated for both flow situations of a strong and an

absent DWBC over the continental slope. Mean Kρ values were grouped depending

on depth as the noise in the shear spectra is expected to increases with increasing

depth due to the decrease in scatterers in the water column at greater depths.

Fig. 5.2b shows that the calculated Kρ values do not strongly depend on the upper

wavenumber limit (within the analyzed range between approximately 50 m and

160 m) during phases when the DWBC is not flowing over the continental slope.

When the flow is strong (Fig. 5.2a) the calculated Kρ values increase with increasing

wavenumber/decreasing wavelength limit especially at depths below 2000 m and

for wavelengths smaller than approximately 110 m. At this wavelength the noise

(estimated by fitting the noise spectrum to the shear spectra) is below 10% in

all spectra shown in Fig. 5.1. Even though it is not clear whether the elevated

spectral values at higher wavenumbers close to the bottom during strong DWBC
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Figure 5.2: Sensitivity of the mean Kρ in different depth ranges during phases of a strong DWBC
(panels a and c) and during an absent DWBC (panels b and d) on the choice of the
upper wavenumber/lower wavelength in the integration of the shear and strain spec-
tra. Panels a and b show the response of the mean diapycnal diffusivity to variations
in the upper wavenumber/lower wavelength limit. The low wavenumber limit was
kept constant at a corresponding wavelength of 320 m and the wavenumber range
used in the integration of the strain spectra was kept constant at a wavenumber
range corresponding to wavelengths of 128 m− 20m. Panels c and d show the sen-
sitivity on variations in the upper wavenumber limit in the integration of the strain
spectra. The low wavenumber limit was set to a corresponding wavelength of 128 m
and the integration interval in the shear spectra was kept constant at a wavenumber
range corresponding to wavelengths of 320 m− 110 m. Dashed lines denote chosen
integration limits.
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5.2 Internal wave available potential energy

phases are mainly caused by noise or real signals, 110 m was chosen as the lower

wavelength integration limit as it gives the most robust estimate of the energy level

and avoids an overestimation of the mixing rate. The maximum change in Kρ due

to variations in the upper integration limit within the considered wavelength range

roughly corresponds to a factor of 8 but typically ranges between 2 and 3.

No pronounced difference in the sensitivity of Kρ on the upper wavenumber limit

in the integration of the strain spectra between the two flow situations was found

(Fig. 5.2c and d). In general Kρ increases with decreasing upper wavenumber

limit. As a small decrease in the calculated Kρ values is found at a wavenumber

corresponding to approximately 20 m in some depth bins, this was chosen as the

upper wavenumber limit for the calculation of Kρ. The maximum factor induced in

Kρ by varying the upper wavenumber limit in the integration of the strain spectra

is approximately 4.

Based of the preceding analyses integration limits were chosen as 320 m− 110 m

for the calculation of the shear variance and 128 m− 20 m for strain variance.

5.2 Internal wave available potential

energy

As internal waves propagate, they induce disturbances of the ambient water col-

umn and cause vertical displacements of isopycnals. The amplitude and frequency

of these disturbances (internal waves) will be analyzed with respect to variability

in energy content and frequency distribution of the internal wave field.

During the deployment of the MOVE array especially the mooring at the conti-

nental rise, which is located directly in the core of the DWBC, was knocked down

by up to several hundred meters. To account for high frequency mooring motions

and to exclude these in spectral analyses of vertical displacements, measured tem-

peratures were vertically interpolated from the original pressure time series (p)

onto 7-day lowpass filtered pressure time series (p7). Thus, temperature changes

with periods smaller than 7 days which are only artifacts of the varying instrument

depths are removed from the vertically interpolated temperature time series (T′)
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Figure 5.3: Left: Mean buoyancy frequency profile calculated from 13 CTD stations during 5
different cruises at the mooring location (black line), a 100 m vertical lowpass filter
has been applied. Gray line denotes mean buoyancy profile determined from 14-day
lowpass filtered MicroCAT data. Two standard deviations of the buoyancy frequency
profile are denoted by the gray shading. Right: mean velocity profile of all current
meters deployed during 2000-2005 with one standard deviation (gray shading).

and calculated vertical displacements are unaffected by mooring motions. Vertical

displacements were then derived from temperature time series T′ and the corre-

sponding seven day lowpassed time series T7

ξ = −T ′ − T7

dT 7/dz
. (5.6)

Vertical displacements are calculated from temperature data (instead of using den-

sity time series) because of the higher signal to noise ratio of the temperature mea-

surements compared to the salinity/conductivity measurements and hence density

data. Coherence spectra show no significant correlation between pressure and ver-

tical displacements, thus calculated vertical displacements are not influenced by

mooring motions. Vertical displacements over the 5-year period reach up to 250 m

and amplitudes vary significantly over time (Fig. 7.5, upper panel). Enhanced ver-

tical displacements can be seen at all depths during phases when the DWBC is at
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5.3 Internal wave spectra

the mooring location: Mean |ξ| of the 28-day segments of the time series that will

be used in the spectral analysis show high correlations with the magnitude of the

flow velocity parallel to the topography (between 0.74− 0.91, Fig 7.5b).

To exclude temporal changes in internal wave spectra originating from changes in

stratification rather than from the internal wave field itself, vertical displacements

and temporally variable buoyancy frequencies N were used to calculate time series

of available potential energies (APE):

APE = N2ξ2/2. (5.7)

Time series of buoyancy frequency N needed for the calculation of APE were de-

termined by first differencing of 14-day lowpass filtered MicroCAT mooring data.

Buoyancy frequency time series show considerable variability (up to a factor of

two) especially in the lowest 1000 m.

For comparison a mean buoyancy frequency profile was derived from 13 CTD

stations in direct vicinity of the westernmost mooring, measured during different

seasons throughout the MOVE deployment periods (cf. Table 4.1). Resulting buoy-

ancy profiles were 100 m lowpass filtered and are in good agreement with mooring

time series of buoyancy profiles (Fig. 5.3) which proves the feasibility of calcu-

lating the buoyancy frequency profile from the mooring data despite the coarser

resolution. By using the timeseries of the buoyancy frequency profile obtained

from the mooring, temporal variations in N can be taken into account. Differences

between moored and CTD profiles in the lowest 500 m most likely result from the

low number of CTD stations in this depth range.

5.3 Internal wave spectra

For the analysis of internal wave kinetic and available potential energy moor-

ing timeseries were divided into 28-day (temperature) or 14-day (velocity) half-

overlapping segments, linearly detrended and a 20% cosine window applied to each

segment. These segment lengths were chosen to resolve the entire internal wave

frequency range and still allow for a good temporal resolution of the changes in
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the internal wave field. The shorter segment length used in the analysis of the ve-

locity time series was chosen due to the smaller amount of data compared to APE.

Mean spectra over the entire five years as well as spectra measured during different

DWBC strengths were calculated to investigate the influence of the DWBC and its

interaction with the slope topography to the west of the mooring on the internal

wave energy and frequency content.

