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Abstract

In summer shelf seas are (increasingly with time) stably stratified in density due to solar heating. Previous
observations have shown that this stratification may become marginally stable when increased stratification is
accompanied by enhanced vertical current differences (‘shear’) that de-stabilize the water column. When the effects of
shear become larger than those of stratification, so that the gradient Richardson number Ri<1, mixing may result,
most likely by the (occasional) overturning at the layer of strong shear to the point of breaking of short high-frequency
internal waves that propagate through the stratification. The shear is dominantly at the low-frequency end of the
internal gravity wave band, the local inertial frequency. In autumn the accepted view is that stratification is reduced not
only due to internal mixing following enhanced inertial shear, but also due to cooling by the atmosphere and wind
mixing. However, in the present paper detailed observations from the northern North Sea clearly demonstrate for the
first time that also in autumn periods of increasing stability with time occur. Furthermore, it is shown that enhanced
stability may be a prerequisite for generating large amplitude high-frequency internal waves that may eventually break:
autumn storms can first reduce inertial shear magnitude, followed by a new equilibrium of marginal stability across a
layer of greatly reduced thickness. Such a thin, super-stable (Ri> 1) layer is then moved vertically by high-frequency
(interfacial) internal waves. This ‘creates’ a background of reduced large-scale stratification, associated with the reduced
inertial shear.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Classically, the gradual increase of density with
depth becomes concentrated in a layer of enhanced
vertical stratification (the ‘pycnocline’) at some
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E-mail address: hansvh@nioz.nl (H. van Haren).

depth below the surface, beneath a near-homo-
geneous (‘mixed’) layer caused by atmospheric-
induced mixing (Munk and Anderson, 1948).
Stable density stratification limits turbulent mixing
and hence further deepening of the pycnocline by
mechanical processes. Externally governed pycno-
cline erosion has been studied since the pioneering
work of Ekman who showed that the Earth’s
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rotation controls the ocean’s response to wind
stress: the (well-mixed) Ekman layer of (spiraling)
current shear stress above the pycnocline. Pollard
et al. (1973) showed that Ekman layer (and
pycnocline) deepening following an increase in
wind stress stops after one inertial period. A
typical depth for an Ekman layer is several tens of
metres, which is comparable to the depth of a
near-surface mixed layer caused by (night-time)
convective cooling (Brainerd and Gregg, 1995).

In shelf seas, pycnocline deepening may be
arrested by (tidal) shear stress from below,
resulting in an extremely sharp pycnocline near
mid-depth (Figs. la, b (i); Turner, 1973). In
addition, Turner and Krauss (1967) argue that
pycnocline deepening can depend on the Richard-
son number, defined by them as the ratio between
parameters involving stratification and the eroding
turbulent friction velocity. Such eroding turbu-
lence usually comes from external sources like
atmospheric disturbances or bottom friction, but
can be generated internally as well. The effects of
external and internal erosion processes are easily
recognizable in density-depth-time plots: external
erosion reduces overall density differences across a
pycnocline, while internal mixing does not, in the
absence of other processes. In this paper we
interpret turbulence within a pycnocline as an
internal turbulent erosion (mixing) process and,
following Turner (1973), we pursue some mechan-
isms behind it (Fig. 1b (ii)—(iii)).

In autumn in the Baltic, Krauss (1981) observed
the importance of an internal mixing process in the
erosion of the pycnocline from its thickening,
caused by transient ‘inertial’ currents following the
passage of an atmospheric disturbance. He mod-
elled the process using time-dependent Ekman
solutions. Similar indications of the importance of
inertial currents on pycnocline erosion were found
throughout the seasonal cycle of stratification in
the central North Sea, in spring (van Haren, 2000),
summer (van Haren et al., 1999) and autumn (van
Haren, 1996).

Inertial currents are very sensitive to turbulent
viscosity (Maas and van Haren, 1987), and have
the peculiar behaviour of only being generated
because of the reduced level of turbulent viscosity
within the pycnocline, so that the weakly stratified
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Fig. 1. Conceptual models of pycnocline stability and erosion
governed by external and internal mixing processes (see also
Fig. 4.19 in Turner, 1973). Currents are indicated by horizontal
arrows, turbulence by closed ellipses. (a) Initial state of the
summer-time stratification (1) with a single pycnocline and
equally thick (D) shear layer (2) between frictional layers above
and below. (b) This state (a; here dashed) is either modified to
state (i) by penetrating (eroding) external turbulence reducing
the pycnocline thickness and overall density difference without
changing the density gradient, or to state (ii) representing the
effects of internal mixing induced by enhanced shear across a
layer of increased thickness and associated thickening of the
pycnocline, following the breaking of high-frequency waves
generated by the shear (Thorpe, 1971), thereby reducing
stratification but not the overall density difference. The main
question in this paper concerns whether state (iii) can be
reached through an internal “mixing” process, commencing
with a pycnocline of reduced thickness but enhanced stratifica-
tion (due to unchanged overall density difference) under
reduced shear and, subsequently, supporting large high-
frequency internal waves that eventually break after interaction
with the large scale shear.

