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Abstract

Recent fine scale observations of shear and stratificatitemperate shelf sea
thermoclines show that they are of marginal stability, ®sgigg that episodes of
enhanced shear could potentially lead to shear instalaitity diapcynal mixing.
The bulk shear between the upper and lower boundary laysessonally stratified
shelf seas shows remarkable variability on tidal, inewiadl synoptic timescales
which have yet to be explained. In this paper we present vasens from the
seasonally stratified northern North Sea, at a time when #itencolumn has a
distinct two-layer structure. Bulk shear estimates, baseADCP measurements,
show a bulk shear vector which rotates in a clockwise dioact the local inertial
period, with episodes of bulk shear spikes which have ancqpately twice daily
period, and occur in bursts which last for several days. teoto explain this
observation we develop a simple two-layer model based aar layeraging of the
one-dimensional momentum equation, forced at the surfgoibhd stress, and
damped by (tidally dominated) sea bed friction. The two tayare then linked
through an interfacial stress term. The model reprodueesliservations, showing
that the bulk shear spikes are a result of the alignment ofnind stress, tidal
bed stress and (clockwise rotating) bulk shear vectorsocitgl micro-structure
measurements are then used to confirm enhanced levels afgwiuring a period
of bulk shear spikes. A numerical study demonstrates thsitsgty of the spike
generation mechanism to the local tidal conditions and ipgaand duration of

wind events.



1. Introduction

A central part of the current agenda in physical oceanograpbontinental shelf seas is the
identification and parameterisation of processes whicledmertical mixing across the seasonal
thermocline. The seasonal thermocline acts as an impgtsical barrier separating the sunlit
surface layers from the dark nutrient rich deep water. Thengiof material across the seasonal
thermocline therefore represents a key biogeochemichiyaat (Sharples et al. (2001)).

Coincident high resolution measurements of shear andf&iasibn (e.g. van Haren et al.
(1999); MacKinnon and Gregg (2005); Rippeth et al. (2005jppRth (2005)) for a range of
temperate seasonally stratified shelf seas show that thedlcéne is in a state of marginal
stability (gradient Richardson numbét; ~ 1), implying that the addition of extra shear could
potentially reduceR; sufficiently to trigger shear instability, thus transfagienergy to ther-
mocline turbulence and resulting in vertical mixing. Whilsw in continental shelf seas tends
to be dominated by the tides (e.g. Rippeth et al. (2005))eots also arise because of wind-
driven slab motion of the surface layer. These near-irlepBaillations are the response to
abrupt changes in wind forcing. They have long been recedras energetic features through-
out the ocean (e.g. Pollard (1980), Itsweire et al. (1984) eontinental shelf seas (Chant
(2001); Chen et al. (1996)). Indeed, they are observed toustdor a significant proportion
of the observed current variance in some tidally energe@stal seas (e.g. Shearman (2005)).
Layers of strong shear tend to coincide with layers of stretngtification and cover extended
areas with strong vertical veering but little horizontatigility in shear direction (ltsweire
et al. (1989)). The latter authors found for Monterey Bayt tha mean shear direction within
the shear layer rotated at the local inertial frequency.

In coastal seas the presence of a coastline produces adpacotrsponse resulting in a 180



phase shift across the thermocline (Kraul3 (1979), Crai§qL Rippeth et al. (2002); Simpson
et al. (2002); Shearman (2005)), resulting in enhanced stimeba potentially significant source
of mixing in shelf seas. Estimates of the rate at which neartial oscillations are damped
(Sherwin (1987)) are suggestively consistent with TKE igesson rates observed in the sea-
sonal thermocline (Rippeth (2005)).

In this paper we develop a simple analytical model to ingadé a mechanism for the gen-
eration of periods of enhanced shear across the seasomabitime, which mainly result from
interaction between shear itself and surface wind stresghd first section of the paper we
present observations of wind and bulk shear from the selig@tatified northern North Sea,
for a period when the water column exhibited a two-layerdtite (section 2). We then derive
a theory for bulk shear generation in two-layer flows (sec8d which is then applied to the
observations from the northern North Sea (section 4.a)edtian 4.b of the paper the correla-
tion between bulk shear, wind stress and observed mixingatds, based on micro-structure
measurements, is investigated. Finally a numerical seigistudy is undertaken (section 5)
and conclusions drawn (section 6).

Note that for simplicity the sense of rotation is always tetiato the northern hemisphere.

Thus clockwise means anti-cyclonic and anti-clockwisemsegy/clonic sense of rotation.

