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dynamics. The first comes from the inte-
rior of large-amplitude (and nonlinear) 
internal waves on the continental shelf. 
In waters that are relatively devoid of 
small fish and zooplankton, the prin-
cipal source of acoustic backscatter at 
120 kHz is the density and sound speed 
microstructure created by turbulence, a 
point made clear by broadband acoustic 
measurements through these waves that 
reveal the full spectrum of the back-
scattering that permits discrimination 
between zooplankton and turbulence 
(Lavery et al., 2010). In Figure 8, acous-
tic backscattering illuminates a train 
of billows with dimensions similar to 
those seen over Great Meteor Seamount 
(Figure 4 and accompanying text), but 
here embedded within a wave propagat-
ing toward the Oregon coast (Moum 
et al., 2003). The sequence of rollups is 
identical in nature to Kelvin–Helmholtz 
instabilities observed in the laboratory 
and in small-scale simulations (Figures 2 
and 7). The vertical scale of the largest 

rollup is more than 10 m, and the hori-
zontal scale (in the direction of wave 
propagation) is roughly 50 m. Toward 
the trailing edge of the wave, the rollups 
become less coherent but contribute a 
greater backscatter signal, indicating 
breakdown to turbulence. The turbulent 
region between the two largest billows 
suggests the braid-centered second-
ary instability of Mashayek and Peltier 
(2011). At greater depth, denoted by 
arrows, are two more layers of bright 
backscatter. They are presumably the 
same phenomenon, but smaller scale; if 
so, the echosounder resolution does not 
permit a clear depiction of these deeper 
rollups. The bright acoustic scattering 
tail of large-amplitude internal waves is a 
common feature on continental shelves. 

The second example is from the upper 
equatorial ocean. The signature equato-
rial current structure in the upper 150 m 
of the central Pacific includes a strong 
westward surface current overlying an 
equally intense eastward undercurrent. 
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Figure 8. Example acoustical snapshot of a nonlinear internal gravity wave approaching 
the Oregon coast. The wave propagates from left to right at speed Cw in this image. The 
velocity in the upper layer is in the direction of Cw, and the resultant current shear defines 
the direction of the rollups in the billows. The bright acoustic scattering layers result from 
reflections by density microstructure caused by turbulence. The signal reveals a train of 
Kelvin-Helmholtz billows. The structure located between the two largest billows may be an 
example of the stagnation point instability (Mashayek and Peltier, 2011).

computational capacity has increased. 
Early numerical studies assumed that 
momentum and mass diffuse at the 
same rate, as is approximately true in 
air. Increasing computer size has also 
allowed simulations of instability in 
seawater, which is more difficult due to 
the slow diffusion rates of heat and salt 
(Smyth, 1999; Kimura and Smyth, 2007; 
Smyth and Kimura, 2011). 

In the example shown in Figure 7, 
the diffusivities are characteristic of 
thermally stratified seawater (see Smyth 
and Thorpe, 2012, for further details). 
Figure 7a shows the initial state—two lay-
ers separated by a thin transition layer. A 
small perturbation grows to form a train 
of KH billows, two of which are shown 
in Figure 7b. The billows subsequently 
merge and develop two secondary insta-
bilities in sequence: convective secondary 
instability in overturned regions of the 
billow cores (Figure 7c, cf. Figure 6) and 
secondary shear instability in the braids 
(Figure 7d). These instabilities, and a 
complex combination of tertiary insta-
bilities, lead the flow to a fully turbulent 
state (Figure 7e). Ultimately, turbulence 
decays, leaving a field of random IGWs 
propagating on a layer that has been 
dramatically thickened by irreversible 
mixing (Figure 7f, compare with 7a). The 
statistical properties of simulated mix-
ing events like those shown here closely 
resemble those extracted from observa-
tions of turbulent patches in the ocean 
thermocline (Smyth et al., 2001).