near-surface layer acts like a slab (Pollard and
Millard, 1970). As a result, large inertial current
differences (‘shear’) are observed across the
pycnocline, which may become de-stabilized lo-
cally (Fig. 1b (ii)). Such ‘dynamical stability’ of a
water column is measured by the gradient
Richardson number,
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the square of the ratio of the buoyancy frequency,
N, given by

e gd—p 0.5
Nen= (0% @

for density (p) and acceleration of gravity (g), and
the magnitude |S| of de-stabilizing vertical current
shear vector,

stz = (32) G

with u, v denoting the horizontal current compo-
nents. Indeed, Krauss (1981) observed low-gradi-
ent Richardson numbers Ri~0.5, corresponding
to ‘marginally dynamic stability’, which varied
only slowly with time (van Haren et al., 1999).
This Ri-value is above the critical value for
linear stability of small disturbances (Ri = 0.25),
but below the value Ri =1 for ‘formal stability’
considering three-dimensional nonlinear stratified
flows (Miles, 1987). Munk (1981) suggested that
as a result of this constantly low Ri the spectrum
of internal waves, supported by the stratification,
was saturated. van Haren et al. (1999) suggested
that this expressed an interaction between the
shear of low-frequency (near-inertial) waves gen-
erated by atmosphere (and tidal shear) and
dissipation via the breaking of high-frequency
internal waves near the buoyancy frequency.
Such interaction between low-frequency shear
and high-frequency internal waves was suggested
from laboratory experiments (Thorpe, 1971), from
open ocean thermocline observations (Marmor-
ino, 1987, Marmorino et al., 1987) and from
numerical modelling (Bouruet-Aubertot and
Thorpe, 1999). Thus for internal mixing to occur
(Fig. 1b (i1)) de-stabilizing shear interacts with
internal waves first.

In the relatively shallow central North Sea,
shear across stratification capping the bottom
boundary layer is also at the dominant semidiurnal
tidal frequency. Close to the bottom the shear
magnitude and Ri vary on the tidal time scale.
However, at the bottom of the pycnocline tidal
shear has the same property as inertial shear: both
are circularly polarized irrespective of the polar-
ization of their currents, so that their shear
magnitude varies over a much larger time scale

than the current components (van Haren, 2000).
At some distance off the bottom, vertical tidal
current variations are entirely governed by only
one (the clockwise) of the two circular rotary
components into which a tidal current ellipse can
be decomposed. As a result, tidal shear across
stratification exists following Ekman dynamics of
frictionally modified barotropic currents, not
because of internal tides (Maas and van Haren,
1987; van Haren, 2000).

Conceptually, the ‘constant’ internal shear—
stratification ratio may become disturbed in two
ways. Firstly, when stratification is weakened for a
given shear, mixing increases, thereby further
destabilizing stratification. Secondly, the opposite
occurs when shear is decreased for fixed stratifica-
tion, so that internal mixing decreases and further
stabilization is expected.

In this paper observations are presented that
clearly show that the latter process of enhance-
ment of stratification can also occur counter-
intuitively in the presence of autumn storms in
the northern North Sea (Fig. 1b (iii)). It will
also be shown that this ‘super-stability’ (Ri> 1)
eventually also can lead to mixing. The results
will be generalized by comparison with data from
the shallower central North Sea, also during
autumn.

2. Data

In the North Sea halfway between northern
Scotland and southern Norway at 59°20'N,
01°00'E (Fig. 2; H = 110 m water depth; max-
imum M, current amplitude 0.20 ms~') we
deployed a 150 kHz RDI-broadband Acoustic
Doppler Current Profiler (ADCP) in a sea bed
frame for a period of 2 months. For details of all
moorings see Howarth et al. (2002). The ADCP
sampled 10 min average currents in 22 vertical bins
of 4 m each from 11 m above the bottom upwards.
Simultaneously, a standard Aanderaa thermistor
string with 11 thermistors, resolving the water
column around mid-depth at 5 m intervals sam-
pling every 5 min, low-pass filtered to hourly
values, was moored 5 km due east of the ADCP.
In late October, between days 294.6-307.6, during
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Fig. 2. Map of the North Sea showing the PROcesses of
Vertical Exchange in Shelf Seas (PROVESS) northern mooring
site and the nearby Frigg oil rig at which meteorological data
were collected. For comparison, some data from the central
North Sea (mooring site INP) will be analysed in the Section 6
with meteorological data from rigs K13 and F3.

the last 2 weeks of their deployment detailed
temperature measurements were made using a
specially designed thermistor string (van Haren
et al., 2001) at 1.3 km due north of the ADCP.
This ‘fast thermistor string’ held 32 sensors
evenly spaced at 1 m intervals. The sensors had a
response time 7<0.25 s, they were sampled once
every 30 s and had a relative accuracy better than
0.5 mK.

