GEOPHYSICAL RESEARCH LETTERS, VOL. 26, NO. 19, PAGES 2993-2996, OCTORER 1, 1999

Strong inertial currents and marginal internal wave stability in

the central North Sea

Hans van Haren, Leo Maas, J.T.F, Zimmerman' , Herman Ridderinkhof and

Hans Malschaert
Netherlands Institute for Sea Research, Den Burg, the Netherlands

Abstract. Solar insolation srabilizes the water column and
suppresses vertical exchange. Observations from the central
North Sea clearly show thal increased heating in summer is
accompanied by enhanced de-swabilizing vetical current
differences {shear), swrprisingly foc such extent that the
equilibrium state is margmally stable. Under calm weather
conditions, {he shear is predominanlly generaled by near-
inertial motions while the internal wave speclrum primarily
resuits from nonlinear imteraction between the dominating
tidal and near-imertial motions. In terms of the associated
enhanced wvertical mixing across the largest vertical
temperature gradients, shelf seas are noi different from the
ahyssal ocean, despite the proximiy 10 onergy SOUICes noar
boundaries in the former. By the lack of sufficiently strong
wind- and tidal mixing this internal mixing is considered ro be
responsible for the diapycnal transport of nutrients leading to
the observed increase in near-surface values and triggering the
late-symmer phvtoplankton bloom.

Infroduaction

When the sun heats the sea in surnmer, the water column
becomes stably stratified in density as tomperafure decreases
with depth, warm water being iess dense than coid water. In
shelf seas, contrasting with the abyssal ocean, wind and tidal
mixing concentraie the inutially gradual temperature decrease
into a lhin jayer, the thermociine. By its increased stabilily,
the thermocline impedes vertical turbuleni exchange.
Bowever, once present the two stably stacked mixed layers
aliow for the development of slab-like motion of either of the
layers, vielding vertical current differences {shear), which
lend (0 enhance vertical mixing across the thermociine [Munk
and Anderson, 1948}, This is suggested 10 be due to their
destabilizing effect on short infernal waves which may grow
untif breaking [Garrett and Munk, 1972a; Gregg and Kunze,
19911,

Despite the strong (seasonal) stratification, vear-long
observations from the central North Sea [Ruardif ef af., 1997]
show a continuous increase in pear-hottom temperature,
which points at vertical exchange scross Lhe stratification at
an average turbolens diffusive rate of K = dx107% m* ¢!, which
is about 100 times larger than the molecular value and similar
t0 previously reporied deep basin values {Gregg and Kunze,
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19971, Such vertical mixing cannot be ditectly zenerated by
wind and tdal mixing when the suatificarion is not
concentrated in a very thin layer and, consequently, the two
waxing layers do not overlap. In this paper we discuss the
influence of varying stratification on corrents, shear and
associated mixing, and the role of internal waves therein.
Becavse of similarity in these processes, shelf sea studies on
internal waves and water column stability are of value for
similar abyssal ccean studies.

Observations

Data are presented from the central North Sea at 54° 25' N
and 04° 02' B where the water depth is about 45 m1. The water
emperature and, hence, stratification have been monitored
from surface to bottom using 3 thermistor strings, each
holding 10 or 11 thermistors, at 2 m intervals between 3-21 m
depth and 31-43 m depth, and at I m intervals between 21-31
m depth. Current measuremenis &l 0.5 m vertical increments
have been obtaired from a bottom mounted, upward looking
500 kHz RDI-broadband acousiic Doppler current profiler
{ADCP)

In summer, the observed cuments differ substantialty from
those abserved in winter (not shown here}, as the typical
semmi-diurnal udal (M) current dominance is found only
below the stratification [Figure 1{b)}]. Above the botiom
mixed layer, the lidat corrents are superposed on molions of
about equal magnitude, having a pericd of 14.7 hours, which
corresponds to the Jocal inertial frequency f. These (near-}
inertial  mwotions  accompany  the  adjustment  towards
equilibrivm on a rotating earth, as generated by a variety of
disturbances such as a sudden shift of direction of a moderate
wind on day 195 [Figure 1(a}]. However, most conspicuous 18
the vertical variation of these motions, with a 180° current
reversal across both major thermoclines.

The associated vertical current shear (8 = [dufdz, dvidz],
where u. v denote the horizontal current components at depth
z), it thus much larger in summer than in winter, and closely
related to the wvarying siraiification rate. The possible
destahilization of the water colmmn by such shear is
imvestigated by computing the gradient Richardson number
Ri = NY8{ {Turner, 1979). Here, stability is represented by
N = {-g dinp/dz}'" the buoyancy frequency, with g the
aceeleration of gravity, poinding in the downward, negative 2-
direction and. using for the density variations dp = ~adT, with
T the temperature. The thermal expansion coefficient o = 0.2
is evaluated from Seabird SBE-911 CTD-observations near
the moorings, showing a monotonic T-8 relationship and little
contribution of salinity to large scale density variations,