OCEANIC OBSERVATIONS OF 
KH INSTABILIT Y AND THE 
TR ANSITION TO TURBULENCE
We next describe two examples of tur-
bulence arising from KH billows in 
disparate geographical locations and 
governed by very different internal wave 

Moum 2003
http://www-frd.fsl.noaa.gov/mab/scatcat/



Spatial variability

is used here to correct the NCEP fluxes in both hemi-
spheres. The REMO and corrected NCEP fluxes agree well
at all latitudes (Figure 3e). Since this factor also works well
with NE Pacific NCEP/buoy comparisons (not shown), the
northern fluxes presented here are considered reliable. (The
data-poor high-southern-latitude NCEP winds are less so,
allowing the possibility that the fluxes there are under-
estimated.)

5. Results
5.1. Spatial Maps

[15] Seasonally-averaged spatial maps of the spectral-
solution flux (Figure 4) are qualitatively identical to those
presented in A01, and the reader is referred there for more
details. As in A01, strong western-enhanced, midlatitude
fluxes are observed with maxima in local winter associated
with travelling storms. These midlatitude maxima are evi-
dent, as before, in the zonal-mean profile (Figure 1, green).
[16] The global power input from the wind to inertial

motions is given by the area integral of the panels in Figure 4.
For the period 1989–1995 (considered by WH), the mean
input is 0.47 TW, about 60% higher than A01’s previous
estimate (owing to the larger domain and the incorporation of
near-inertial Ekman motions), but only 70% of theWH value
(see Appendix A).

5.2. 54-Year Record

[17] Since the 1950’s the frequency and intensity of extra-
tropical cyclones has increased in both the northern [Graham

and Diaz, 2001] and southern [Hopkins and Holland, 1997]
Pacific. The effects of these changes on the fluxes are
investigated by computing the wind-work for each year of
the NCEP Reanalysis, from 1948–2001. (The same MLD
climatology is used for all years. However, wind, rather than
MLD, fluctuations dominate the fluxes [A01].) The tropical
input (jlatj < 20!) has remained nearly constant at 0.15 TW
over the 54-year record (Figure 5, blue line), but the
extratropical input has increased by about 40%. The total
has increased about 25% over the 54 years, paralleling
observations of increasing cyclone frequency (gray line),
maximum wind, and wave heights in the North Pacific

Figure 2. Flux transfer functions Re[R(s)] for Z (black),
ZE (red) and ZI (green) for the frequency-independent-r case
(thin) and an r that decays to zero for s < 0.5f (thick).

Figure 3. Annual-mean flux for 1988 from NCEP (a) and
REMO (b). (c) The zonal-mean flux from the NCEP (thin)
and REMO (thick) winds. (d) The ratio at each location
(dots), the zonal mean (thin), a fit (thick), and the factor
used by WH (dashed). (e) Scatter plot of REMO vs.
corrected NCEP fluxes.

Figure 4. The 1992 global distribution of work done by
the wind on near-inertial motions computed using (5) and
incorporating monthly mixed-layer-depth variations. Each
panel is a seasonal average over the months indicated at left.
Ice is indicated in white.

ALFORD: INERTIAL ENERGY-FLUX 6 - 3

wind work on near-inertial motions

Alford 2003

Figure 2. (top) Topographic roughness in (m). (middle top) Bottom stratification in log10 (s
−1)) estimated using the WOCE

hydrographic atlas. (middle) Bottom kinetic energy in log10 (m
2 s−2) obtained from the isopycnal ocean model. (middle

bottom) Topographic steepness parameter, log10 !. (bottom) Energy flux into internal lee waves in log10 (mW m−2).
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low-intensity microstructure. Turbulent dif-
fusivity values for the central Brazil Basin
were about 0.1 3 1024 m2 s21. We ob-
served just a slight enhancement in the
mixing over the rise within 100 m of the
bottom, most likely a result of boundary
layer turbulence. These small dissipation
estimates were surprising in that a bottom-
intensified deep western boundary current
flows above the rise (albeit at speeds of only
about 2 cm s21) that has been implicated in
mixing Brazil Basin waters (13). In contrast,
turbulent dissipation rates were elevated
one to two orders of magnitude above the
rough flanks of the MAR, particularly with-
in 300 m of the bottom.

