










6. Waves near the buoyancy frequency

Figure 6.8: Close up of storm time series of (a) temperature, (b) buoyancy frequency squared,
(c) shear squared, and (d) vertical velocity fluctuations. The black box in (a) denotes the time
period shown in Fig. 6.9a, and the box in (d) the time period of Fig. 6.13.

displacements are of the order of 1 m. Calculated over the whole time period of Fig. 6.8 are the

spectra of displacement in the halocline (Fig. 6.9b). The agreement between the buoyancy and

isotherm displacement for their overlapping frequencies is even better than before the storm.

Compared to the pre-storm period, spectral slopes in the internal wave-band are nearly flat

which may be explained by excess energy near the buoyancy peak. Overall the energy levels

are higher than before the storm, e.g. by a factor 3 at Π = 0.1 min. Particularly interesting

is the fact that, as for the pre-storm period, temperature spectra in the high-frequency range
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6.4. High-frequency motions during the storm
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Figure 6.9: (a) Temperature fluctuations of 6 neighbouring thermistors (shallow/light to deep/dark)
and their half-hour-filtered quantities (thin lines) at ∼ 63.7 m over the time period indicated by
the black box in Fig. 6.8a. (b) Displacement spectra for the complete period shown in Fig. 6.8
at 64.6 m (ζb) and 63.6–64.0 m (ζT ). NI and NII show mean N at 64.6 m depth over the last
15 MSS profiles before and the first 15 profiles after the storm respectively.

above N approach a slope of appoximately −2, for which the same explanation as above may

apply.

Fig. 6.10 and Fig. 6.11, comparing the vertical correlation of buoyancy and velocity fluc-

tations during the storm period, reveal a number of puzzling features. In spite of a very clear

high-frequency signal in the vertical velocity (Fig. 6.9d) and substantially higher energy levels

in the high-frequency band compared to the period with moderate wind forcing, the vertical

coherency of buoyancy fluctuations in the halocline region exhibits a dramatic break-down

(Fig. 6.10a). Also the maximum of the lagged correlation factors collapses to values near

Rb′ = 0.3, about a factor of 2 smaller compared to the pre-storm period (Fig. 6.10b). These

values are, however, strongly contrasted by high coherencies and correlation factors (both close
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Figure 6.10: (a) Coherency per frequency band and (b) cross-covariance per lag time for buoyancy
fluctuations at 64.6 m and 68.6 m depth during the storm period of Fig. 6.8.
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Figure 6.11: As for Fig.6.10, but for vertical velocity at 64.4 m and 68.4 m depth.
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6.5. Direction and celerity

to the maximum value of 1) for the vertical velocities (Fig. 6.11). As illustrated in Fig. 6.11a,

these high values are mainly stem from motions in a narrow frequency band slightly below the

buoyancy frequency that are clearly evident already from Fig. 6.9d.

This surprising discrepency between buoyancy on velocity correlations is difficult to explain

by any destructive interaction mechanism between different wave modes (which evidently

should affect the correlation between both quantities in a similar way). One may speculate

that this phenomenon is somehow connected to the strong shear bands in the halocline region

(see Fig. 6.9c). Large-scale turbulent overturns in this region that could possibly have affected

the buoyancy and velocity fluctuations in an asymmetric way could not be identified in the

high-resolution temperature records, which is consistent with the very small Ozmidov-scales

pointed out in Chap. 4. At the moment, the reason for the different correlation scales remains

unclear, and clearly requires a more detailed investigation.

6.5 Direction and celerity

In order to estimate the direction of propagation of the high-frequency internal waves the

major axis of the horizontal velocities was calculated by principal component analysis from

the eigenvalues/vectors of the covariances. This method (described in detail in Emery and

Thomson, 2001, Sec. 4.3.1) turns the axes until the variances (squared fluctuations) are

maximal in the “along” (u′R) and minimal in the “across” (v ′R) directions. Before calculation
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Figure 6.12: Two examples of finding the major current axis for 30-min windows: (a) before the
storm and (b) just after the storm. The trace of the horizontal current is in black, the calculated
major axis in grey.