Prior to deployment of the thermistor strings,
Seabird SBE-911 CTD information was obtained
at 24 Hz, resolving almost the entire water column
while being lowered typically at 1.0 m s~!. This
information was used to determine the depth of
the pycnocline (Fig. 3 in Knight et al., 2002) and
the thermistor strings were subsequently moored
so that they covered the pycnocline in the
upper section of their range. We expected the
pycnocline to descend with progressive near-sur-
face mixing. In retrospect, this expectation was
wrong, especially for the deployment of the fast
thermistor string, and the pycnocline ascended

with time, despite mixing events. CTD-informa-
tion obtained (only) during the first week of
deployment of the fast thermistor string estab-
lished the relationship,

op = —1(0.25+0.02)0T for 42 profiles
between days 290—300 4

with salinity, similarly two-layered, contributing a
fair amount to density variations. This relation-
ship was used to compute N in Eq.(2) using
thermistor string data.

Adopting the viewpoint that N determined the
wave-guide for internal waves in a WKB-sense, so
that the vertical scale of N was much larger than
the wave amplitude, averaging over the pycnocline
thickness gave typical values of N=1-3x
10-2s~! in the pycnocline. (We use 1s!=
lrads™' =86,400/2n cpd.) As a result, the
sampling strategy of the fast thermistor string
was adequate (Nyquist frequency onyq = 1.05x
107" s7"). As we demonstrate below, higher
frequency internal waves at very small scales were
only just resolved by the fast thermistor string,
while not being resolved by the standard thermis-
tor string and ADCP. We used the fast thermistor
string data to estimate vertical length scale
variations of stratification. Standard thermistor
string and ADCP data were used to estimate
‘background’ Richardson number variations on
the larger scales (5 m in the vertical; 30 min in
time).

Some information on turbulent diffusivity was
obtained from 42 raw CTD-profiles obtained
within 2 km from the moorings between days
290-300. Following Thorpe (1987),

K = 0.15d°N, (5)

where d is the displacement scale, the depth scale
over which an instability has to be displaced to
obtain a ‘re-ordered’ entirely static stable density
profile. As N was extremely difficult to estimate
properly in weakly stratified surface and bottom
boundary layers, Eq. (5) was only used to estimate
K across a pycnocline using a condition N > Ny,
an (arbitrary) minimum value. Meteorological
data were obtained from the Frigg oil field
(59°54'N, 02°06'E).
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Fig. 3. Overview of current shear and stratification observed in the northern North Sea in October, 1998. Time is given in yeardays,
according to the convention that yearday 1.5 = 12.00 UTC at January 1. (a) Wind speed (cubed) measured at Frigg. (b) Current shear
magnitude [S| = ((Au/Az)> + (Av/Az)*)* computed from Az = 4 m bins data from the bottom-mounted 150 kHz ADCP. Solid red
lines indicate the smoothed depth and height of the near-surface (z;) and -bottom (z,) layers in Eq. (6), respectively, from 5 m
thermistor string data on a mooring 5 km east of the ADCP mooring. (c) Current magnitude from the ADCP. Solid red lines indicate
smoothed temperature contours between 7.5° and 12.5°C at 0.5°C intervals. (d) Temperature measured at 30 (upper solid line) and
107 m depth (lower line) and hourly filtered pycnocline thickness D, defined in Eq. (6), (middle line; scale to the right). In each panel,
the thick horizontal bar indicates the period of detailed observations.

3. General observations of a pycnocline in autumn

During 2 months of observations the reduction
of stratification was observed in different ways,
although not before day 270, the end of September
(Fig. 3). The surface temperature remained con-
stant until about October 1 (yearday 274), after
that decreasing with time due to atmospheric-
induced mixing and surface heat loss. The near-

bottom temperature initially increased very slowly
with time (at most by 0.15°C over 30 days), but
after day 280 it remained constant or even
decreased slightly. This indicated that exchange
with warmer near-surface waters probably did not
occur during that period. There was some un-
certainty in this lack of exchange across the
pycnocline, as changes in the vertical distribution
produced by horizontal advection of horizontal
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temperature could be mistaken for vertical heat
exchange. Modelling efforts by Burchard et al.
(2002) showed large buoyancy fluxes across the sea
surface having little effect on diapycnal exchange.
Nevertheless, large activity (discussed in Sections 4
and 5) was observed near and in the pycnocline for
which horizontal advection was not important.

Assuming a constant Ri (van Haren et al., 1999;
van Haren, 2000), we represented the location and
strength of stratification by the value of
(Az=4m, At= 10 min)-shear (Fig. 3b). The
depth of the ‘pycnocline’ thus estimated varied
little with time and remained between about 40
and 60 m depth. (Other methods for estimating the
pycnocline gave similar values, see for instance
Knight et al., 2002, Fig. 11.) These depths were
still far above the computed tidal bottom bound-
ary layer, extending 20-30 m above the bottom for
an observed amplitude of 0.20 m s~! for M, and
0.07m s~ for S,. The tidal bottom boundary
layer dominated the observed (total current)
bottom boundary layer progressively less with
time (Knight et al., 2002). Thus, the practical
pycnocline thickness D is defined as

D(t) =z, — 2 (6)
with
Zs = Z(lT - ]—'%| > TD, t))

zy, = z(|T — Tp|<TD, 1)

using an (arbitrary) threshold of 7D = 0.1°C. D
was relatively thick albeit varying with time (Fig.
3d) for hourly smoothed temperatures 75 and Ty
are inferred from measurements (once per 5 min) at
the upper and lower thermistor of the standard
thermistor string, respectively. On the large time
scale of weeks, this D decreased with time like the
overall temperature difference. On smaller time
scales of a few days, D varied with wind stress input
(Fig. 3a). We attributed the rather surprising
thickening of the near-bottom boundary layer
above the tidal frictional height to two effects, both
being in response to atmospheric forcing (Appendix
A). In later analysis of the pycnocline using
unsmoothed high-resolution thermistor string data
D is defined using 7D = 0.4°C (Ap~0.1 kgm™>).