We repeatedly sampled one spur of the
MAR with the HRP between 3 and 20
February, 1996, a period encompassing both
spring and neap tides. Turbulent diffusivity

values in this region were consistently
greater than 1024 m2 s21 within 300 m of
the bottom; within 150 m, some values
exceeded 1023 m2 s21 (Fig. 3). This region
of rough topography was chosen as the trac-
er release site. Approximately 110 kg of SF6
was released during an 8-day period on a
density surface at about 4010 m depth near
21°409S, 18°259W (Fig. 1) (14). The initial
root-mean-square vertical spread of the
tracer relative to the target density surface,
resulting from shifts in sensor calibration
between tows, was about 9 m. Tracer con-
centration broadened in the 11 days after
injection (Fig. 4). Application of a diffusion
model (15) returned a diapycnal diffusivity
value of 0.5 3 1024 6 0.5 3 1024 m2 s21.
On the basis of the 39 HRP stations made
in this region, we estimate that K between
3960 and 4060 m was 0.3 3 1024 to 0.6 3

1024 m2 s21 (95% confidence bounds). Al-
though a K value close to zero cannot be
ruled out by the tracer data, the best esti-
mate is consistent with those from the
HRP.

The microstructure data show that mix-
ing was enhanced throughout much of the
water column in regions with rough topog-
raphy. Turbulence supported directly by
bottom stress is limited to boundary layers
that are typically only tens of meters high.
That mixing occurs remote from the bot-
tom implicates wave processes that can
transport energy up from the bottom.
Steady and time-dependent bottom cur-
rents flowing over undulating bathymetry
can generate internal waves that propagate
up into the water column (16). Subsequent
instability and breaking of such waves
would provide an energy source for the tur-
bulent mixing. Consistent with this idea,
enhanced fine-scale shear and strain (17)
were observed above rough bathymetry. We
propose that the energy source for the inter-
nal waves supporting the mixing near the
MAR is the barotropic tides impinging on
the rough bathymetry of the ridge. (Mean

Fig. 1. Distribution of HRP
stations (triangles) in the Bra-
zil Basin of the South Atlantic
Ocean. Isobaths greater than
2000-m depth are depicted
with a contour interval of
1000 m. The expanded scale
plot to right shows the ship
tracks during injection of the
SF6 tracer (solid lines). The
dashed lines mark the sam-
pling tracks of the initial trac-
er survey.

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500
24 28 32 36 40 44

<10-5 >10-5 >10-4 >10-3

10-5 10-2
Diffusivity (m2s-1)

Pr
es

su
re

 (d
ba

r)

Minutes latitude (+21° S)

Tr
ac

er
 in

je
ct

io
n 

le
ve

l

Fig. 3. Profiles of average cross-isopycnal diffu-
sivity versus depth as a function of position rel-
ative to a spur of the MAR (whose bathymetry is
shown versus latitude). Diffusivity profiles have
been offset horizontally to roughly correspond to
their physical position relative to the spur and are
plotted on a logarithmic axis. The tick marks and
color scheme denote decadal intervals, and the
vertical reference lines denote K 5 1025 m2 s21.
The 95% confidence intervals are roughly 650%
of the depicted estimates. The horizontal line
marks the average depth at which the SF6 tracer
was injected.
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Fig. 2. Depth-longitude section of cross-isopycnal diffusivity in the Brazil Basin inferred from velocity
microstructure observations. Note the nonuniform contour scale. Microstructure data from the two
quasi-zonal transects have been combined without regard to latitude. The underway bathymetric data
to 32°W is from the eastward track, the balance comes from the westward track. The white line marks
the observed depth of the 0.8°C surface.
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low-intensity microstructure. Turbulent dif-
fusivity values for the central Brazil Basin
were about 0.1 3 1024 m2 s21. We ob-
served just a slight enhancement in the
mixing over the rise within 100 m of the
bottom, most likely a result of boundary
layer turbulence. These small dissipation
estimates were surprising in that a bottom-
intensified deep western boundary current
flows above the rise (albeit at speeds of only
about 2 cm s21) that has been implicated in
mixing Brazil Basin waters (13). In contrast,
turbulent dissipation rates were elevated
one to two orders of magnitude above the
rough flanks of the MAR, particularly with-
in 300 m of the bottom.