103



6. Waves near the buoyancy frequency
d
e
p
th

 (
m

)

 

 

A

60

70

80

w
’ 
(m

 s
−

1
)

−0.02

−0.01

0

0.01

0.02

d
e
p
th

 (
m

)

B u’
R

60

70

80

d
e
p
th

 (
m

)

 

 

C v’
R

60

70

80

(m
 s

−
1
)

−0.1

−0.05

0

0.05

0.1

decimal day (2010)

d
e
p
th

 (
m

)

 

 

D

60.105 60.11 60.115 60.12

60

70

80

lo
g

1
0
 [
S

’2
 (

s
−

2
)]

−6

−5

−4

−3

−2

time (min)

0 2 4 6 8 10 12 14 16 18 20

Figure 6.13: Velocity fluctuations in the (a) vertical, (b) along and (c) across directions and (d)
the high-frequency shear generated.

of the major axis the horizontal velocities were high-pass filtered (8thorder, half-hour cutoff).

The almost 4 days of measurements were subdivided into half-hour windows and for each of

these windows the major axis was computed. As pointed out by Holt and Thorpe (1997), this

approach leaves a factor of 180◦ undetermined in the propagation direction of waves.

Two examples of half-hour windows are shown in Fig. 6.12. Fig. 6.12a corresponds to a

time period before the storm where high-frequency motions were weak and nearly isotropic,

whereas Fig. 6.12b shows a period (indicated by the black box in Fig. 6.8d) of intense high-

frequency activity with currents approximately rectilinearly from northeast to southwest and
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Figure 6.14: Time series of velocity and the direction of the major axis of (a) the wind, the
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shear (d) and the high-frequency motions (e) in half-hour windows. The deep layer is at 67.4 m
(c–e).

vice versa. Fig. 6.13b,c illustrates that for this example the use of a rotated coordinate system

removes most of the variance in the cross-current direction. Most importantly, comparing the

shear from these high-frequency motions (Fig. 6.13d) with the low-frequency shear (Fig. 6.9),

it becomes evident that the latter generally provides the dominant contribution inside the

halocline region. A more detailed investigation including the whole storm period (not shown)

reveals, however, that peaks in the high-frequency shear may occasionally exceed the low-

frequency shear and thus contribute substanially to the destabilisation of the water column.

Since currents are nearly circular at times, especially when the overall current velocities
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6. Waves near the buoyancy frequency

are small, the directional information has been plotted together with an indication of the

current velocity in Figs. 6.14. This is used as an estimation of the significance of the major

axis calculated because the stronger currents tend to be more unidirectional. Only half the

directional possibilities are shown due to the directional ambiguity. In Figs. 6.14a,b the wind

and surface current directions are shown; the wind turns before the storm and blows from

west to east during and after the storm, while the current vector of the SML lies ∼ 45◦ to the

left of the wind, mainly east–west (E–W). In the deeper layer (at 67.4 m) during the storm

velocities are aligned due north–south before the inertial oscillations kick in. The total shear

at this depth has no favourite direction and rotates clockwise quickly at the time of the storm.

A directional preference for the northwest–southeast is found in the high-frequency motions

(Fig. 6.14e) ∼ 6 hours after the strong north–south total currents, i.e. also ∼ 45◦ to the left.

As was seen in Fig. 6.3d high-frequency energy dissipates quickly after the storm, but a degree

of directionality remains, with high-frequency waves favouring a westnorthwest–eastsoutheast

direction. The direction of the high-frequency motions does not seem directly related to the

background flow or shear as would be expected for shear instabilities.

6.6 Conclusions

At the end of winter in early 2010 high-frequency motions were observed in all high resolution

mooring data collected in the central Bornholm Basin. This allowed a comparison between two

situations typical for the Baltic Sea in winter; the moderate and strong wind periods. Spectra

illustrate the drastic increase of motions at all frequencies during the wind event. Although the

near-inertial waves outlasted our measurements, the medium frequency components, especially

of the velocity, quickly dissipated their energy. Within a day of the passage of the storm power

spectra were nearly back to pre-storm conditions. Saggio and Imberger (1998) observed the

same quick energy decay after the passage of typhoons over lake Biwa (Japan). In contrast to

lower frequencies, the high power of the motions near the buoyancy frequency created a long-

lasting peak in the spectral level just below the local buoyancy frequency N . This peak was

due to enhanced “vertical energy” (Desaubies, 1975) as the horizontal velocities of 10 cm s−1

were associated with vertical speeds exceeded 2 cm s−1. This has often been observed, and

(Boegman et al., 2003) explain it as energy being trapped in the depth region where f < N ,

i.e. internal waves with frequency near the maximum N cannot leave the pycnocline region as

stratification above and below is too weak to support them. Hence the energy stays contained

within a narrow depth range (see also Desaubies, 1975; Garrett and Munk , 1975). The near-N

region was also the only region where the spectra corresponded to the canonical Garrett-Munk

spectrum, at lower frequencies energy levels were lower.