Apart from some near-surface shear caused by
wind stress in the second half of the record, shear
was largest near mid-depth. Its value increased by
at least a factor of two during a short period
between days 261 and 265 (van Haren et al., 2003),
and again between days 287 and 297 (Fig. 3b).
During these periods enhanced inertial motions
were observed (Fig. 3c). This was observed from
the modulation of near-surface and, in anti-phase
across the pycnocline, of near-bottom currents,
which had a period of about 4.5-5 days. The beat
period between f and M, is 4.77 days. This
observed pattern of inertial-tidal modulation was
similar to that observed in the central North Sea in
summer (van Haren et al., 1999), including the
strong mode-1 appearance of the inertial motions
(the tidal currents being mainly barotropic). The
amplitude Ay of near-inertial currents was again
just less than that of the local barotropic
semidiurnal tidal currents (Ar/Am2~0.7). At the
depth of the pycnocline the inertial frequency
strongly dominated the shear signal (Knight et al.,
2002; van Haren et al., 2003), which showed
circular anti-cyclonic polarization implying a
magnitude that varied on a much larger time-scale
than an inertial period. Inertial shear was abruptly
generated within an inertial period (van Haren,
2000) like inertial motions (Pollard and Millard,
1970; Millot and Crépon, 1981).

With the focus on inertial current generation
sudden attenuation of inertial shear is perhaps less
well studied. We investigated in some detail the
period between days 294.6 and 306, which includes
the largest inertial currents and shear and their
sudden collapse (Fig. 3b and c), due to a wind
stress change in anti-phase with the near-surface
inertial motion when an atmospheric disturbance
passed (Knight et al., 2002). It will be shown that
large wind stress not always leads to stratification
erosion, but occasionally to enhanced pycnocline
stability due to such loss of diapycnal shear.

4. Collapse of inertial shear
Sudden changes in stratification following a

change in shear on day 298 (Fig. 3) was observed
in detail in different ways: in current observations,
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in kinetic energy spectra, in potential energy
spectra, and in CTD and thermistor string
observations, as will be demonstrated below.

In depth-time, the transition in stratification was
visible from the decrease of the pycnocline
thickness, thereby increasing its magnitude
(Figs. 4 and 5). After day 298, N was coloured
progressively darker red in Fig. 4d. In the detail
plots of Fig. 5 the thermocline thinning is clearly
visible. This was not observed in the coarse low-
pass filtered data from the standard thermistor
string in Fig. 3c and d (Az = 5 m; At = 60 min).
The thinner pycnocline of enhanced stratification
also occasionally showed enhanced vertical excur-
sions with an estimated amplitude increase by a
factor of up to 1.5 (Figs. 4d and 5a,b). These
changes in stratification and the largest pycnocline
excursions followed after a sudden reduction in
shear (Figs. 3b and 4b,c), which cannot be
attributed to inadequate resolution of vertical
scales (shear was computed using 4 m vertical
increments, whereas temperature in Figs. 4 and 5
was sampled every 1 m). Not only the shear
magnitude decreased, but also the current differ-
ence across the pycnocline regardless of changes in
thickness (Fig. 4b). This current difference be-
tween near-surface and -bottom boundary layers
(mainly induced by mode-1 inertial motions; Fig.
3c) reduced by a factor of 0.45+0.05. A change of
similar amount was observed in 5 days mean
stratification, which is not so easily visible in Figs.
4 and 5 (which suggest an increase in stratification
with time). As day 300 delineated the most distinct
transition in stratification (Fig. 6), two averaging
periods A and B of equal (5 days) length were
chosen, somewhat arbitrarily. It is noted that the
average value for N computed between days
294.6-298.0 was the same as computed for the 5-
day period 294.6-299.6. Only the standard devia-
tion was different, as is obvious in Fig. 6b.

Indeed the maximum N-value per profile of
unsmoothed thermistor string data increased
between days 298 and 300.5 (Fig. 6a). During the
same period, stratification changed in two ways at
the depths of the pycnocline (Fig. 6b). From its
average (days 294.6-299.6) ‘single-valued’ level of
Nao =24+0.6 x 1072 57!, N adopted a new equi-
librium at two levels between days 300.50 and

305.5: Ng~1.140.3 x 1072 s and, during short
periods of time, much larger values of Ny~4.8 x
1072 s7! (maximum value observed around
z2=—=59m: Ny =6.5x1072s7). As a result

Ng/Na = 0.4540.1, 7

well within the error bounds similar to the drop in
current difference across the pycnocline. Within
the period B, the short-term Nyy-periods were
accompanied by an enhancement of temperature
‘noise’ (Fig. 6¢). We inferred that this indicated
internal wave activity at increased frequencies and
mixing in the presence of enhanced static stability.
This temperature noise was not white noise, as we
observed in (potential energy) spectra discussed
below.