As the mean flow follows the topography in southeastward direction (Chapter 3),

the mooring-based velocities were rotated in an along (bearing 117◦) and a cross

slope (bearing 27◦) component for spectral analysis.

5.4 Rotary spectra
1978 LEAMAN AND SANFORD: ENERGY PROPAGATION OF INERTIAL WAVES 

K 

Fig. 5. Propagation diagram for internal inertial waves, including 
current vector helices. A break in the helix indicates that the velocity 
vector v is passing behind the wave number vector k at that point. The 
z coordinate increases positively away from the ocean surface. Cs is 
the group velocity vector. 

Coriolis frequency f. Two helices are also shown in this figure, 

having axes aligned with the wave number vectors k. The 

helices describe at a given time the path taken by the tip of the 

velocity vector v along the direction of phase propagation. 

(From the assumed incompressibility of the wave, k. v = 0 

always.) 

To an observer looking down from above the origin in 

Figure 5, it is clear that the helices rotate in opposite senses 

depending on whether k is directed toward positive or negative 

z values. Furthermore, the sense in which the velocity vector 

moves around k (that is, the polarization of the helix) is 

uniquely related to the direction of k or of Cs. For clockwise 
polarization of a helix, as one looks down, k is directed up- 

ward and Cs downward. For anticlockwise polarization, 

k points down and Cs up. Therefore according to the spec- 

trum of Figure 4, most of the waves observed have a phase 

propagation direction k which is upward and therefore a net 

energy propagation direction which is downward. If the waves 

had as much energy moving upward as downward, as in a nor- 

mal mode, one would expect linear polarization on-the 

average; that is, A,, = Ca. 

The two-wave composition of Figure 5 can be used to repre- 

sent the hodograph of an internal wave of any frequency 

between N and f. Thus the spectrum of Figure 4 results from 

the superposition of all of the internal wave components. The 

ratio of the clockwise to the anticlockwise spectrum is a func- 

tion of wave frequency and vertical energy flux. The frequency 

decomposition of the profiles, required to estimate vertical 

energy fluxes, has not been done as yet. However, as is 

revealed by Figure 1, the vertical structure of the profiles is 

dominated by waves near the local inertial-diurnal frequencies 

and to a lesser extent by the semidiurnal tide. Therefore we in- 

terpret the dominance of the clockwise energy spectrum to be 

the result of inertial waves having downward energy propaga- 
tion. 

There is other evidence to support the above result. For ex- 

ample, an examination of the time series of 20 drops shows 

that the phase planes of the observed waves do appear to be 

moving upward in time. This would imply that k is indeed 
pointed toward the sea surface for these waves. 

Further analyses of the profile series will seek to describe the 

frequency composition of the observed velocity structure and 

to estimate vertical energy fluxes. 

SUMMARY 

From our examination of this time series of vertical profiles 

we have come to the following conclusions. 

First, as Figure 1 shows, a significant part of the velocity 
variability in these profiles is due to internal waves with 

periods near the local inertial frequency. Such variability is 

always present in the profiles. 

Second, a WKB normalization scheme for taking into ac- 

count variations of wave amplitude and wavelength with 

changing Brunt-Viiisiilii frequency appears to be appropriate. 

This normalization gives profiles which are more uniform in 

amplitude and wavelength than the original profiles. 

Finally, the fact that the group velocity vector appears to be 

directed away from the sea surface indicates that the energy 
source for these near-inertial waves is located at or near the sea 

surface. 
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5.4 Rotary spectra

Rotary component spectra (Gonella, 1972; Leaman and Sanford, 1975) of shipboard

LADCP profiles can be used to separate clockwise and counterclockwise rotating

velocity components and thereby identify the dominant energy propagation direc-

tion of the observed internal waves. Downward energy propagation can be identi-

fied by clockwise rotation (integrated clockwise variance of the rotary spectra, S−)

and upward propagation by counterclockwise motions (integrated counterclockwise

variance of the rotary spectra, S+) of the horizontal current vector v with depth

(Fig. 5.4).

Rotary spectra were calculated following Shcherbina et al. (2003) and LADCP pro-

files obtained during the considered five cruises were divided into 500 m long seg-

ments which overlapped by 400 m. To remove large scale vertical shear a second or-

der polynomial was removed before a 20% cosine window was applied. However the

higher wavenumber limit was kept at a corresponding wavelength of λmin = 110m

(compared to λmin = 50m in Shcherbina et al., 2003) which was also used in the

integration of the shear variance spectra in the finestructure parameterization.

The dominant energy propagation direction is determined using the following ratio:

r =
S− − S+

S− + S+
(5.8)

where r = 1 corresponds to purely downward and r = −1 to purely upward energy

transfer.

Changes in polarization characteristics of the observed internal waves and therefore

also changes in the vertical energy propagation direction associated with changes

in the DWBC strength and depth will be used to point to possible wave generation

processes.
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6| Boundary current induced

mixing

Diapycnal diffusivities (Eq. 5.1) and shear to strain variance ratios Rω obtained

from CTD/LADCP data are divided into the two different flow situations (DWBC

at the continental slope or no DWBC at the slope) and resulting transects including

all stations available for the respective flow situation are shown in Fig. 6.1. During

phases of a pronounced DWBC, the data show enhanced diapycnal diffusivities at

the continental slope whereas only a very small intensification towards the bottom

can be seen when the DWBC is absent. This indicates a pronounced change in

the internal wave field and subsequent vertical mixing induced by the presence of

strong currents like the DWBC at the continental slope.

In near inertial waves the particle movement is almost horizontal resulting in high

vertical shear and small strain variance and consequently in higher shear to strain

ratios Rω. Rω is a measure of the internal waves aspect ratio and if a single wave

is assumed to dominate the observed variability, Rω can be related to its frequency

by

Rω =
ω2 + f 2

ω2 − f 2
(6.1)

(e.g. Henyey, 1991; Kunze et al., 1990; Polzin et al., 1995). The higher Rω values

observed during DWBC phases (bottom panel in Fig. 6.1) might therefore indicate

an increase in internal wave energy at near inertial frequencies.

Mean profiles of vertical diffusivities for the two velocity regimes indicate that

the strong flow within the DWBC induces significantly elevated internal wave en-

ergy and subsequently vertical mixing along the continental slope up to approxi-

mately 1500 m above the bottom (Fig. 6.2). Here Kρ reaches mean values of up to

10−3 m2 s−1 during phases when a pronounced DWBC is observed in the transect.

When the DWBC is not flowing over the continental slope mean diapycnal diffu-

sivities close to the seafloor are about an order of magnitude lower.

51



6 Boundary current induced mixing
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Figure 6.1: Sections of diapycnal diffusivities Kρ calculated from shipboard measurements dur-
ing times when the DWBC was present (So152, M53/3 and M62/1, panel a) and
during times when it was absent (M66/1 and So171, panel b). Thereby each bar
denotes one station. Shear to strain variance ratios Rω for both flow situations are
shown in panels c) and d). Gray boxes denote bad data that were excluded from the
analyses.