Our data frequently show values of Ri < 1, and
oceasionally Ri < 0.25 [Figure 1{c)}, which ndicates that the
flow is marginally stable, and subject to occasional bursts of
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Figure 1. The summer stratification, as presented in each
color panel by white or blue solid isotherms drawn every
1 °C, from 10-18 °C, and, (a) Wind speed (W, solid line) and
direction (R, dotted line), which are observed at a platform
located 150 km to the south-west of the mooring. (b) Total
current amplitude (note the bad current observations above 5-
8 m depth, due to side-lobe interference). Above 25 m depth
the amplitude varies regularly with depth and time between
about zero and 45 cm s, a doubling of the tidal current
amplitude (of 20-30 cm s'"). The period of variation in time is
3.3 days, the M,-f beat period, and maxima and minima
alternate in depth between the near surface well-mixed layer
and the layer between the two major thermoclines, which are
2-5 m thick. Below 35 m the pattern is as between 25-35 m,
but decreasing in amplitude towards the bottom. (c¢) The
gradient Richardson number (Ri), which has been computed
from ADCP and thermistor string data at the mimimum
possible vertical resolution, which is dictated by the
thermistor separation. Below 30 m depth, IS, and hence low
Ri, are dominated by tidal current shear. Above this depth
they are almost entirely determined by inertial current shear,
with a transition zone between 25-30 m depth, where tidal
current shear also contributes. Of our concern here are the Ri
values between 10-22 m depth, where shear magnitudes reach
up to 18I = 15 cm s m’' during periods when isotherms are
densely packed, such as around day 196.5 near 22 m depth.
At those depths, low Ri are not only dominated by low N, as
between 25-30 m depth, but also by relatively high ISl
Conversely, the band of Ri > 1 just above the lower
thermocline is due to low IS! rather than high N. When only
the near-inertial currents are removed from the ADCP records
using a sharp harmonic filter, Ri > 1 above 25 m depth,
always.

mixing, despite the strong stratification, which apparently
attracts equally strong current shear. This inference of
marginal instability follows from theoretical and numerical
considerations on the transition between the stable (high Ri)
and unstable (low Ri) regimes. A value of Ri = (.25 is given

o (cpd)

Figure 2. (a) Kinetic energy frequency spectra from
baroclinic currents at 17 m depth (solid line) and barotropic
currents (dashed line), observed in summer. These 'barotropic'
currents exclude the frictionally induced near-bottom layer,
and the near-surface layer which the ADCP did not resolve
properly. The number of degrees of freedom (of about 3) is
kept low to resolve some of the harmonic (M,, f) frequencies,
at the expense of a high-accuracy error estimate. Hereby we
do not disregard the appropriate statistics usually invoked, but
we consider the strongest internal waves as deterministic
rather than being a particular realization of a stochastic
process, when monitored over a week. A simple graphic
display of the canonical internal wave spectrum, showing the
o7 decay, is given by the solid line between the frequencies f
and N (outside the graph, not indicated). The thin vertical
solid lines indicate M, and its higher harmonics, the dash-
dotted line the first harmonic of the inertial frequency, and the
dotted lines composite frequencies of M,. (b) Shear spectra by
finite differencing over 0.5 m intervals current observations
near 13 m depth (solid line) and, for comparison, near 40 m
depth, in the frictionally sheared bottom boundary layer
(dashed line).
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for such iransition following finear stability heory [Miles and
Howard, 1964]. However, g transition vaiue of Ri = 1 is
suggested [MHolloway, 1983, Abarbanel et al, 79841 for a
breakdown of a non-linear ow, Tor example through
interaction of 1wo spatiaily and temporally varying cnrrents.

The distribution of (.25 < Ri < 1 we observed during a
prolonged period of calm  weather suggests that the
occurrence of enhanced vertical mixing is likely to occur
across the stratification rather than in the weakly stratified
layers in between. An indirect estimate to guantify this mixing
is obtained from small temperature inversions apparent in
high resolution CTD profiles with depth {Thorpe, 1987L
Using the available 12 CTD} profiles spread over days 194-
199, we compnted an average vajve of K = (332)=107 m” ¢
with peak valuies up to K = 6x10°* m’ 5" at depths where
stratification is relatively Jarge (N@Z) > 0.025 s™). This
excluded occusional  fersperature  nversions  in stable
intrusians, found in weaker stratified layers only.

Statistically, the observed distribution of Ri favours low Ri
in lavers of high N and, within such layers, a tendency for
high shear anorsalies driving Ri eritical. as found for the
abyssal ocean [Pinkel and Anderson, 1997} We find N =
[(0.1540.05)8" + (120.5)]x10” 57, indicating a background
stratification without shear and a cate smaller than Ri = .25,
Such refationship is also observed in the abyssal ocean at
parameter values two orders of magnitude lower, vielding,
remarkably, almost identical slope and similar cut-off [Fig. &
in Polzin, 1996). Associated turbulence dissipation rates were
succesfufly modelled with a transition criterion of Ri, = 0.4,
The dependence between IS and N7 was attributed 1o the
effects of turbulent fluxes and internal waves interacting with
buoyancy perturbations [Pelzin, 19961,

We hypothesize that this (occasional) mixing across strong
stratification is internally driven by near-inertial current shear,
in interaction with high frequency (breaking) intemnal waves,
which are found in the internal wave frequency {¢) domam
f < & < N. This is inferred from the distribution of high
frequency internal wave energy (@ > 2f), which is also
organized near the thermoclines and, hence, near the regions
of enhanced shear and low Ri. As will be discussed below,
these high-frequency internal weves themselves are the result
of nondinear intecaction between inertial motions and tidal
currents, which mot only has is influence on the mixing
across stratification, but also on the particular form of the
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inernal wave spectrosn, witll Us canonical [Garetr and Munk,
197261 decay rate of ¢ in the frequency domain.