The averaging periods A and B were also chosen
as large as possible to have maximum spectral
resolution and statistical significance. The spectra
from the two periods showed distinct changes, in
contrast with the observed enhanced stability (Ny)
but confirming the observed decrease in 5 days
average stratification Na — N (Fig. 7). In poten-
tial energy spectra Ppg(o) = 0.5N2p,7(0'), inferred
from isotherm displacement spectra P,(¢) inter-
polated from high-resolution temperature obser-
vations within the pycnocline, we observed a shift
of the spectral enhancement near the buoyancy
frequency towards lower frequency, more or less
by amount (7). Meanwhile, for ¢ < N the level of
this spectrum dropped, again more or less by the
factor in Eq. (7), while the kinetic energy spectrum
Pygg(o) of currents observed above (or below) the
depth of the pycnocline also decreased by a factor
of ~0.4 for a>f (Fig. 7). As a result, both energy
spectra confirmed the reduction in observed large-
scale (>4 m vertical scale, >1 day averaging)
stratification

Py(0)/Pa(c)oc Ng/Na~0.45. ®)
Both (independent) sets of current and tempera-

ture observations confirmed deep-ocean observa-
tions (Garrett and Munk, 1972) that

Pxi(0)~ Ppr(0)~ P(6)oc No—2
for f<o<kN ©)

expressing equipartition of energy within the
internal gravity wave band.
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Fig. 4. Details of autumnal shear and stratification observed in the northern North Sea. (a) Wind speed cubed measured at Frigg. (b)
Unsmoothed velocity difference between z = —85 and —30 m measured by 150 kHz ADCP. This velocity difference across
stratification is largely due to inertial motions, which appeared mainly in a mode-1 vertical structure. (¢) Unsmoothed shear magnitude
computed using 4 m binned 150 kHz ADCP data (sub-sampled every third data point for limited filesize). (d) Unsmoothed
stratification computed from fast thermistor string data using Eq. (4) (sub-sampled every 5 min for limited filesize). Around day 298
the relatively thick pycnocline becomes thinner and darker red (stronger stratification). Although the pycnocline occasionally rises
outside the window after day 300, further stratification intensification and pycnocline thinning is seen later from the increasingly darker
red colouring (with large excursions e.g. around days 303-304). (e) Eddy diffusivity inferred from 42 raw (24 Hz)-CTD observations
near the moorings using Eq. (5) with N, at the edges of the pycnocline z = (zp, z5) in Eq. (6).

For o> N, the observed enhancement of the frequencies. This apparent temperature ‘noise’
spectral level by a factor 1 /(0.45)2 was entirely was closely related to variations with time of
attributable to scaling. The displacement spectra ‘background’ stratification, possibly to Doppler-

remained unchanged at these super-buoyancy shifted high-frequency internal waves and/or
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three isotherms merge most of the time in panel (b)). Note the large difference in pycnocline thickness between the two panels,
accompanied by very high-frequency (noise-like) pycnocline motions in (a) and regular large-amplitude waves in (b). (c) Two examples
of 0.5 m vertically averaged density anomaly profiles with depth from CTD near the moorings. Dashed profile obtained at day 294.6,
solid profile at day 300.0 (just prior to suspension of CTD observations).
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Fig. 6. (a) Unsmoothed (30 s data) time series of maximum buoyancy frequency per time step. (b) Unsmoothed (30 s data) time series
of buoyancy frequency computed around z = —61 m from two neighbouring fast thermistors. Note the transition commencing around
day 298 from a single mean value for buoyancy frequency to a much wider range focusing on two new mean values after day 300.5. (c)
Temperature ‘noise’ (30 s) data at z = —61 m, defined as the high-frequency signal remaining after applying a very high-pass filter with

cut-off at 3.5 x 1072 s~

overturning events (Thorpe, 1987), while well-
exceeding instrumental noise. Therefore, as it
represented high frequency internal waves in the
pycnocline it adopted the familiar internal wave
spectral slope in Eq. (9). Likely, it represented

evanescent waves as we observed in low-stratifica-
tion well outside the thermocline.

As a result, we ‘observed’ apparent weakening of
the pycnocline as inferred from macro-observa-
tions like decreases in internal wave band energy
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Fig. 7. Observed internal wave band spectra of kinetic energy
(PkE; near the inertial frequency f) and potential energy (Ppg
near the buoyancy frequencies Na, Ng). Pxg and Ppg-spectra
reach to 9 x 107% s, Pxg for 6<9 x 107* s~! and Ppg for
6>9x 10* 57!, The former are from 4 m binned 150 kHz
ADCP measurements. The latter are computed using 7.700°C
and 8.400° C-isotherm displacement data within the thermocline
around z = —61 m interpolated from the fast thermistor string
data for periods A (days 294.6-299.6) and B (300.5-305.5),
respectively. Spectra are shown for data pieces of 5 days. The
solid lines represent period A, dashed lines B (cf. Fig. 6 for
periods). In the Ppg spectra, clearly the reduction of N with time
(N < Nj) can be seen from the shift towards lower frequency
of the enhancement above the continuum level (¢~ 2-slope) near
N. This N-reduction is also visible in both Pk and Ppg-spectra
for f <o < N, where energy is smaller by a factor Ng/Na during
the second period, with respect to the first. (This is inferred
from the straight-line model slopes representing ¢~ fall-off rate
and which are off-set by Ng/Na.) Note that for ¢ > Na, Ng the
Ppg spectra do not ‘obey’ N-scaling, while the corresponding
displacement spectra P, are identical at these frequencies.