The influence of the choice of the integration limits for the shear and strain vari-

ances is assessed in Fig. 6.2b) and c) (see also discussion in Section 5.5.1). It can

be seen that the exact magnitude of the calculated Kρ values is sensitive on the

integration interval especially for the shear variance in the lowest part of the wa-

tercolumn during strong DWBC phases (almost a factor of 7 in the bottommost
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Figure 6.2: Panel a): Profiles of arithmetic means of vertical diffusivities for strong (red) and an
absent (blue) DWBC as a function of meters above bottom (mab). Only the bot-
tommost 2000 m are shown as higher up in the water column surface values from
shallow stations start to influence the mean. Shading indicates 90% confidence in-
tervals determined by bootstrapping of the Kρ values. Panel b): Profiles of arithmetic
means as in panel a) but shading indicates possible range of the mean value if the
lowest wavelength in the integration interval of the shear variance is varied (between
approximately 50 m and 160 m, see also Fig. 5.2) with constant strain variance inte-
gration limits. Panel c): as panel b) but for variations in the integration interval in the
strain variance (lowest wavelength between approximately 10 m and 65 m).
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6 Boundary current induced mixing

segment between the extreme limits, Fig. 6.2b). The sensitivity of Kρ on the inte-

gration intervals for the strain variance in contrast does not clearly depend on the

flow situation or on depth.

Despite the given uncertainties in the calculation of Kρ (cf. discussion in Chap-

ter 5.1), the general pattern of enhanced vertical mixing during phases of a strong

DWBC at the continental slope stays robust and is independent of the choice of

the integration limits.

The observed increase in diapycnal diffusivities obtained from the finescale pa-

rameterization based on wave-wave interactions already is a strong indication for

elevated internal wave energy during phases of a strong DWBC. The long-term

response of the internal wave energy to changes in the current will be analyzed in

the following Chapter using mooring timeseries of horizontal velocities and internal

wave APE.
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7| Variability in the internal wave

field induced by the DWBC

7.1 Internal wave kinetic energy

7.1.1 Mean spectra of internal wave kinetic energy

Time averaged velocity spectra were determined from sensors at similar depths

during individual deployment periods. Velocity time series from the second, fourth

and fifth deployment were combined to obtain a mean spectrum at an approximate

depth of 900 m, time series from all deployment periods were used for the mean

spectrum at a depth of roughly 1500 m, and from the first four deployments at a

depth of 2200 m. The mean spectra are compared with the corresponding GM79

(Munk, 1981) predictions (Fig. 7.1) using local values of buoyancy frequency N0=

46 cpd and b = 1827 (e-folding scale of N(z)), obtained from the mean temperature

and salinity profiles from the CTD data.

The dominant spectral peak in the mean spectra is found at the M2 tidal con-

stituent along with smaller peaks at the K1 and 2×M2 tidal frequencies. The

peak at the tidal harmonic might be generated by interaction with the topography

(Nikurashin and Legg, 2011). The variability in the cross slope velocity component

in general is more energetic than in the along slope component except at the M2

tidal frequency.

No pronounced peaks occur at the inertial frequency in the mean spectra over

the complete time span; an inertial peak is almost absent in the mean spectra at

2200 m depth; this will be discussed at the end of the section. The magnitude of

horizontal velocity spectra is in good agreement with GM79 predictions except for

the frequency range between M2 and the inertial frequency where spectral levels

are below the GM prediction. Variability in spectral energy between individual
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Figure 7.1: left: Average spectra of rotated horizontal velocities at depths of 900 m, 1500 m and
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vertically offset and smoothed over 3 adjacent frequencies to reduce uncertainties
in spectral magnitudes. Gray denotes spectra of along and black of cross slope
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and depth dependent buoyancy frequencies are denoted by vertical lines to the right
of each spectrum. Gray shading around the inertial frequency indicates the range of
the effective inertial frequency feff (see Chapter 7). right: Sum of horizontal velocity
spectra (black) in comparison with the corresponding GM prediction (gray).

spectra reaches up to two orders of magnitude and it is only possible to obtain

smooth spectra as shown in Fig. 7.1 because of the long time series available for

this study.
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7.1 Internal wave kinetic energy

7.1.2 Velocity dependence of internal wave kinetic

energy

Significant changes in spectral magnitude and shape were found between the indi-

vidual 14-day spectra demonstrating a high temporal variability in internal wave

kinetic energy at both mooring locations. The highest spectral levels are found

during times of strong southeastward flow (large negative v-component) in combi-

nation with a strong offshore flow (large positive u-component). Lowest internal

wave energy is found for times of a northwest v-component together with an on-

shore u-component. Taking this directional dependence into account rather than

just considering the flow component parallel to the topography as the major in-

fluencing property, significantly increases the correlation between internal wave

kinetic energy and the flow characteristics.

To investigate changes in spectra of horizontal velocity caused by the variability

of the DWBC and the associated flow situation, spectra of 14-day segments were

grouped according to vslope = u - v where u and v are the cross and along slope

velocity components (Chapter 5.3). Thereby vslope is a mean velocity calculated

individually at both moorings from the measurements of the RCM closest to the

core of the DWBC (depending on deployment period between 1500 m and 2200 m)

during the time of the data segment used for the calculation of the corresponding

spectrum. It has its maximum for strong down-slope flow in a southeastward di-

rection and is lowest for upslope flow in a northwestward direction (Fig. 7.2, panel

a). A high vslope could be an indication that further upstream the DWBC is closer

to the slope than during times when there is a westward u component (reducing

vslope). This would result in a weaker interaction of the strong flow within the

DWBC with the slope topography.

Internal wave spectra were grouped according to the following intervals of vslope

(values in parenthesis for slope mooring):

• above a threshold of 32.5 cm s−1 (17.5 cm s−1)

• 15 cm s−1 <vslope < 32.5 cm s−1 (7.5 cm s−1 <vslope < 17.5 cm s−1)

• -2.5 cm s−1 < vslope < 15 cm s−1 (-2.5 cm s−1 < vslope < 7.5 cm s−1)
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7 Variability in the internal wave field induced by the DWBC

• vslope < -2.5 cm s−1 (vslope < -2.5 cm s−1 )

vslope was divided into four groups instead of considering just two flow situations

(weak and strong flow) in order to show that there is a smooth transition in the

response of the internal wave field on vslope rather than an abrupt change at a

specific velocity threshold.

Even though velocities within the DWBC are slightly decreasing towards the slope,

shipboard measurements (Fig. 1, Stöber et al. (2008) their Fig. 6) indicate that

velocities measured at the mooring locations are correlated with the flow directly

over the slope. Thus, a correlation between the generation of internal waves and

vslope is expected.