We repeatedly sampled one spur of the
MAR with the HRP between 3 and 20
February, 1996, a period encompassing both
spring and neap tides. Turbulent diffusivity

values in this region were consistently
greater than 1024 m2 s21 within 300 m of
the bottom; within 150 m, some values
exceeded 1023 m2 s21 (Fig. 3). This region
of rough topography was chosen as the trac-
er release site. Approximately 110 kg of SF6
was released during an 8-day period on a
density surface at about 4010 m depth near
21°409S, 18°259W (Fig. 1) (14). The initial
root-mean-square vertical spread of the
tracer relative to the target density surface,
resulting from shifts in sensor calibration
between tows, was about 9 m. Tracer con-
centration broadened in the 11 days after
injection (Fig. 4). Application of a diffusion
model (15) returned a diapycnal diffusivity
value of 0.5 3 1024 6 0.5 3 1024 m2 s21.
On the basis of the 39 HRP stations made
in this region, we estimate that K between
3960 and 4060 m was 0.3 3 1024 to 0.6 3

1024 m2 s21 (95% confidence bounds). Al-
though a K value close to zero cannot be
ruled out by the tracer data, the best esti-
mate is consistent with those from the
HRP.

The microstructure data show that mix-
ing was enhanced throughout much of the
water column in regions with rough topog-
raphy. Turbulence supported directly by
bottom stress is limited to boundary layers
that are typically only tens of meters high.
That mixing occurs remote from the bot-
tom implicates wave processes that can
transport energy up from the bottom.
Steady and time-dependent bottom cur-
rents flowing over undulating bathymetry
can generate internal waves that propagate
up into the water column (16). Subsequent
instability and breaking of such waves
would provide an energy source for the tur-
bulent mixing. Consistent with this idea,
enhanced fine-scale shear and strain (17)
were observed above rough bathymetry. We
propose that the energy source for the inter-
nal waves supporting the mixing near the
MAR is the barotropic tides impinging on
the rough bathymetry of the ridge. (Mean

Fig. 1. Distribution of HRP
stations (triangles) in the Bra-
zil Basin of the South Atlantic
Ocean. Isobaths greater than
2000-m depth are depicted
with a contour interval of
1000 m. The expanded scale
plot to right shows the ship
tracks during injection of the
SF6 tracer (solid lines). The
dashed lines mark the sam-
pling tracks of the initial trac-
er survey.

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500
24 28 32 36 40 44

<10-5 >10-5 >10-4 >10-3

10-5 10-2
Diffusivity (m2s-1)

Pr
es

su
re

 (d
ba

r)

Minutes latitude (+21° S)

Tr
ac

er
 in

je
ct

io
n 

le
ve

l

Fig. 3. Profiles of average cross-isopycnal diffu-
sivity versus depth as a function of position rel-
ative to a spur of the MAR (whose bathymetry is
shown versus latitude). Diffusivity profiles have
been offset horizontally to roughly correspond to
their physical position relative to the spur and are
plotted on a logarithmic axis. The tick marks and
color scheme denote decadal intervals, and the
vertical reference lines denote K 5 1025 m2 s21.
The 95% confidence intervals are roughly 650%
of the depicted estimates. The horizontal line
marks the average depth at which the SF6 tracer
was injected.
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Fig. 2. Depth-longitude section of cross-isopycnal diffusivity in the Brazil Basin inferred from velocity
microstructure observations. Note the nonuniform contour scale. Microstructure data from the two
quasi-zonal transects have been combined without regard to latitude. The underway bathymetric data
to 32°W is from the eastward track, the balance comes from the westward track. The white line marks
the observed depth of the 0.8°C surface.
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dissipation over rough topography