In accord with the vertical velocities, buoyancy fluctuations corresponded to typical isopy-
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6.6. Conclusions

cnal displacements of 2 m. With their already intermittent pattern the effect of the storm

was less discernible than for the vertical velocities. Deviating from linear internal wave theory,

these isopycnal displacements show a much broader spectral distribution during the wind event

than the vertical velocity and a much weaker vertical correlation. Whereas vertical velocities

correlate over virtually the whole lower water column, buoyancy and temperature are only

coherent over a few metres. This effect is partly caused by the weak, and also inverse, thermal

stratification beneath the halocline. Garrett and Munk (1975) call this the “microstructure

contamination” effect that “spreads some of the spectral energy into the “forbidden frequen-

cies” beyond the Väisälä frequency” and causes a reduction of the coherence. It is also likely

though that the low-frequency shear strongly impacts on the wave propagation.

High-frequency internal waves were found to be moving in any direction, but mainly in

circles, before the storm. As the energy within these waves increased so did their directionality.

Unfortunately the 180◦ ambiguity in high-frequency wave directions remains. Although high-

frequency velocities are coherent over the depth range of the ADCP it could not be assumed

this is the case over the entire water column. Therefore mode-1 waves could not be assumed

and the method by Holt and Thorpe (1997) of determining direction via correlation with

temperature fluctuations could not be tested. During the strong high-frequency activity just

after the storm, near-N waves were rectilinear in the NW–SE direction over a period of almost

0.5 days. Over this time, the local shear was strongest but also variable in direction such that

a relationship between shear and high-frequency motions, via shear-instabilities, is difficult

to establish. This deserves a more careful investigation. Despite the strong wave activity

the high-frequency motions did not contribute substantially to the shear within the strong

background shear layer from near- and sub-inertial motions.
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7 Summary and outlook

7.1 Summary

Shown in the previous chapters were detailed observations of internal waves at the centre of one

of the tideless deep basins of the Baltic Sea. This extensive measurement programme included

simultaneous measurements of temperature, salinity, current velocity and microstructure shear

with the aim of characterising the internal wave field. Resolved frequencies spanned a wide

range from the sub-inertial to the turbulent regime, encompassing the entire frequency range

of internal waves. Also in (vertical) space the measurements were highly resolved, especially

the NIOZ thermistor chain with its 20 cm resolution. The cruises in summer and winter

allowed the comparison of different stratification and wind-forcing regimes. This was the first

measurement programme of such scope in the Baltic Sea.

In summer the basin was strongly stratified with two pycnoclines; a thermocline at 30 m

and a halocline at 50–65 m depth. Due to a previous inflow the deeper pycnocline corresponded

to an inverse thermocline, making this region unusually warm. At near-inertial frequencies this

three-layer system caused the dominance of vertical mode-2 motions, with slab-like clockwise-

rotating near-inertial waves in the upper two layers and more vertically propagating near-inertial

waves in the sub-halocline layer. This mode-2 dominance was also exemplified by the vertical

modal energy. The total energy was lower than predicted by the Garrett-Munk model, which

can be explained by the lack of tidal energy. However, this modal energy distribution, as well as

the modal shear variance, fluctuated over time so that the assumptions for the Garrett-Munk

and Gregg-Henyey models were invalidated. The continental-shelf model by MacKinnon and

Gregg on the other hand proved to collapse the observed dissipation rates well. It was found

that hotspots of turbulent dissipation occurred in long thin bands within the halocline where

both the shear and the stratification were near their maximum, so that the dissipation rate

was independent of the Richardson number.

In winter, due to the permanent halocline, the Bornholm Basin was still strongly stratified

in the deeper layers. This stratification changed over the measurement period due to a strong

storm; the pycnocline was deepened and temperature inversions and intrusions were formed.

The near-inertial wave dynamics were more energetic than in summer, but followed the same

correlation between shear, stratification and dissipation in thin bands in the halocline. Internal

waves were probably the main mixing mechanism in the interior water column.