Resulting mean spectra of rotated velocities in the different ranges of vslope at

depths of approximately 900 m and 2200 m are shown in Fig. 7.2 and Fig. 7.3. At

900 m depth (Fig. 7.2) an almost uniform increase of internal wave energy over

the entire internal wave frequency range is associated with an increase in vslope at

both moorings. As in the mean spectra over the entire five years, energy is higher

in cross than in along slope direction, except for the M2 tidal frequency where

variability in along slope direction is higher, independent of the flow strength.

The almost uniform increase in internal wave kinetic energy in all frequencies is

in good agreement with findings of Polzin and Lvov (2011) who also found such

an almost uniform increase during high internal wave kinetic energy periods at a

depth of approximately 350 m using data obtained during the Long Term Upper

Ocean Study (Lotus).

At 2200 m depth (Fig. 7.3), the changes in internal wave spectra are somewhat

different. The intensification with increasing vslope is more pronounced in low,

near inertial frequencies. Furthermore, the increase is significantly stronger on the

continental slope than at the continental rise despite the slightly weaker flow closer

to the coast. This indicates a generation of the observed internal waves westward

of the mooring locations where the DWBC core directly interacts with the slope

topography.

The increase in spectral energy in subinertial frequencies during high vslope indicates

an increased eddy activity or a stronger meandering of the DWBC during these

times.
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7.1 Internal wave kinetic energy
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Figure 7.3: As Fig. 7.2 but at a depth of 2200 m. Data at the continental rise are available from
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The effective inertial frequency feff, being the low frequency limit of internal waves,

depends on latitude and on relative vorticity ζ:

feff = f + ζ/2 (7.1)

Due to the highly variable current in the study area the effective inertial frequency

changes over time and can be approximated by feff ≈ f + dv
dx

since du
dy

≪ dv
dx

in this

area. dv
dx

is estimated by the difference in v between the two moorings at a depth

of 1500 m as this depth approximately corresponds to the depth of the DWBC

core and data are available over the entire period. A mean feff was calculated for

each 14-day interval. Due to the strong and variable flow within the DWBC, the

resulting effective inertial frequencies vary between approximately 4.5×10−1 cpd

and 7×10−1 cpd. In Figs. 7.1, 7.2 and 7.3 feff shows the range of the low frequency
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7.2 Internal wave available potential energy

internal wave limit for the different intervals of vslope. Due to the large variability

in feff (induced by dv
dx

) the transition from the internal wave frequency range to

the subinertial range is either blurred in the mean spectra for the different vslope

or there are several peaks at the respective feff (see Fig. 7.3.d where three isolated

peaks at different feff are visible for vslope < −2.5 cm s−
1

). The high variability of
dv
dx

likely leads to the blurring of the inertial peak in the mean spectra of the u

and v-components (Fig. 7.1).

7.2 Internal wave available potential

energy

7.2.1 Mean spectra of internal wave potential

energy

Time averaged spectra of available potential energy measured by instruments de-

ployed at similar depths during all five deployment periods were calculated from

half-overlapping 28-day segments. The most prominent spectral peaks are found

at the M2, S2 and K1 tidal frequencies (Fig. 7.4). Variability in the near inertial

frequency range decreases towards the seafloor well below the prediction of the

GM-model whereas the available potential energy observed in internal waves with

high frequencies close to N at 1200 m depth are elevated compared to the GM

prediction. These might be generated by wave trapping (Munk, 1981) by the local

stratification. Even though the mean buoyancy frequency decreases with depth,

a local maximum in N can occur at approximately this depth in the study area.

High frequency waves would be trapped in this depth range of the local maximum

in N which would result in the observed increase in high frequency internal waves

(see also discussion in Chapter 8).

Comparatively high variability in frequencies below the inertial frequency in com-

bination with the variable effective inertial frequency feff (discussed in Chapter 7)
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blur the transition between subinertial and internal wave frequency regimes in

these mean spectra. Only a weak decrease in variability can be seen above the

local buoyancy frequencies which will be discussed in Chapter 8.
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7.2 Internal wave available potential energy

7.2.2 Velocity dependence of internal wave

available potential energy
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Figure 7.5: a) Vertical displacements calculated from temperature time series measured at the
mooring at the continental rise. b) Mean |ξ| during the same 28-day half overlapping
segment of the time series that were used for the calculation of |v|. c) Time series
of 7-day lowpass filtered |v| at a depth of approximately 1500 m. d) Internal wave
spectra of APE integrated between f and N.
Colors denote deployment depths from 1200 m (dark red) to 4000 m (blue). Corre-
lation coefficients (R) and p-value (p) between |ξ| and |v| (panel a) or internal wave
APE and |v| (panel d) for each deployment period are given.

The time series of APE were split into 28-day, half overlapping segments, and spec-

tra were calculated for each section in order to study the influence of the DWBC.

Total internal wave APE at depths below 1200 m (in and below the DWBC) was

determined from each spectrum of the 28-day segments by integrating from the

inertial frequency f to the local buoyancy frequency N:

〈APE〉 =
∫ N

f

APE(ν)dν (7.2)
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black circles, cross slope component by gray triangles. Before mean values were
calculated individual values were normalized by the mean of all integrated values
obtained from the respective instrument. Thereby variability due to different deploy-
ment depths was eliminated. Standard deviations are shown for each mean value,
correlation coefficients (R) and p-values (p) are given for each property.

Thereby the lower integration limit was kept constant at the inertial frequency f

at depths below 3000 m (below the DWBC) and taken as feff at depths between

1200 m and 3000 m. As before feff was calculated at a depth of approximately

1500 m that corresponds to the depth of the DWBC maximum and here data from

both moorings were available for all deployments. However taking a variable lower

integration limit does not strongly change the results compared to those obtained

with the fixed limit at the inertial frequency f.

APE varies significantly over time and with depth (Fig. 7.5, lower panel). How-

ever, no signifiant difference in the correlation between APE and vslope and the

correlation between APE and the absolute value of the flow component parallel to

the slope (|v|) was found. Therefore the directional dependence included in vslope

will be dropped and the correlation between internal wave APE and |v| will be

studied in this chapter.
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Figure 7.7: Power spectral density of APE in four different depth ranges at the continental rise:
500 m− 1200 m (panel a), 1200 m− 2000 m (panel b), 2000 m− 3000 m (panel c)
and below 3000 m (panel d) grouped according to |v|. Inertial frequency as well
as major tidal constituents are denoted by dashed lines, buoyancy frequency N is
denoted by gray bar and 95% confidence intervals are shown at the bottom of each
panel. The number of individual spectra going into each mean spectra is accounted
for in the different confidence intervals. To decrease spectral uncertainties, spectral
values at frequencies above 1 cpd were averaged over four adjacent frequencies,
above a frequency of 4 cpd 25 values were averaged. Intervals of the respective
range of feff are denoted by blue shadings around the inertial frequency.