and current and temperature differences across
stratification, while enhancement of stratification
in a thinned layer. For an explanation (of the
latter, new observation) we considered the dy-
namic stability balance.

5. Richardson number balance

The observed collapse of shear, followed by
thinning of the pycnocline while stratification
increased, can be interpreted using a Richardson
number concept. Rewriting Eqgs. (1)—(3) in terms of
finite differences (A) gives

Ap

()= 9 2P
Ri(z, 1) = ) M+ AR

Az (10)

indicating the importance of the vertical length
scale over which the density and current vary.

Linden (1979) explored this importance from
laboratory experiments. He inferred the relative
amount of mixing across a pycnocline from the
relative thickness of density and current interfaces.
Mixing inside an interface by, for example,
Kelvin—Helmholtz instability results in a thicker
interface as kinetic energy was released from the
current field (see also laboratory model results by
Thorpe, 1971). Consequently, when an interface
becomes thinner after a mixing event an ‘addi-
tional turbulent source is needed’ (Linden, 1979).
In that case, the water column tends to be more
stable after the event. This is understood by
rewriting Eq. (10) in terms of the interface
thicknesses of density (d,) and current change
(dy). In the case that the current interface remains
unaltered and the density interface thickness
becomes smaller between the initial (subscript 1)
and the final (subscript f) state some time later,
dyr <d,;, the Richardson number increases with
time between these states

Rir = Risdoy /(dyed)  (dy = d,i = )
> Ri; (11

and the stratification becomes super-stable after an
initially marginally stable state. This would
sufficiently explain the observed transition
Na — Ny in Fig. 6, but the reality is more complex
as will be outlined step-by-step below.

Starting the Richardson number interpretation
(10) and (11) of our observations just prior to
passage of the atmospheric disturbance on day
297.5-298.0, we had (Knight et al., 2002; van
Haren et al., 2003),

—9g (Agp);
p (AU);

where A4 denotes a finite difference across a layer
of thickness d (short for d, and d,). The notation
for shear is shortened to (AqU)* = (Aqu)* + (Aqv)°.
Now we follow Rij;, for states j =1,2,3 between
the initial state i and final state f.

During the wind stress increase (Fig. 4a) and
cyclonic rotation of the wind (Knight et al., 2002),
the observed first change in any of the parameters
in Eq.(12) was a drop in the (inertial) vertical

di~0.5-1, (12)

P =
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current difference on day 297.85 (Fig. 4b):
(AqU), = (0.45+0.05)(A4 U);.
This change implied an associated Richardson

number that was super-stable, since the density
interface did not change immediately

Riy = 5+ 1Ri;> 1. (13)

Then, within one inertial period ¢t < Ty = 2n/f two
new equilibria (changes two and three) of marginal
dynamical stability were formed. The second
change in parameters of Eq. (12) was pycnocline
thinning (Figs. 4d and 5) as followed from
computing mean thickness (6) in isotherm follow-
ing coordinates for the pycnoclines in Fig. 5,

D; =(024£0.05)D; =12402m

so that

Rl.z(Dz)%Rl.i. (14)

The third change in parameters of Eq. (12) was the

small reduction in temperature difference
(AaT);~0.8(AqT); (Fig. 3d). As a result
Na(D2) = Nog = (21+0.2)Na, (15)

corresponding very well to the observations in
Fig. 6. This enhanced static stability supported
higher frequency internal waves as observed in the
temperature noise time series (Fig. 6¢), albeit in a
layer of reduced thickness only (van Haren et al.,
2001). Average potential energy spectra (Fig. 7)
did not reveal this as a spectral peak, which
suggested that such peaks (near N) were deter-
mined by the larger scale environment.

Occasionally, this larger scale environment
supported large waves (Figs. 4d and 5b). Then,
the super-stable stratification was moved up and
down the water column by interfacial displace-
ments at ¢ = N3 <Ny up to crest—trough ampli-
tudes n;~1.5D;~1.5y; (Fig. 5). Using P,(c)cc
n>oc N~ we find

Ns(13) = Ng~(1/1.5>Na ~ Na/2.25. (16)

This ties very well in with Eq. (7) and with the
observations in the energy spectra (Fig. 7). It also

implies (again) attaining the marginal dynamical
stability equilibrium

Ri3(n3) = Rig~ Rij. a7

As a result, the dichotomy in stratification
Na — (Nyy, Ng) implied the possibility of support
of very high-frequency internal gravity waves at
frequencies Ng(<Na) <o <Ny in a relatively thin
wave guide D,, while the overall highest possible
frequency for linear waves was set by the overall
(large-scale) shear [S|g =~ Ng.