2. Observations

During the EU-funded PROVESS (PROcesses of VErtical Sitration in Shelf seas) project,
intense water column measurements were carried out in ththé&ta North Sea (NNS) at

59°20’'N and FE, with a water depth of 110 m. At the central station A (seeréglifor the



location) over the period 8 September to 2 November 1998enurelocities were observed
using a bottom mounted 150 kHz broad band RD Instruments gtmoDoppler Current Pro-
filer (ADCP) returning 10-minute averages between 11 m anoh &&low the sea surface, with
a bin size of 4 m (for details, see Knight et al. (2002)). Theisgervations were accompanied
by CTD (Conductivity-Temperature-Depth) casts and thetonichain observations at adjacent
locations for measurements of the stratification, as weNescity micro-structure profiles
(Prandke et al. (2000)) from which the rate of turbulentigson ¢) and thus vertical mixing
rate is estimated (Burchard et al. (2002)). Meteorologieebmeters have been obtained from
the Frigg oil rig at 5954’'N and 26’E (about 48 nm north-east of the central station A, see
figure 1. These data have been used to calculate surfaceestnesing bulk formulae (Kondo
(1975)).

Tides are predominantly semi-diurnal, rotating in a clodersense, with Mand S ampli-
tudes of 0.20 ms! and 0.07 ms!, respectively (Knight et al. (2002)) and the ellipticitytbe
M, tide is about 1:3 (Davies et al. (1997)), and the major axisnded in meridional direction.

A characteristic feature which Knight et al. (2002) anatyfem the PROVESS-NNS cur-
rent velocity data is that near-inertial oscillations whadearly dominate the signal in the sur-
face and the bottom mixed layer are absent in the verticallyaed current velocities, due to a
180 phase shift between the two layers. Knight et al. (2002)atpaltially explain this feature
by applying the theory of Craig (1989) as due to the presehem @djacent coast which set
up a barotropic pressure gradient accelerating the walemeoin the opposite direction of the
wind-driven Ekman transport.

The observations of temperature and salinity at the PROVESS site showed a distinct

three-layer structure of the water column at the beginnfrijemeasurements in early Septem-



ber, with a bottom boundary layer and a surface boundary lagmg separated by a 30 - 40
m thick diffuse thermocline. However, the erosion of thiemimediate layer by surface cooling
resulted in the development of a clear two-layer structuitd surface and bottom boundary
layers separated by a stratified region of less than 20 mriegkwhich persisted until the end
of the observations.

A 10-day period of the observations, between 16 October 288y and 26 October 1998
(day 298) is selected to be the focus of this study becausedtes column has a clear two-layer
structure at this time (figure 2).

Figure 3 shows the observed 10 m wind, the bulk shear squatdha shear direction.
Here the bulk shear is calculated by first identifying thetbegd strongest vertical stratification
(typically about mid-depth), then averaging the observadent velocities over the resulting
surface and bottom layers, and finally dividing the diffeemf the two velocities by half of
the water depth. The shear direction is the direction of #salting shear vector with respect
to North (0’) in a clockwise rotating sense. The period of interest isattarised by typically
strong but changeable winds of up to 20 m selocity. In contrast to that, the observed bulk
shear shows distinct peaks twice daily. Periods of an emthbackground bulk shear are
observed during days 289 and 290 and again between days @®2Bn In contrast the bulk
shear is small between days 291 and 293, despite the ocalgisinong winds at this time.

It is thus concluded that the magnitude of the individuakshspikes is not directly corre-
lated to the magnitude or direction of the wind. An analydithe shear direction shows that
it rotates in a clockwise sense at the local inertial peribti3091 h, with occasional deviations
from the inertial period, see the bottom panel in figure 3sTdiservation is in agreement with

the findings of Itsweire et al. (1989).



The focus of the present study is to explain the developmietiteoobserved shear spikes
as function of wind and tide. This is achieved using a simpie-fayer theory which will be

developed in the next section of the paper.

3. Theory

The theory for bulk shear dynamics is based on the one-dimmgsnomentum equations

on the rotating Earth,

ou — 0, 7° — fu=—g0,n,
(1)
O — 0,7 + fu = —g0o,m,

with the eastward and northward velocity componentnd v, respectively, the shear stress
components normalised by density, and7¥, the Coriolis parametef, the gravitational ac-
celerationg and the surface elevation slopéty andd,n, the latter two terms providing a
prescribed barotropic pressure gradient forcing. Hotialotensity gradients, lateral advection
and mixing and variations in water depthare neglected as well as shear generated by internal
waves, assuming a distance from the nearest coast or fifeatalre of at least a few internal
Rossby radii.