Highest APE was found during times of high |v|, lowest for times of a weak |v|.
Mean correlation coefficients between internal wave APE and |v| of individual de-

ployment periods vary between 0.38 and 0.76. However the lowest correlations (and

highest p-values) were found during the deployment periods were the variation in

|v| is lowest and therefore its effect on the internal wave field is hard to determine.

In order to analyze the influence of the DWBC strength on internal wave APE, all
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7 Variability in the internal wave field induced by the DWBC

APE values measured at and below the depths of the DWBC (below 1200 m) were

binned in 5 cm s−1 intervals of mean |v| for individual 28-day segments. The veloc-

ity measured by the RCM closest to the depth of the DWBC-maximum was chosen

for the calculation of |v|. Prior to the calculation of mean APEs in each velocity

bin, all integrated APEs measured by each individual MicroCAT were normalized

by the integration interval and by the mean of all APE values calculated from data

obtained from the respective sensor. Thus changes in APEs due to variances in the

ranges of integration (originating from changes in the upper integration limit due

to different buoyancy frequencies N at different depths or in the lower limit due

to feff) and different APE energy levels at different depths are eliminated. Only

relative changes in APE independent of stratification or feff remain which makes it

possible to combine measurements from different depths to study the effects of the

DWBC on the internal wave field (more specifically on the magnitude of internal

wave energy per frequency). Otherwise this dependence would be blurred for ex-

ample by the different upper integration limits (N) in different depths.

A clear relation (correlation coefficient between mean APE in each velocity bin

and |v| of 0.98) between internal wave APE and |v| can be seen (left panel in

Fig. 7.6). Integrated internal wave kinetic energy at a depth of 2200 m (depth of

the DWBC maximum) shows a very similar dependence on vslope (correlation co-

efficients Rv = 0.94 and Ru = 0.90, right panel in Fig. 7.6). In this integration the

M2 tidal peak (1.8 cpd− 2.2 cpd) was excluded as variations in the tidal strength

blur the relation of the internal wave kinetic energy on vslope and the upper inte-

gration limit was set to 6 cpd (maximum resolved frequency).

Other processes next to the DWBC like e.g. wind intensity or eddies also modu-

late the internal wave field and the APE, which decreases the correlation between

APE/kinetic energy and the flow.

Similar as for horizontal velocities, both the spectral amplitude and shape of

APE(ν) change over time and depend on the DWBC strength and on instrument

depth. Therefore all spectra of 28-day data segments were grouped depending on

the DWBC strength (now using 10 cm s−1 velocity intervals of |v|), and according

to their deployment depth: above the DWBC (500 - 1200 m), within the DWBC

but away from (local) bottom topography (1200 - 2000 m), in the DWBC closer to

slope topography (2000 - 3000 m) and below the DWBC (> 3000 m) (Fig. 7.7).
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7.2 Internal wave available potential energy

Spectral energy is elevated at all depths during times of a strong DWBC at the

mooring position, but differences can be seen in the slope of spectra. These dif-

ferences depend on depth and are similar to findings in the spectra of horizontal

velocities: above the DWBC (500 m− 1200 m, Fig. 7.7.a) the spectral slope remains

constant during high |v| with a small, almost constant increase in all internal wave

frequencies up to 10 cpd.

In and below the DWBC (1200 m− bottom) the strongest increase in internal wave

APE during high |v| is found in the near inertial frequency range. Above the 2×M2

tidal frequency there is no (depth range 1200 m− 2000 m, Fig. 7.7.b) or a very small

increase (depth range 2000 m− bottom, Fig. 7.7.c and d) in APE. The increase in

APE in near inertial frequencies is strongest between 1200 m and 3000 m which

corresponds to the depth range of the DWBC and indicates a generation of the

observed waves by the interaction of the DWBC with the slope topography to the

west of the moorings.
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8| Discussion

8.1 Diapycnal mixing

In order to analyze the influence of the DWBC on the intensity of vertical mixing,

diapycnal diffusivities Kρ were obtained from a finescale parameterization based

on CTD and LADCP measurements from five cruises (2000 - 2005) (Fig. 6.1). It

was possible to analyze the dependence of vertical mixing intensities on different

background flow conditions as two of these cruises were carried out during a weak

DWBC in the study area and three during a strong DWBC.

A sensitivity test of the calculated diapycnal diffusivities on the upper wavenumber

limit in the integration intervals in the shear and strain spectra was carried out.

Intervals corresponding to wavelengths of 320−110m for shear and 128−20m for

strain variance were identified as suitable intervals (Chapter 5.1).

Significant differences in mixing rates were found in the deepest part of the pro-

files up to 1500 m above the bottom. Here elevated mean values of Kρ of up to

10−3 m2 s−1 were observed during times when a pronounced DWBC was found close

to the slope. This is about an order of maximum higher than mixing rates found

during weak flow. Enhanced generation of internal waves due to interactions of the

DWBC with the topography to the west of the mooring location and their subse-

quent local breaking is a possible mechanism resulting in the observed pattern of

vertical mixing.

The shear/strain variance ratio Rω is a measure of the internal waves aspect ratio

and can be related to its frequency (e.g. Henyey, 1991; Kunze et al., 1990; Polzin

et al., 1995). Elevated values during DWBC phases indicate an increase especially

of near inertial waves during these times.
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8.2 Internal wave energy from timeseries
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Figure 8.1: a) Mean monthly wind speed at the central mooring of the MOVE array in the years
2000− 2005 from NCEP reanalysis wind data (Kalnay et al., 1996). b) Mean monthly
integrated internal wave APE at the central MOVE mooring (M2, Fig. 3.1) from data
obtained during the considered five deployment periods from all instruments located
at depths between 1200 m and approximately 5000 m (depths range where data is
available during all considered deployment periods).

Five continuous years of velocity and temperature time series from two boundary

current moorings of the MOVE array were used to analyze temporal variability in

the energy and frequency content of the internal wave field. Unlike in the open

ocean where the energy contained in internal waves is strongly related to the wind

field and therefore shows a seasonal cycle with a minimum in local summer (Fig. 8.1

and e.g. Alford, 2003), the variability in DWBC strength and position was found

to be the mayor factor influencing the internal wave field at the location of the

two boundary current moorings. For this study velocity and temperature mea-

surements from one mooring located at the continental rise are supplemented by

velocity time series of a mooring located further inshore on the continental slope.

The mooring-based velocity time series were used to obtain internal wave spectra
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8.3 High frequency variability as proxy for mixing intensity

for along and cross slope velocities while internal wave APE spectra were calcu-

lated from the temperature time series. Both types of spectra show a consistent

dependence on both the DWBC strength and on depth (Fig. 7.2, Fig. 7.3 and 7.7).