Polzin et al. 2010
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Figure 3 | Relationship between abyssal turbulent dissipation and surface and abyssal kinetic energy anomaly at the DIMESmooring site. a, Upper panel:
daily (thin grey line) and 45-day low-pass-filtered (thick black line) time series of abyssal ✏ at the mooring site. Red and blue arrows mark the section
occupations in April 2011 (Fig. 2a–d) and November/December 2011 (Fig. 4). Blue bars indicate maxima in the filtered ✏ series. Middle and lower panels
show the filtered altimetric kinetic energy anomaly and the kinetic energy anomaly at ⇠3,600 m (black lines) alongside their equivalent second empirical
orthogonal function (EOF) expression (blue lines). b, Spectral coherence between abyssal ✏ and the KEanom from moored current meters, surface altimetry
data and depth-mean moored ADCP velocities. Black contour indicates 95% significance level. Horizontal black lines mark pressure levels at which KEanom
was computed. The vertical structure of the first three complex EOF modes for the current velocity are plotted. c, Spectral coherence between the series of
abyssal ✏ and KEanom computed from EOF1 (blue), EOF2 (red) and EOF3 (green) of current velocity. Black dashed line marks the 95% significance.

suggest that changes in near-bottom eddy flow underpin the
observed temporal variability of turbulent dissipation in the Drake
Passage abyss, consistent with the generation and breaking of
internal waves.

This interpretation is supported by two complementary lines
of evidence. First, a significant correlation exists between the
measured near-bottom speed and microstructure-derived abyssal
dissipation for the three microstructure sections (Supplementary
Information), pointing to a link between the two variables. Although
correlation does not prove causality, application of wave radiation
theory15 to the observations of near-bottom flow during the three
repeat microstructure sections confirms that the intensification of
the flow in April 2011 is su�cient to account for the order-of-
magnitude enhancement in dissipation documented at that time
(Supplementary Fig. 4). Second, the 2-year mooring record of fine-
structure-derived abyssal dissipation in northern Drake Passage
exhibits a lognormal standard deviation of 0.3 and a range of two
orders of magnitude (✏=2⇥10�10 Wkg�1 to ✏=2.3⇥10�8 Wkg�1,
Fig. 3a), and is significantly correlated and energetically consistent
with the near-bottom eddy flow speed21. The influence of tidal
flows was found not to exert a primary control on mixing rates
at this location21. The mooring time series of abyssal dissipation
also reveals that the April 2011 microstructure section was obtained
during a 6-month period in which dissipation was enhanced by
a factor of ⇠2.5 relative to early 2012, immediately before the
microstructure transect occupation in February/March of that year.

The changes in near-bottom eddy flow modulating variations in
abyssal turbulence are not exclusively a deep-ocean phenomenon,
but are part of a mode of eddy variability that is evident
throughout the water column. This is illustrated by the analysis
of the vertical structure in the spectral coherence between abyssal
dissipation and KEanom (Methods) at the DIMES mooring site.
Fluctuations in abyssal dissipation with periods of 1–3 months,
characteristic of the eddy field, are significantly coherent with
KEanom changes in the deepest ⇠1,000m of the water column
and in the surface altimetry, but incoherent with fluctuations in
mid-depth KEanom (Fig. 3b and Supplementary Information). This
pattern of coherence reflects the first-baroclinic modal structure
of the current velocity field that is typically exhibited by eddy
motions with a prominent near-bottom and surface manifestation
andwhich corresponds to the second empirical orthogonal function
(EOF2). The abyssal dissipation is therefore significantly correlated
not only with near-bottom KEanom, but also with altimetry-derived
surface KEanom and KEanom derived from EOF2 of the velocity
field (Fig. 3 and Supplementary Information). The energization
of first-baroclinic mode eddy flows is a predicted e�ect of
baroclinic instability22, and may be expected to enhance abyssal
dissipation through the promotion of internal wave generation
by intensified near-bottom currents12,14,15,17 (despite accounting for
only 16% of the total KEanom variance, EOF2 contributes 44% of
the time-integrated bottom KEanom, compared with 27% for EOF1;
see Supplementary Information).
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Finescale processes are closely linked to ocean tur-
bulence and mixing (e.g., Munk 1981; Gregg 1989;
Polzin et al. 1995). Consistent with the assumption that
shear instabilities play an important role in this context,
our data reveal a clear modulation of Ri with subinertial
forcing (Fig. 2c): although 15%–20% of the water col-
umn sampled by the MMP at W1 is associated with
Ri , 1/4 (i.e., susceptible to Kelvin–Helmholtz in-
stabilities) during times of strong subinertial forcing, the
corresponding background fraction is only ’5%. Given
this modulation, it is not surprising that the parameter-
ized diapycnal diffusivities derived from the Ri time
series are highly correlated with the time series of sub-
inertial and finescale KE (Fig. 2d). Although most of the
time the inferred diapycnal diffusivity ranges between 1 3
1024 and 2 3 1024 m2 s21, during episodes of strong
subinertial flow the deduced mixing is intensified by
about a factor of 3. Averaged over the half-year-long
record, the two episodes of strong subinertial flow in-
crease the average diapycnal diffusivity by ’35%, from
1.46 to 1.97 3 1024 m2 s21. A tracer-release experiment
carried out in the same region between yeardays 237
and 3 yields a mean diapycnal diffusivity of ’2 3
1024 m2 s21 (Jackson et al. 2010). Although this is some-
what lower than the corresponding average of 3.1 3
1024 m2 s21 calculated from our indirectly inferred
diffusivities for the same time period, the similarity in
magnitude between the two estimates is encouraging, in
particular considering that the tracer cloud spent a sig-
nificant portion of the 40-day experiment over the
western ridge flank, where the subinertial flows are
markedly weaker than on axis (Liang and Thurnherr
2011). The mean diapycnal diffusivity of ’1024 m2 s21