In order to oblain the internal wave spectrum we split the
current chservations at each depth in two paris, a ‘barotropic’
part <ux = [ v 42/25, depths in m and similar for v, and
the remainder, bBaroclhnic' part contaiming the internal waves
fFigure 2{a}]. The barotropic current spectrim 15 dominated
by the tidal and its harmonic frequencies (My, M,, M) Tn
contrast, the major pagt of the energy in the internal wave
spectrum is contained near the inertial frequency at depths
where N{z) 15 large and a remarkable enhancement is found at
about 3.5 cpd. This freguency is not the first harmonic of the
near-inertial frequency, but a composite (My+0) of tidal and
inertial frequencies, This indication for non-linear misrachon
between (near)-inertial waves and tidal currents is supported
by the enhancement at other mteraction frequencies, like at
2.2 cpd (2M,-1. The driving mechanisin, the vertical curment
shear, shows a spectral increase upto @ = 10f, with enhanced
peaks near the inertial and Ma+f frequencies, and not at the
tidal frequency {Figure 2(b}}. The shear spectram retains these
features in a semi-Lagrangean fvame of reference, indicating
that the enhancement at the interaction frequencies is not due
1o vertical advection [Sherman and Pinkel, 1991]. Note that,
as the shear is predominantly generated by inertial motions
which are inherently circularly (anti-cycionically) polanized,
the shear magnitude 1s essentially constant with time. inertial
motions generate 'maximal shear' by having their individual
current components 180% out-of-phase across cach major
thermocline, due to their extreme sensitivity o vertical
momentum exchange [Maoas and van Haren, 1987,

Discassion

Cur  observations support recent numerical evidence
{Hibiva et al, 1996; Niwa and Hibiva, 1997} and ocean
observations [Mihaly et al, 1995] on the importance of near-
mertial motions in internal wave band energy transfer, which
also confirmed eartier suggestions [FMolloway, 1980, 1953}
that internal wave interaction is likely strong. This is reflected
in a near-constanf Ri = I, as observed [Figure 1(c)], and it
may explain the consistency of the internal wave spectrum
{Munk, 19811, We infer this from a slight smoothing of the
nearly raw spectra presented here [Figure 2(a}], which rapidly
leads to a collapse Trom enhanced energy at localized
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Figure 3. Hourly observations from 13 m depth of nuisients from an in-sttu auto-analyzer (NO,, thin Line) and chloropbvil from
fluorometer data (chi, daily filiered, thick line). Despite a favourable {ight regime in summer, the phytoplankion contents in the
near-surface layer are vary low, due o lack of sutnents, until the moment of renewed nutrient input, which is generally thought

not {0 occur untl the first late-summer storm.
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interaction frequencies to a uniform o >-decay in frequency
and, when scaled with the local buoyancy frequency, to a
fixed level to within a factor of two, as in deep ocean data
EFofonaff and Webster, 19711,

The overall pirrnruﬂ that

2 1 Iy
emerges 18 a subtle b

between the {rapidly varying} stratification rate, near- memai
shear, and high-frequency internal waves, down to a well
organized criticality, imposed by the sun and the astmosphere,
Given the universality of the internal wave spectrum, the
‘constant’ selationship between stratification rate and shear
through Ri = 1 implies stratificarion provoking mixing, or the
reverse, mixing leading to stratification {Thompsen, 1979], In
practice, this may help 1o identify ocean regions where
internal wave energy is enhanced as, for example, due to
focusing [Maas et al, 1997} by simply mapping the
In {futwre) modelling, exchange across
stratification should be parametrized from the monitoring of
either one of {properly resolved) quantities N or 81, together
with a realistic generation of inertial motions.

We suggest that internal wave breaking is the only possible
mechanism causing the observed repienishment of nutrents
it the near-surface layer from below in mid-sommer [Figure
31, ruling out advection by lack of a significant udal spectral
peak In  these wnutrients. The associated bloom  of
phytoplankton, typically peeking 4-5 days later, occured
under calm weather conditions well before the first late-
summer storm (on day 223}, when surface and bottom mixed
layers became separated by a single, thin thermocline. This
bloom could not be mimicked by existing numerical models
on vertical exchange across & pycnocline, lacking inlernal
waves [Ruardif er al, 18971,

fificatioan  ratos
stratification rate.
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