During strong flow energy is elevated in the entire internal wave frequency range

at both moorings but spectral characteristics change significantly with depth. At

depths shallower than the DWBC the increase in energy is nearly uniform over al-

most the entire internal wave frequency range. Below 1200 m however, the strongest

increase is found at near-inertial frequencies, whereas energy in frequencies larger

than that of the 2×M2 tidal constituent remains almost unchanged. This is in

good agreement with the generation process for low frequency, near inertial waves

proposed by Nikurashin and Ferrari (2010b) as here the DWBC strongly interacts

with the slope topography to the west of the mooring where the local water depth

equals the depth of the DWBC core. At depths below the DWBC core (below

3000 m) the increase in energy in the near inertial frequency range is still visible

but not as pronounced as at the depth of the core.

The increase in low frequency internal wave kinetic energy within the depth range

of the DWBC at the continental slope is consistent with a source region close to the

continental slope mooring. Wave breaking might have dissipated some of the en-

ergy of the generated waves before they reach the continental rise mooring, leading

to a slightly smaller increase at this mooring during phases of a strong DWBC.

8.3 High frequency variability as proxy for

mixing intensity

The high temporal resolution of measured temperature fluctuations, and thus ver-

tical displacements, make it possible to include the high frequency variability above

the buoyancy frequency into the analysis. Variability originating from vertical mix-

ing, generated by breaking internal waves, is found in this high frequency range.

This makes it a proxy for vertical mixing strength and was therefore analyzed to

study whether the increase in internal wave energy also leads to an increase in the

local vertical mixing intensity. Significant differences in the response of high fre-
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Figure 8.2: a) Dependence of normalized high frequency variability as indicator for vertical mix-
ing intensity on |v|. Mean correlation coefficients (R) and p-values (p) for the indi-
vidual deployment periods are given. b) Dependence of normalized high frequency
variability on normalized integrated APE in the internal wave frequency band. Dots
denote mean values in the velocity intervals used in Fig. 7.6, correlation coefficient
(R) and p-value are given on the left. For both plots data from instruments below
2000 m were used. c) Correlation between internal wave kinetic energy and high fre-
quency variability in APE. As in Fig. 7.6 data from a depth of approximately 2200 m
were used and the M2 tidal frequency was excluded from the integration.

quency variability to the DWBC strength were found between the different depth

ranges in which the temporal resolution of the measurements resolves this frequency

range (Fig. 7.7): Between 1200 m and 2000 m, energy in frequencies above the lo-
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8.3 High frequency variability as proxy for mixing intensity

cal buoyancy frequency remains almost constant and independent of the DWBC

strength even though internal wave APE is elevated during strong flows. Below

2000 m in contrast, there is a pronounced increase during strong DWBC phases,

indicating intensified vertical mixing during these times.

Fig 8.2a shows a scatterplot of the correlation between the variability in the high

frequency range and the flow component parallel to the topography |v|. For this

plot APE spectra obtained from instruments deployed below 2000 m were inte-

grated in the frequency range between N and 36 cpd as this is the maximum fre-

quency range resolved by all instruments. To account for the differences in the

integration intervals due to differences in N, integrated values were normalized by

the respective frequency range. Furthermore integrated values were normalized

by the mean of all values measured by the respective instrument, thereby relative

changes of variability in the high frequency range are obtained. Correlation coeffi-

cients are significant (0.45− 0.66) except for the fourth deployment period (0.30)

where only small changes in |v| occur.

Possible mechanisms resulting in the observed increase of high frequency variabil-

ity at greater depths during times of a strong DWBC would be an interaction

of the generated internal waves with the topography of the continental slope or

an increase in the generation of lee waves which then propagate their energy to

high frequency waves via the nonlinear energy cascade. Hence, the large difference

in mixing intensity during different DWBC phases shows the importance of local

properties, especially strong currents, for the internal wave field and the associated

mixing processes.

Direct comparison of normalized values of internal wave APE and kinetic energy

with the corresponding APE in the high frequency range, both binned according

to the same 5 cm s−1 intervals of vslope/|v| used in Fig. 7.6, shows a high linear cor-

relation of internal wave available potential energy (Fig 8.2b) and kinetic energy

(Fig 8.2c) with high frequency variability and provides support for the applicability

of finescale parameterizations.

The dependence of the variability in the high frequency range on internal wave

APE is not 1:1, but an increase in internal wave APE leads to a disproportionally

high increase in the high frequency range. In contrast the ratio of the increase in

internal wave kinetic energy and high frequency variability is almost 1:1. As the
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Figure 8.3: Time series of |v| (a) and of 2-day variances of high-pass filtered vertical displace-
ments (b) with depth of measurement instruments denoted by black lines.

strongest increase in internal wave energy occurs in the near inertial range during

phases of a strong DWBC, relative changes in spectral energy are more pronounced

in internal wave kinetic energy than in available potential energy.

To study temporal changes in the inferred mixing intensity using the high frequency

variability, time series of vertical displacements were high-pass filtered down to a

frequency of 30 cpd and the 2-day variance was computed at all depths (Fig. 8.3).

30 cpd was chosen as cut off frequency as a trade off between the available temporal

resolution and the maximum buoyancy frequencies at different depths. It is above

the upper limit of the internal wave frequency range at depths approximately be-

low 1200 m.

2-day variances change considerably over time and with depth: A general increase

is evident for times of a strong DWBC when particularly high values are found

within the bottommost 2000 m. As during phases of a strong DWBC more (or

more energetic) internal waves seem to be generated this might subsequently re-

sult in local wave breaking close to the seafloor causing the observed increase in

high frequency variability. Apart from the increase in the lower part of the water

column, elevated energy in high frequencies is also persistently found at the depth
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Figure 8.4: APE spectra in a depth of approximately 1100 m obtained from data measured by
the MOVE mooring at the MAR. A local maximum in N leads to wave trapping at this
depth in the frequency range denoted by the red shading.

of the interface between the DWBC and overlying watermasses where a small local

maximum in the buoyancy frequency N could lead to wave trapping. This trap-

ping of internal waves by a small local maximum in the stratification leads to an

increase of internal wave APE slightly below the local buoyancy frequency as they

can not leave the depths range of the local maximum in N. This can be clearly

seen in the APE spectra obtained from measurements of the MOVE array at the

MAR (Fig. 8.4). Here the overall variability is significantly smaller than within

the DWBC and an increase in (high frequency) internal wave energy due to wave

trapping can be seen.

As the frequency range in which this wave trapping occurs is not removed by

the high-pass filter (cut off frequency of 30 cpd) at depths above approximately

1200 m, the increase in high frequency internal wave energy is visible in the high

frequency variability. This is in good agreement with the observed high variance

at the continental rise mooring at approximately 1000 m which is independent of

the DWBC strength. It is a strong indication that the observed variability in the
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high frequency range is related to physical processes and is not induced by noise.

At depths below approximately 1200 m 30 cpd is above the permissible frequency

range of internal waves and variability with higher frequencies is very likely to be

caused by vertical mixing.

The correlations between enhanced vertical mixing during phases of a strong

DWBC completes the energy cascade from the large scale DWBC via the gen-

eration of internal waves to mixing in the study area and therefore validates the

application of parameterizations like those used in Chapter 6.