on the EPR flanks below 2300 m derived from a regional
microstructure survey carried out during the mooring
recovery cruise (Thurnherr and St. Laurent 2011) is also
consistent with our parameterized estimates, because
the survey was carried out during a time of weak sub-
inertial forcing (see also section 4).

The correlations between subinertial KE, finescale
KE, Ri, and inferred diapycnal diffusivity in the W1
record shown in Fig. 2 are consistent with the hypothesis
that some of the oceanic turbulence is driven by low-
frequency geostrophic motions, rather than by tidal
flows (Naveira Garabato et al. 2004). Theoretical and
numerical investigations of this hypothesis indicate that
the energy transfer from low-frequency flows to turbu-
lence involves vigorous near-inertial waves generated
on steep slopes (Nikurashin and Ferrari 2010a,b). Both
time series of KE in the near-inertial band from the W1
MMP and the significantly longer CA velocity record
(Fig. 3c) reveal low-frequency modulation of near-
inertial KE with a characteristic time scale similar to

that of the corresponding subinertial KE near the ridge
crest (Fig. 3b) and of sea surface height anomalies (Fig.
3a). To make the data from W1 and CA directly com-
parable, the subinertial KE time series from W1 shown
in Fig. 3b is calculated from velocity data at 2450 m,
whereas the corresponding time series in Fig. 2a shows
vertically averaged values.

A careful comparison between the modulation of
near-inertial KE with the corresponding subinertial KE
reveals, however, that there is no one-to-one correspon-
dence between the two: although each of the large peaks
in near-inertial KE is associated with a corresponding
pulse in low-frequency KE, the reverse is not true. This

FIG. 3. Time series of sea surface height anomaly, subinertial KE,
near-inertial KE, and wavelet power spectra. (a) Hovmoeller dia-
gram of sea surface height anomaly from Archiving, Validation,
and Interpretation of Satellite Oceanographic data (AVISO) at
9.58N. The solid line shows the longitude of the EPR crest at this
latitude. (b) Subinertial KE. (c) Near-inertial KE from wavelet
power spectral scale averaged over the near-inertial band (2–
4 days). In (b),(c), the data from W1 at 2450 m (red) and the CA
data (blue) are shown. (d) Wavelet power spectra of the total KE at
CA. The dashed and solid lines show the local inertial and the
semidiurnal tidal frequencies, respectively.
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Sources and magnitude of temporal 
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• MERIDIONALOVERTURNINGVARIABILITY EXPERIMENT (MOVE) (2000-2005) 

• Continental rise: time-series of T, S, P from 15 - 22 instruments, 
velocities from 5 - 8 current meters 

• continental slope: 4 current meters 

• hydrographic data from 5 cruises (2000 - 2005) 

-> high variability in flow velocities
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How does the DWBC influence the internal wave 
field and subsequently diapycnal mixing rates?