6. Discussion

The present detailed observations from the
autumnal Northern North Sea demonstrated the
influence of high-frequency internal gravity waves
on the control of the buoyancy frequency variation
and overall internal wave scaling. So far, we have
not considered its effects on diapycnal mixing
during this short period when external (boundary)
mixing did not dominate autumnal erosion of N.
Internal waves near the buoyancy frequency just
filled the enhanced vertical extent of reduced large-
scale inertial shear: the background wave guide.
The super-stable thin layer (Fig. 5) moving in a
thicker shear layer was expected to be very stable,
according to Eq. (11) and the discussion by Linden
(1979). Our observations showed that a super-
stable state did not last long, and a dynamical
marginal stable state was reached within one
inertial period by the filling of the (reduced) shear
layer by displacement (‘mode-1") waves (Fig.
1b(iii)). This confirmed earlier findings (Eriksen,
1978), including significant internal wave energy at
¢ > N, attributed by Eriksen (1978) to evanescent
waves. We expected further reduction of stratifica-
tion due to breaking on the edges of the wave
guide, as an addition to boundary mixing, thus
combining all three mechanisms (i)—(iii) in Fig. 1b.

Although our CTD-sampling was not exhaus-
tive, cf. Eq. (4), we estimated eddy diffusivity
values using Eq. (5) within the pycnocline: K(z) =
1-10x 1074 m? s™!, z,<z<z (Fig. 4e); due to
occasional overturns at the edges of, but within,
the pycnocline (Fig. 5c¢). These values, observed
during short periods only, were about a decade
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larger in magnitude than observed in summer (van
Haren et al., 1999). Eventually, this (short-term)
mixing may have eroded the thin layer stratifica-
tion as well, after the near-N-waves reached
maximum amplitudes around day 304 and Ny
decreased (Fig. 6). Further evidence of such
‘internal’ mixing was not observed, and apparently
mixed water was redistributed along isopycnal
surfaces as no heating of the bottom boundary
layer was observed during the (limited) period of
observations. We noted that this internally driven
mixing also occurred during low atmospheric-
induced turbulence (Fig. 3a). Our observations
were different from inertial-current-induced mix-
ing events as described by Krauss (1981) and van
Haren (2000), because the pycnocline thinned
instead of thickened.

Pycnocline thinning in association with an
increase in the bottom boundary layer was also
observed in the shallower central North Sea after
the passage of an autumnal storm (Fig. 8). This
pycnocline thinning was not associated with a
frontal passage as the pycnocline remained near
mid-depth after the event. Compared to the
northern North Sea data these observations had
a higher vertical (Az = 0.5 m) and temporal (At =
1 min) resolution of shear and equal vertical (Az =
I m) and less temporal (At = 2 min) resolution of
stratification. Despite the high resolution, shear
was observed to follow the (thin) layer of enhanced
stratification strictly on the time scale of several
hours, indicating the dominance of tidal and
inertial quasi-circular shear. However, the ob-
served enhancement of the bottom boundary layer
and the apparent tidal-inertial oscillation of shear
and stratification were caused by a somewhat
different mechanism than the overall decrease of
inertial shear magnitude in the northern North
Sea. In the central North Sea, the frequency of the
shear magnitude changed, implying a dramatic
change from its slow modulation, inherent to
quasi-circular shear (for instance varying on the
spring—neap cycle). The initially slow modulation
of |S|, with shear components varying at near-
inertial scales and in equilibrium Eq. (12), became
distorted when circular shear was superposed on
shear at a different frequency, in this case as direct
wind-induced shear. Hence, the shear magnitude

became a relatively fast varying function of time
(and space), also varying at the near-inertial scale.
During each moment of minimal shear in the near-
inertial cycle the pycnocline thinned (Fig. 8c). This
was observed only once in the northern North Sea.
This explained the increase of the bottom bound-
ary layer and shear, which reached maximum
values at day 223.7 after which the now familiar
dichotomy of higher and lower N was observed,
and the overall current difference decreased.

Although the precise mechanism for growth of
high-frequency internal waves is beyond our scope
here, requiring future investigations, straining
following shear modulation is a possibility. An-
other suggestion is the input of atmospheric
energy. This may be communicated into the
interior through the interaction of two surface
waves propagating in nearly opposing directions
(Thorpe, 1966), while energetic enough to reach
the pycnocline at some 50 m depth. Alternatively,
such deep penetration could be achieved through
near-inertial waves feeding directly high-frequency
internal waves by nonlinear interaction within the
internal wave band itself. High-resolution observa-
tions from the pycnocline in the Mediterranean
Sea by Woods (1968) and in the Sargasso Sea by
Marmorino (1987) and Marmorino et al. (1987)
showed breaking of high-frequency internal waves
in the latter area associated with passages of near-
inertial waves. Some evidence for this was found in
a displacement spectrum around the period of the
largest waves near the buoyancy frequency ob-
served in the northern North Sea (Fig. 9). This
spectrum showed a gap at intermediate internal
wave frequencies with respect to the canonical
internal wave fall-off rate (Garrett and Munk,
1972), while peaks near f (inertial-tidal frequen-
cies) and N approximately had the same variance.
Open ocean internal wave models showed near N
waves generated by scattering of internal tidal
waves off a thermocline, via solitary wave genera-
tion (Gerkema, 2001).