8.4 Vertical propagation of internal waves

A rough estimate of the ray paths of the offshore propagating internal waves

generated at the continental slope at the depth of the DWBC core was made

using the propagation characteristics given by the dispersion relation for freely

propagating internal waves. The propagation direction for internal waves with

near inertial and K1 tidal frequencies was determined for a constant stratification

and the propagation path was then rescaled to the mean buoyancy frequency pro-

file obtained from the available CTD data using the Wentzel–Kramers–Brillouin

(WKB) transformation. As no precise estimate of the vertical and horizontal

wavenumbers is available, the effect of the background flow field was omitted.

Near inertial waves generated at the depth of the DWBC core (approximately

2000 m) will propagate along their ray paths (Fig. 8.5) and encounter the mooring

locations. However internal waves with frequencies lower than the K1 tidal

frequency generated at a depth of 2000 m will not be measured by the mooring at

the continental rise at depths shallower than approximately 1000 m due to their

nearly horizontal propagation characteristic. This is consistent with the absence

of a strong increase in energy of low frequency waves during a strong DWBC

at the moorings at shallower depths. The higher spectral levels of horizontal

velocities in cross slope direction compared to spectra of along slope direction and

higher energy levels at the continental slope mooring compared to energy levels at

the continental rise mooring are consistent with the offshore radiation of internal

waves generated by the interaction of a strong DWBC with the continental slope
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Figure 8.5: Internal wave ray paths of K1 and near inertial frequencies generated at the slope
at a depth of approximately 2000 m. Mooring positions are denoted by vertical gray
lines.

westward of the mooring location.

As internal waves generated at the depths where the DWBC interacts with the

slope topography will propagate approximately along the ray paths estimated

above, energy propagation will be upward at depths above the DWBC core and

downward below. The direction of vertical energy propagation during the different

flow situations can be estimated from rotary spectra analysis using shipboard

LADCP profiles (Chapter 5.5.4). The left panel in Fig. 8.6 shows the ratio r of

clockwise and counterclockwise spectral components as a function of the distance

to the DWBC core depth. The resulting mean profile is in good agreement with

the estimated internal wave ray paths for waves generated by the interaction of the

DWBC with the topography as the downward energy propagation from the surface

is decreasing and reverses into an upward energy transport slightly above the depth

which corresponds to the depth at which the DWBC core is found. Below the

core the energy propagation direction again reverses to a downward propagation

which could correspond to downward propagating near inertial waves generated
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Figure 8.6: left: Ratio of downward to upward energy propagation during a strong DWBC as
a function of the distance to the DWBC core depth. The depth of the core of the
DWBC was determined individually for each cruise (approximately 1300 m for S152,
2000 m for M53/3 and 1200 m for M62/1). Thereby only stations between 60◦ 40.2’ W
and 60◦ 32.4’ W were considered as here the DWBC is most pronounced and inter-
nal waves generated by the interaction of the DWBC with the slope topography are
most likely to show up in the vertical energy propagation direction. right: Ratio of
downward to upward propagating energy for both flow situations of a strong (black)
and an absent (gray) DWBC at the continental slope as a function of meters above
bottom (mab). Negative ratios correspond to upward, positive ratios to downward
energy propagation.

by the interaction of the DWBC with the topography. In the deepest part of the

mean profile energy propagation is again upward probably due to internal waves

generated at the (local) bottom topography, independent from the interaction of

the DWBC with the slope topography further to the west. In mean profiles of

vertical energy propagation as a function of meters above bottom (right panel in

Fig. 8.6) the expected net downward energy flux (positive r) is found at depths

more than 1000 m above the bottom during phases when the DWBC was flowing

over the slope, whereas close to the seafloor (up to 500 mab) there is a mean net

upward energy propagation. The downward energy flux in the upper part of the
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8.4 Vertical propagation of internal waves

water column is probably induced by downward propagating near inertial waves

which were generated by the wind. The vertical energy propagation is dominantly

upward (negative r) during times when the DWBC is not flowing over the continen-

tal slope except close to the surface where also a downward energy flux is observed.
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DWBC-slope interaction correlation between generation of (near 

inertial) waves and DWBC strength

local breaking of internal waves 

induces (linear) dependence of 

vertical mixing on DWBC strength

Figure 9.1: The DWBC interacts with the topography of the continental slope westward of the
mooring locations and generates low frequency, near inertial waves which break and
induce a significantly enhanced vertical mixing during phases of a strong flow.

Using five years of continuos mooring data combined with shipboard CTD/LADCP

profiles from five cruises, temporal variability on all scales of the energy cascade

from the conversion of large scale energy within the DWBC into internal waves

and finally into vertical mixing was studied.

The results of this analysis emphasize the importance of the interaction between

strong currents and local bottom topography for the internal wave field and the

subsequent vertical mixing (Fig. 9.2); the energy in the internal wave field over the

continental slope at 16◦N in the tropical North Atlantic shows strong variability

depending on the strength and location of the DWBC in both time series of hori-

zontal velocities (Chapter 7.1.2) and vertical displacements (Chapter 7.2.2). Most

pronounced changes in internal wave energy are thereby found at depths below

approximately 1200 m in low frequency, near inertial waves. Mean values of diapy-

cnal diffusivities at the seafloor, obtained from a finestructure parameterization,

differ by approximately an order of magnitude between phases when the DWBC is

flowing over the continental slope (Kρ ≈ 10−3 m2 s−1) and phases when it is absent

(Kρ ≈ 10−4 m2 s−1, Chapter 6). Diapycnal diffusivities of Kρ ≈ 10−3 m2 s−1 are

enhanced by approximately two orders of magnitude compared to pelagic values

(Ledwell et al., 1993; Kunze and Sanford, 1996; Ledwell et al., 2010) and can be

considered as mixing hot spots.

The generation of near inertial waves by the interaction of the DWBC with the
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Figure 9.2: During phases of a strong DWBC over the continental slope internal waves, primarily
with near inertial frequency, are generated westward of the moorings where the local
water depth equals the depth of the DWBC core. They propagate offshore and are
measured by the moorings at depths below approximately 1200 m consistent with
estimated internal wave ray paths of low frequency internal waves. At depths above
1200 m only a small almost constant increase in all frequencies is found. The in-
ternal wave energy is linearly related to the flow strength within the DWBC. Local
breaking of the internal waves induces significantly enhanced diapycnal mixing in
the bottommost 1200 m during phases of a strong DWBC.

slope topography to the west of the mooring locations (where the local water

depth equals the depth of the DWBC core) as described by Nikurashin and Ferrari

(2010b) is proposed as mechanism leading to the observed increase in low frequency

internal waves and associated vertical mixing during phases of a strong DWBC.