At the high-frequency end of the internal wave range a peak in energy just shy of the buoy-
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ancy frequency was found. Although overall the energy levels were below the ones predicted by

the Garrett-Munk model, near the buoyancy frequency they were equal. Even under moderate

wind forcing high-frequency waves were omnipresent and coherent over at least several metres.

Due to the passage of winterstorm Xynthia the energy in motions near the buoyancy frequency

increased drastically and lingered for around a day. Horizontal and vertical velocities reached

10 cm s−1 and over 2 cm s−1, respectively, the latter corresponding to vertical excursions of

isopycnals of over 2 m. The shear from these motions, however, did not contribute significantly

to the total shear within the thick shear band. During the 0.5 days of strong high-frequency

waves their directions were nearly rectilinear, aligned in a northwest–southeast direction, in no

obvious connection to the local shear as would be expected for shear instabilities.

7.2 Outlook

Although many features of internal waves have been observed here, some questions remain

unanswered. A lot of those could still be addressed with the data set collected, as only a small

part of the measurement programme was presented here.

One important aspect of internal wave mixing is missing in this thesis; the effect of boundary

mixing mentioned in the introduction. Some preliminary results are available from transect

T1 that show that near-inertial oscillations as well as high-frequency wave were measured

here as well. The near-inertial oscillations were in phase with those at the central station.

High-frequency wave components also showed a significant spectral bump near the buoyancy

frequency. Comparing near-bottom velocities (measured with the vessel-mounted ADCP in

combination with a towed “flying ADCP”) with near-bed dissipation rates from the MSS

transects showed that near-bottom currents oscillating with near-inertial frequency triggered

a periodic near-bed dissipation rate signal and a growing and decaying bottom boundary layer

thickness. These near-bottom buoyancy fluxes could dominate over interior mixing when the

BBL was highly turbulent, especially since mixing was found to be rather efficient. The

processes near the slopes deserve a more detailed analysis.

For better directional information, data from the specially-designed I-wave mooring could

be analysed. This construction consists of three temperature-salinity chains (TSC) at the

corners of an equilateral triangle. Each TSC held 4 microcats at equal heights above the

bed. Comparing the signals received by the microcats, especially the lag times, would give an

indication on how the internal wave propagated through the 3-dimensional space within the

triangle.

Direct turbulence measurements were also taken close to the sea bed with an acoustic

Doppler velocimeter (ADV). This instrument measures all three velocity components in a

volume of a few cm3. The set-up also included a fast termistor for the calculation of buoyancy
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fluxes. Stationary, in situ measurements could give a much higher-resolved picture than MSS

casts with 7 min intervals.

Away from the ILWAO data set, linear stability analysis could give an insight into the

generation mechanism of the high-frequency waves observed. Possibilities include through

basin-scale waves or intrusions or from shear instabilities. Also modelling of the Bornholm

Basin could be used to narrow down internal wave generation mechanisms and sites. Modelling

the internal wave field requires horizontal and vertical resolutions high enough to resolve at

least the first few modes and also non-hydrostatic effects should be included. For the Bornholm

Basin the parameterisation of internal wave mixing can be done by applying the MacKinnon

and Gregg method presented here. If this yields feasable results the same scaling could be

used for a model covering the whole Baltic Sea. If this parameterisation improves the results

it would indicate that similar internal wave regimes as in the Bornholm Basin occur at other

places too.
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A Deriving the internal wave

dispersion equation

Starting from the Boussinesq set of the equations of motion (see (1.9) in Sec. 1.2.2):
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the dispersion relation for waves in a rotating, continuously stratified fluid can be derived.

Firstly u and v are eliminated by taking the time-derivative of (A.1a) and using (A.1b) and

(A.1c):
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A. Deriving the internal wave dispersion equation

where ∇2 is the three-dimensional Laplacian operator and ∇2
H is the horizontal Laplacian

operator:

∇2 ≡ ∇2
H +
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∂z2
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The density ρ can be also be eliminated from (A.1) by first taking the time-derivative of

(A.1d) and using (A.1e):
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Taking the horizontal Laplacian of (A.3) and using (A.2) gives us the w -equation ((A.4)

= (1.10) in Sec. 1.2.2) that can be used to derive the dispersion relation:
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where in the last step this argument has been used:
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B From microstructure shear

to dissipation rates

An overview of many microstructure profilers developed over the years and in different

countries is given in Lueck et al. (2002). Here the microstructure sonde MSS90L from ISW

was used (a previous version is decribed in: Prandke and Stips, 1998). Its main frame is a