7. Conclusions

We have studied pycnocline behaviour during
the autumnal breakdown of stratification. As
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Fig. 8. Details of autumnal shear and stratification observed in the central North Sea. (a) Net radiation measured at a meteorological
buoy at INP. (b) Wind speed measured at F3 (solid) and K13 (dashed), showing typical variations of about 0.5 day over the distance of
about 300 km between the rigs. (c) Shear (shaded) from 0.5 m vertical binned data obtained using 1.2 MHz ADCP suspended in a
mooring line, which also supported a standard Aanderaa thermistor string providing data on stratification (isotherms) from 1 m
vertically separated sensors. During the passage of a storm on days 223/224, the isotherms (green lines at 1°C intervals) first moved
upward and straining increased. (d) Pycnocline thickness computed using Eq. (6).

observed previously, atmospheric boundary mix-
ing reduced the near-surface temperature steadily
with time. When inertial currents were generated
internal mixing occurred via large-scale inertial
shear. In contrast with previous observations we
showed for the first time occasionally very large
high-frequency internal gravity waves supported
by a very stable and thin interface, following the

collapse of inertial shear after the passage of an
(out-of-phase) storm.

The interpretation of the counter-intuitive in-
crease of pycnocline stability following an autumn
storm was given in terms of marginal dynamical
(Richardson number) stability. This fitted all of
the observed variables on temperature (density)
stratification, current and shear. Analysis in
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Fig. 9. Nearly raw (~3 degrees of freedom) displacement
spectrum of 1.4 days of 8.400°C-isotherm data inferred from
fast thermistor string data obtained in the northern North Sea
between days 303.3 and 304.7, when background N = Ng. The
overlayed peak near N is the spectrum between days 303.8 and
304.1. The dashed line indicates ¢~ 2-slope, the solid line ¢~'-
slope.

isotherm following coordinates using high-resolu-
tion instrumentation revealed that sparsely
sampled free internal waves and evanescent waves
caused the ‘internal wave band spectrum’ to
extend to frequencies higher than the ‘background’
N. These motions were not due to finestructure
contamination. Background-N was caused by
near-N waves just filling the layer of large-scale
shear, after shear magnitude had dropped sud-
denly. This shear was found predominantly at low-
frequency internal wave frequencies near f so that
its vector described a circular path and its
magnitude was varying at sub-inertial timescales.
The shear accommodated a marginal stability
criterion, so that large shear limited high-fre-
quency internal wave growth: largest near-N
waves were observed after the shear was reduced.

Our observations suggested that (‘buoyancy’)-
scaling of equilibrium internal wave band energy
was better in terms of [S| than in terms of &V, as the
former were predominantly generated by large-
scale low-frequency internal waves. This confirmed
straining studies by Pinkel (1981). In other words,
the energetics of a saturated internal wave field
was best dominated by a constant background
shear, modified slightly by straining of stratifica-
tion. It is clear from the present observations that
future studies require high vertical resolution of

current (shear) measurements in conjunction with
high-resolution density (temperature measure-
ments) to study the relevant processes across a
pycnocline.
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Appendix A. Thickening of the bottom boundary
layer below a pycnocline

The observed thickening of the near-bottom
boundary layer above the tidal frictional height
can be attributed to two effects. Both effects are
associated with atmospheric forcing, but do not
require well-mixed conditions throughout the
water column, since the pycnocline was not (yet)
destroyed.

The first effect was direct through the generation
of a (surface) wave bottom boundary Ilayer.
Considering the large water depth (H = 110 m),
this effect was only large near the end of the
record, when atmospheric forcing was relatively
large (Fig. 3a). Although a surface wave bottom
boundary layer is wusually very thin (~1m
typically), shear is very high and turbulence
production is. (Speculating) this turbulence may
be transported vertically upwards, perhaps by the
strong vertical motions associated with surface
waves, thereby modifying the tidal boundary. The
second effect was indirect through near-inertial
motions, generating largest shear across the
pycnocline following ‘barotropic’ generation and
coastal boundary condition (Millot and Crépon,
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1981), and under certain turbulence conditions
also in the near-bottom layer (Maas and van
Haren, 1987). Theoretically, in steady state, a
frictional-rotation balance (Ekman dynamics)
does not apply for inertial motions, as the (antic-
yclonic) frictional boundary layer 6_ = /(24 /|6 —
f1, A denoting a constant eddy viscosity, becomes
infinitely thick when ¢—f. This expresses the
sensitivity of (near-) inertial motions to turbulence.
However, a tractable situation occurs when low-
frequency relative vorticity is nonzero, and a near-
inertial frictional boundary larger (smaller) than a
tidal boundary layer is expected when horizontal
current differences are smaller (larger) than
O(107° s71). Such values for low-frequency vorti-
city are not uncommon (Maas and van Haren,
1987; Knight et al., 2002).
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