 

v 
(c

m
 s

-1
)

 

 
depth (m)

WW
So 171

 

 

60° 42’ 60° 36’

v 
(c

m
 s

-1
)

ï��

ï��

ï��

ï��

ï��

0

10

20

30

40

��

 

0

1000

2000

3000

4000

depth (m)

WW
M62/1

The MOVE array



ri
se

sl
op

e

ï

ï��

ï��

ï�
�

ï��

ï��

ï��

ï��

ï��

�

�

�

�

��
��

��

����
������

 

 

������ҋ ������ҋ ������ҋ:

MicroCAT
RCM

slope mooring

rise mooring

ï��

�

0

2

4

1m/s

ï�.5 ï�.3 ï�.1 0 0.1 0.3 0.5
temperature anomaly (°C)

0

1

3

2

1m/s

2001 2002 2003 2004 2005

1

3

 

 0

1

2

3

4

5

depth (km)

Velocity and temperature timeseries



• internal waves vertically displace isopycnals as they propagate 
• calculation of vertical displacements    from temperature timeseries: 

• high vertical displacements during strong flow indicate 
an increase in internal wave energy during these times 

• -> used to calculate available potential energy (APE):
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Variability in APE spectra 
of half-overlapping 28-day segments
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• above DWBC: small, almost constant increase in APE during strong flow 
• in DWBC: significant increase in APE particularly in near-inertial frequencies

ï

ï��

ï��

ï�
�

ï��

ï��

ï��

ï��

ï��

�

�

�

�

��
��

��

����
������

 

 

������ҋ ������ҋ ������ҋ:

MicroCAT
RCM

slope mooring

rise mooring

ï��

�



Variability in APE spectra
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• below DWBC: increase in APE in near-inertial frequencies 
still visible, but not as pronounced as in DWBC
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Timeseries of internal wave APE (f-N)

• internal wave APE and flow speed correlate especially 
during phases of strong changes in DWBC strength 

• energy in the internal wave field varies by up to factor of 3
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Variability in kinetic energy spectra
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• generation of near-inertial waves by interaction of strong 
current with bottom topography (Nikurashin and Ferrari 2010) 

• vertical energy propagation estimated from spectral analyses 
of shipboard velocity measurements 

• good agreement with generation at DWBC core depth
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• diapycnal mixing is significantly elevated 
during phases of a strong DWBC
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• mean diapycnal diffusivities 
during strong DWBC phases 
are elevated more than 
1000m above bottom 

• increase by a factor of 10 

• local dissipation of internal 
wave energy

Diapycnal diffusivities Kρ
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IW energy at the subpolar front
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Fracture Zone (FFZ) since 2009 

• 3 to 6 RCMs per mooring 

• CTD/LADCP profiles

Faraday Fracture Zone
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Timeseries of near inertial energy

Eddy kinetic energy

Energy in near inertial waves



Timeseries of near inertial energy

Wind energy input

Energy in near inertial waves



Rotary spectra
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• increase in clockwise 
component during high 
energy phases 

• counterclockwise 
component stays constant
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Differences in background conditions

• stronger mean 
flow in the South 

• but also stronger 
stratification-> 
slower downward 
propagation 

• breaking/
reflection of 
internal waves?
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Outlook: Local vs. remote  
energy dissipation at depth

13
50
m

• Closely spaced T/p-measurements at 
GFZ (north of FFZ) 

• will be recovered this June 

• timeseries of mixing rates from 
Thorpe scales in relation to IW energy
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Summary and Conclusions

Flow-topographie interaction in DWBC 
• flow-topography interaction transfers energy to near-inertial waves 

• energy in the internal wave field varies by up to factor of 3 

• considerable temporal variability of diapycnal mixing rates by at 
least an order of magnitude 

Wind induced variability in the NAC 
• energy in the internal wave field varies by up to factor of 6 

• near inertial energy variability dominated by changes in wind 

• IW energy decreases within the NAC 

• breaking of waves generated at mixed layer base?



Open Questions

!

• What proportion of the generated internal wave 
energy is dissipated locally and how much is 
radiated away from the source region?  

• What are the energy pathways from sources to 
sinks? 

• What is the role of the continental slope in 
generating, reflecting, and dissipating internal 
tides?