1.25 m long stainless steel tube, 90 mm in diameter, see Fig. B.1. As detailed in Sec. 2.2.1 the

MSS was deployed from the stern of the ship where the profiler was connected to a winch via a

thin cable (4.7 mm diameter) that was released with slack as the profiler descended so that it

could free-fall. Going down, weights near the bottom and buoyancy elements at the top kept

the profiler reasonably vertical, however, an accelerometer was also installed to record, and

optionally correct for, tilting of the instrument. The sensors were mounted at the bottom of

the instrument within a cone-shaped sensor protection cage (Fig. B.1) so that they measured

the fluctuations in the undisturbed water below the profiler. The profiler was allowed to hit

the bed, thus giving vertical profiles until ∼ 10 cm above the bed. The cable transmitted

data in real-time so that the impact could be observed on the ship and the profiler winched

up. When the profiler reached the surface a new cast was started immediately so that the

instrument’s path followed a “yo-yoing” pattern. The sonde carried multiple sensors, including

CTD sensors, and occasionally oxygen and turbidity sensors. One of the main sensor types

“on board” the MSS was the shear sensor from which the dissipation rate of turbulent kinetic

energy ε was calculated, as detailed below.

B.1 The shear probe

The MSS carried two airfoil PNS06 shear sensors from ISW. These airfoil tips had a diameter

of 6 mm and a length of 10 mm (Prandke, 2010) and consisted of a rubber tip around a

cantilever that transmitted the lift force generated at the tip to a piezo-ceramic bimorph

beam, see Fig. B.1. This cantilever construction, compared to direct transmission from tip

to piezo-ceramic beam (see drawings in Gregg , 1999; Lueck et al., 2002), is special to the

ISW shear sensors and adds sensitivity, resolution and stability, but lowers the probe resonance

frequency, which decreases the maximum profiling speed (Prandke and Pfeiffer , 1994; Lueck

et al., 2002).

As the MSS is vertically free-falling through the water the tips of the shear probes measure

the fluctuations of one component of the horizontal velocity. The airfoil sensors need a
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Figure B.1: Diagram of the MSS profiler and a shear probe, drawn after Prandke and Stips (1998).

minimum sinking speed of 0.5 m s−1 in order to accurately sense these fluctuations (Fischer ,

2011). The sinking speed is sensed as an oncoming vertical velocity w s so that fluctuations

in the horizontal velocity us change the angle of attack αa of the sensed total velocity us

(Fischer , 2011), see Fig. B.1. The sensor tip is made of rubber and is bend a little in response

to the flow, so that the piezo-ceramic beam in the middle of the probe is also bend, which, in

turn, causes an electrical current to flow. The bursts of voltage produced by the probe Ep are

proportional to the sinking speed w s , the fluctuating horizontal velocities us and the probe’s

sensitivity ŝ determined from calibration Ep = ŝw sus (Lueck et al., 2002). The voltage is

differentiated and interpreted as vertical shear:

1

ŝ w s2

dEp

dt
=

1

w s

∂us

∂t
=
∂us

∂z
(B.1)

B.2 Turbulence theory: isotropy and shear spectra

The justification for converting a time/space series to a space series, the cast duration from

sea surface to sea bed was approx. 2–2.5 min, comes from Taylor’s hypothesis of “frozen

turbulence”. (Taylor , 1938) proposed that one can assume “that the sequence of changes in

u at a fixed point are simply due to the passage of an unchanging pattern of turbulent motion

over the point” if the current velocity is much greater than the turbulent fluctuations. Hence,

in order to call the measurements semi-synoptic and to apply Taylor’s hypothesis, the MSS has

to fall faster than a certain minimum speed (Lueck et al., 2002), so that the flow field evolves

slowly over the cast duration (Stips, 2005). This speed is given by the time scale of eddies

∼ (ν/ε)1/2 in relation to their largest spatial scale ∼ 70(ν3/ε)1/4 (70 times the Kolmogorov
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scale), so that the falling speed w s must be faster than:

70(ν3/ε)1/4

(ν/ε)1/2
= 70(νε)1/4 . (B.2)

This, for ν = 1 × 10−6 m2 s−1 and the observed range of ε (1 × 10−9–1 × 10−5 W kg−1),

gives w s � 0.012–0.12 m s−1, which is always easily fullfilled.