Thereby energy is transferred from lee waves and waves with harmonic frequencies

of f (forced by inertial currents) to waves with the inertial frequency via a triad

interaction. The topography in the vicinity of the mooring location favors such a
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generation of low frequency, near inertial internal waves as it provides topographic

features with wavelengths λt that are suitable for the generation of lee waves as

well as a strong flow over the slope. For a bottom flow speed of U0 = 0.2m s−1, the

topographic wavelength range for the radiation of stationary lee waves is between

approximately 1.7 km (2π
λt

< N
U0

) and 30 km (2π
λt

> f
U0

) in the study area.

Variability in the high frequency range (above the local buoyancy frequency N)

was shown to be a viable proxy for turbulent mixing (Chapter 8.3). Strongly ele-

vated values were found during strong flows in the bottommost 2000 m and a linear

correlation with internal wave energy suggests a local breaking of the generated

internal waves inducing vertical mixing. Variance in the high frequency range close

to the seafloor (Fig. 8.3) differs by approximately a factor of up to 7− 8 between

weak and strong flow which is in good agreement with the factor of 10 increase

observed in Kρ values obtained from the finestructure parameterization.

A local maximum in N at a depth of approximately 1000 m leads to the trapping

of high frequency waves. These waves with frequencies close to the local buoyancy

frequency induce high frequency variability in this depth range independent of the

DWBC strength.

Vertical energy propagation directions deduced from rotary spectra using LADCP

profiles show a divergence of the energy propagation approximately at the depth

that corresponds to the depth of the DWBC core (Chapter 8.4). This is in good

agreement with the proposed generation of near inertial waves by the interaction

of the DWBC with the slope topography to the west of the mooring location where

the local water depth equals the depth of the DWBC core.

This study provides observational evidence that in addition to wind generated in-

ternal waves and baroclinic tides the generation of (near inertial) internal waves

due to flow-topography interactions is another major generation factor of internal

waves. Mean internal wave energy at depths below 1200 m increases by approxi-

mately a factor of two between weak and strong flow phases (Fig. 7.6) and induces

enhanced diapycnal mixing especially at the seafloor. Here it differs by an order

of magnitude between phases of a strong or an absent DWBC over the continental

slope.

Even though the area covered by the Atlantic DWBC is very small compared to

global ocean scales, the observed mechanism is very likely to also play an important
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9 Summary and Conclusions

role in many other areas of strong flow like e.g. the Antarctic Circumpolar Current

(ACC) where enhanced diapycnal diffusivities were already observed (St. Laurent

et al., 2012; Waterman et al., 2012; Sheen et al., 2013) or the Kuroshio Cur-

rent where shear layers induced by low-frequency internal waves where found by

Rainville and Pinkel (2004). The significant response of internal wave energy and

diapycnal mixing rates to strong currents like the DWBC interacting with (slope)

topography emphasized the importance of including regional characteristics into

global budgets of internal wave energy and diapycnal diffusivities as well as in

models.

Furthermore these results also point to a possible feedback mechanism between

large scale current systems and internal wave energy which subsequently influ-

ences vertical mixing rates. These would be affected by a shift of major currents

like the DWBC which in turn would feedback on the global circulation.
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The timeseries obtained by the moorings deployed within the MOVE project pro-

vide an excellent data basis for the analysis of a long term, statistically significant

correlation between the flow speed within the DWBC and changes in the internal

wave field. However moored instruments like the χpod (Moum and Nash, 2009)

measuring temperature fluctuations with a temporal resolution of 120 Hz allows to

infer timeseries of mixing rates. This would permit direct quantitative analyses of

the impact of the excess internal wave energy during periods of a strong DWBC

on the subsequently induced vertical mixing rates over long time periods. A sim-

ilar analysis could be carried out with timeseries of closely spaced (∆z ≈ 10m)

temperature sensors to detect temperature inversions and using Thorpe scales to

calculate the corresponding mixing rates.

Microstructure instruments would enable the direct measurements of vertical pro-

files of energy dissipation without the application of a parameterization. Au-

tonomously profiling microstructure measurement devices are started to be used

to obtain timeseries of profiles of energy dissipation in a specified depth range (e.g.

D.J. Wain, presentation at "Knowledge for the Future" 2013). Even though they

are free floating and therefore drift with the current, they might by a measure to

obtain a temporal average of vertical mixing intensity within a relatively small area

by direct measurements as single profiles can be highly effected by the patchiness

of vertical mixing. However these measurements are still very expensive and time

consuming. If in the future measurement devices and processing routines become

available for microstructure measurements carried out with a watersampler rosette

simultaneously to LADCP/CTD measurements, this would significantly simplify

and speed up the measurement of dissipation rates. Even though first tests in this

direction are already carried out, obstacles like the tethered operation mode, the

rosette movements and the disturbances induced by the rosette itself are at present

still difficult to overcome.

Further studies on changes in the characteristics of the internal wave field could
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have been carried out using the decomposition of the observed internal wave into

normal modes using the available temperature (vertical displacement) timeseries.

Thereby information on changes in the vertical structure of the internal wave field,

e.g. is it getting (or to what extend) more vertically complex during phases of a

strong DWBC?

Additional current meters further up in the water column (within the uppermost

800 m, Alford and Zhao, 2007) would also have permitted a normal mode decompo-

sition of the vertical structure of the internal wave velocity signal and furthermore

the estimation of horizontal energy fluxes (Alford and Zhao, 2007):

F =

∫
0

−H

〈u(z′)p′(z′)〉dz′ (10.1)

where 〈 〉 denotes an average over one waveperiod and p′ is the baroclinic pressure

anomaly. Next to the magnitude of horizontal energy fluxes at the mooring lo-

cation and the related possible assessment of the significance of this mechanism

in relation to other processes or the geographic setting, this would probably yield

further information on the main generation site of the observed internal waves.

Furthermore the role of tides for energy transport in this setting of very strong

background current currents could have been determined.

A more thorough study of the generation of lee waves in combination with the

strong background flow within the DWBC subsequently also leading to the gener-

ation of the observed near inertial waves would have been possible if high resolution

bottom topography data upstream of the mooring location would have been avail-

able.

Analyses of the MOVE timeseries obtained at the MAR or the center of the west-

ern Atlantic basin could provide insights into other processes that influence the

internal wave field and that are masked in the DWBC region by the dominant in-

fluence of the flow-topography interaction on the internal wave field. These could

include seasonal variations in combination with wind forcing, tides, influences on

the internal wave field and vertical mixing rates by critical layers in the stratifica-

tion due to wave trapping which could also cause the high frequency variability at

the continental rise mooring at a depth of approximately 1000 m. In the calmer

setting of the mooring at the MAR with less overall variability, wave trapping in
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the depth range of a local maximum of the buoyancy frequency induces a visible,

significant peak just below the local N in vertical displacement spectra obtained

from mooring measurements at a depth of approximately 1100 m (Fig. 8.4).

Furthermore the influence of topography and critical topographic angles away from

strong currents on the internal wave field could be analyzed using especially moor-

ing timeseries obtained at the MAR. In combination with moored microstructure

measurements the long-term quantitative effect of e.g. critical topographic angles

on vertical mixing rates could by estimated.
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