From the vertical shear, and the kinematic viscosity ν, the symmetric part of the viscous

stress tensor sij can be derived from which in turn the dissipation rate of turbulent kinetic

energy ε can be calculated (Stips, 2005):

sij =
1

2

(
∂us

i

∂xj
+
∂us

j

∂xi

)
(B.3a)

ε = 2ν 〈sijsij〉 (B.3b)

= ν

〈
∂us

i

∂xj

∂us
j

∂xi

〉
(B.3c)

=


15ν

〈(
∂us

i

∂xj

)2
〉

for i = j

7.5ν

〈(
∂us

i

∂xj

)2
〉

for i 6= j .

(B.3d)

In (B.3) the Einstein convention of summation over repeated indices is used (Einstein, 1916).

For the derivation of (B.3b) to (B.3d) see Pope (2000, Sec. 5.3).

In the step from (B.3c) to (B.3d) it is assumed that the turbulence is isotropic so that

∂us
i /∂xj = ∂us

j /∂xi since only one component of sij is measured; the vertically profiling MSS

measures fluctuations in one of the horizontal velocity components so that i 6= j as i = 1 (us)

and j = 3 (z). When isotropy is assumed where it might not be the case (e.g. in strongly

stratified waters where the buoyancy Reynolds number Reb is less than 100 (Smyth and Moum,

2000b), see Sec. 4.2.4) the dissipation rate can be overestimated by a factor of 3 (if horizontally

homogeneous turbulence is still assumed, Denman and Gargett, 1988) or underestimated by

a factor up to 7 (Itsweire et al., 1993; Hebert and de Bruyn Kops, 2006). On the other hand,

Yamazaki and Osborn (1990) state that, for Reb < 20, the error can be in either direction,

but is less than 35%. Hence consensus on this topic has not yet been reached. However, since

direct measurements showed no enhancement of anisotropy at small scales in the pycnocline

of the Baltic Sea (Prandke and Stips, 1992), and since no alternative method is available, all

dissipation rates reported here have been calculated assuming isotropy.

In practise the total vertical shear ∂us/∂z is calculated, invoking Parseval’s theorem of
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equal power in integrals over the time and wavenumber domain (Stips, 2005), from the mea-

sured shear spectrum (Moum et al., 1995):

ε = 7.5ν

∫ ∞
0

S(m) dm (B.4a)

= 7.5ν

∫ mK

2

S(m) dm + εc (B.4b)

over the vertical wavenumber m, where the integration limits 0–∞ cannot be realised and

are thus replaced by the limits 2–mK . The term εc is introduced as a correction term to

correct for shear in the missing part of the wavenumber spectrum, i.e. m < 2 and m > mK .

This correction term is calculated from a comparison of the data to the Nasmyth’s universal

spectrum, developed by Patrick Nasmyth in his PhD thesis from 1970 with values reported

in the appendix of Oakey (1982). The minimum wavenumber 2 is given by the length of

the profiler (Fer et al., 2008) while the maximum wavenumber is given by the Kolmogorov

wavenumber Holtermann (2011); Prandke and Stips (1998):

mK =
1

2π

( ε
ν3

)1/4

. (B.5)

Since the formulation of mK includes the still-unknown ε the integration is done iteratively

(for details see Moum et al., 1995; Stips, 2005; Fer , 2006).

B.3 MSS validation routines

The raw data from the MSS sensors was despiked and averaged from 1024 to 256-Hz resolution

for noise reduction. Dissipation rates were obtained with the method above by integrating

vertical shear spectra over half-overlapping 256-point Hanning windows (corresponding to a

data segment of 1 s in time, or 0.6–0.7 m in depth), assuming local isotropy in the dissipative

subrange. This procedure was done for each shear probe individually and the resulting profiles

compared for quality control. If there was an anomalously high value in one probe, e.g. due

to the impact of plankton or a particle, the smaller value was taken. Casts showing a sudden

and lasting increase in ε in both shear probes were endearingly called “jellyfish casts”, as

occasionally a jellyfish was spear-fished accidentally. These casts were completely discarded.

If both shear probes agreed the dissipation rates were averaged into non-overlapping bins of

0.5-m thickness for further analysis. For example in summer 2008 at S1 52 casts were discarded

compared to the 400 kept.

VIII



References

Aitsam, A., H. P. Hansen, J. Elken, M. Kahru, J. Laanemets, M. Pajuste, J. Pavelson, and L. Talpsepp

(1984), Physical and chemical variability of the Baltic Sea: a joint experiment in the Gotland Basin,

Continental Shelf Research, 3(3): 291–310, doi:10.1016/0278-4343(84)90013-X.

Aldridge, K. D., and L. I. Lumb (1987), Inertial waves identified in the earth’s fluid outer core,

Nature, 325(6103): 421–423, doi:10.1038/325421a0.

Alford, M. H., and M. Whitmont (2007), Seasonal and spatial variability of near-inertial kinetic energy

from historical moored velocity records, Journal of Physical Oceanography, 37(8): 2022–2037,

doi:10.1175/JPO3106.1.

Alford, M. H., M. C. Gregg, and M. A. Merrifield (2006), Structure, propagation, and mixing of

energetic baroclinic tides in Mamala Bay, Oahu, Hawaii, Journal of Physical Oceanography, 36(6):

997–1018, doi:10.1175/JPO2877.1.

Andersen, B. G., and H. W. Borns, Jr. (1994), The Ice Age World, 208 pp., Scandinavian University

Press, Oslo, N.

Andreas, E. L. (1989), Thermal and size evolution of sea spray droplets, CRREL Report, 89–11,

47 pp., U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, NH, USA, url:

http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA210484.

Ansong, J. K., and B. R. Sutherland (2010), Internal gravity waves generated by convective plumes,

Journal of Fluid Mechanics, 648: 405–434, doi:10.1017/S0022112009993193.

Antenucci, J. P., and J. Imberger (2001a), On internal waves near the high-frequency limit in

an enclosed basin, Journal of Geophysical Research – Oceans, 106(C10): 22465–22474, doi:

10.1029/2000JC000465.

Antenucci, J. P., and J. Imberger (2001b), Energetics of long internal gravity waves in large lakes,

Limnology and Oceanography, 46(7): 1760–1773, doi:10.4319/lo.2001.46.7.1760.

Avicola, G. S., J. N. Moum, A. Perlin, and M. D. Levine (2007), Enhanced turbulence due to the

superposition of internal gravity waves and a coastal upwelling jet, Journal of Geophysical Research

– Oceans, 112: C06024, doi:10.1029/2006JC003831.

Axe, P. (2010), Hydrography and oxygen in the deep basins, HELCOM Indicator Fact Sheets 2010,

url:http://www.helcom.fi/BSAP assessment/ifs/ifs2010/en GB/HydrographyOxygenDeepBasins.

IX



References

Axell, L. B. (1998), On the variability of Baltic Sea deepwater mixing, Journal of Geophysical Research

– Oceans, 103(C10): 21667–21682, doi:10.1029/98JC01714.

Bagge, O., F. Thurow, E. Steffensen, and J. Bray (1994), The Baltic cod, Dana, 10: 1–28.

Becherer, J. K., and L. Umlauf (2011), Boundary mixing in lakes. Part I: Modeling the effect

of shear-induced convection, Journal of Geophysical Research – Oceans, 116: C10017, doi:

10.1029/2011JC007119.

Beckenbach, E., and E. Terrill (2008), Internal tides over abrupt topography in the Southern California

Bight: Observations of diurnal waves poleward of the critical latitude, Journal of Geophysical

Research – Oceans, 113: C02001, doi:10.1029/2006JC003905.

Bell, T. H., Jr. (1974), Effects of shear on the properties of internal gravity wave modes, Deutsche

Hydrographische Zeitschrift, 27(2): 57–62, doi:10.1007/BF02226477.

Bell, T. H., Jr. (1978), Radiation damping of inertial oscillations in the upper ocean, Journal of Fluid

Mechanics, 88(2): 289–308, doi:10.1017/S0022112078002116.

Björck, S. (1995), A review of the history of the Baltic Sea, 13.0–8.0 ka BP, Quaternary International,

27: 19–40, doi:10.1016/1040-6182(94)00057-C.

Björck, S. (2008), The late Quaternary development of the Baltic Sea, in Assessment of climate

change for the Baltic Sea Basin, edited by The BACC Author Team, pp. 398–407, Springer-Verlag,

Berlin, DE.

Björnsson, H., and S. A. Venegas (1997), A manual for EOF and SVD analyses of climate data,

Tech. Rep. 97–1, 25 pp., Department of Atmospheric and Oceanic Sciences, McGill University,
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I. S. Hansen (2003a), Warm waters of summer 2002 in the deep Baltic Proper, Oceanologia,

45(4): 571–592.
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