Definition of an arbitrary intermediate depthwith —h < z; < 0 and upper layer and lower
layer thicknesses, = —z; andh, = z; + h, respectively, leads to the definition of upper and

layer layer velocity components

1 /0 1 =
Ug = —/ u(z)dz, wup = —/ u(z) dz,
hs Zi hb —h (2)
1 /0 1 gz
Vg = A v(z)dz, v, = i /_hv(z) dz,
and depth-mean velocity components
1 /0 1 /0
= S 3
U, thu(z) dz, o, h[hv(z) dz, 3)
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such that

ushs + uphy = upmh, vshs + vphy = vyh. (4)

Integrating the momentum equations (1) over the upper anldtver layer, respectively, and
defining the surface stressds= 7*(0), 7¥ = 7¥(0), the interfacial stress a§ = 7%(z;), 77 =
7Y(z;), and the bottom stress g% = 7*(—h), 7, = 7¥(—h), dynamical equations for the upper

and lower layer velocity components are obtained:

1 1
Ous — —758 + —7° — fus = —g0o.m,

he (5)

Opup — h_sz‘x + h_bTIZC — fup = —g0.nm,
and

1 1
vy — 78 4 7 + fus = —goyn,

f;s f; (6)
ooy — —717 + —717 + fup, = —goym.

hy, hy,

After defining the bulk shear vector components as

Us — Up
1 )
sh

Vs — Uy
1 )
sh

Su: Sv:

(7)

equations for the bulk shear may be derived from (5) and (6):

2 2 2

8t5u — ETS + hshbTi — me — fSU = 0, (8)
2 2 2
oS, — TV + Y — — 7/ + S, =0.

hah* Bl hh

After parameterising the interfacial shear stress by meaagjuadratic friction law as

172 1

7 = s — w) (0 —w)? + (0 — ) = 0SS,
12 1 ®)
Tl-y = Ci(US — ’Ub) ((US - ub)2 + (Us - Ub)z) = ZhQCiSvsa

with the interfacial drag coefficient, and the bulk shear squared,

§% =82+ 82, (10)



multiplication the first equation in (8) withS, and the second equation in (8) wily, and

adding the two, a dynamical equation for the bulk shear sl is obtained:

15 (7 # n?
0,5% = —S-<—8+—> - ¢ S3
R\ Il 1)
= P(SQ) - Dz (32)7

with the bulk shear vecto§ = (S,, S,), the surface shear stress vectr= (7=, 7¥) and the
bottom shear stress vectay, = (7, 7). Equation (11) shows that bulk shear is generated or
reduced by the scalar product of bulk shear and the weigltedo$ surface and bottom stress
(first term of right hand side)? (S?) = P, (S?) + B, (S?), and dissipated by interfacial friction
(second term on right hand sid€); (5?). The maximum bulk shear production rate for given
absolute values of surface and bottom shear stress is ettéon a perfect alignment of the
three vectors, surface shear stress, bottom shear stieebsirshear. Although the barotropic
pressure gradient does not explicitly appear in eq. (1$)ilihas an indirect effect by changing
the bottom layer velocity and thus the bottom friction. Whis a potential 180 phase shift as
suggested by the Craig (1989) condition is implicitly irsédal in the present theory.

To highlight the role of tidal forcing, a parameterisatian the bottom stress is used:

T = cqup (ug + 05)1/2 =y <um - %hssu) (ug + 05)1/2 ) 12)
T = cqup (uz + vg)l/z =y (vm — %hsSv) (uz + vg)l/z ’

where

1 1
Up = Um — §hssu7 Vp = Um — §hssv (13)

has been used as derived from (4). In (X2)is the bottom drag coefficient with respect to the

bottom layer thickness,,.

With (12), the dynamical equation (11) for the bulk shearesgd can be reformulated:



hs hb hs hb

— P, (52) + P, (52) — D, (52) — D, (52) ,

with the depth-mean velocity vectd?m = (um, vs,y) @and the lower layer velocity vector, =

4. (7 caVm Vi h? Wy s
0,82 = ﬁ5~(—+7>—q 53—cdms2\vb\ "

(up, vp). In (14) the production of bulk shear is now formulated asgbalar product of bulk
shear with the weighted sum of the surface shear stress andktith-mean velocity?, (5?)
and P, (5?), respectively. It should be noted that both,(5?) and P,,, (5?%), may increase or
decreases?. The bed stress appears here as an additional sink of budk, €heg.S?), such that
P (5%) = Dy (5%) = Py (5?).

Although the direct effect of Earth rotation on bulk sheawa®d is eliminated in equations
(11) and (14), the bulk shear vectsris subject to Earth rotation, see equation (8). In the
northern hemispheré has therefore the tendency to rotate in clockwise direatiidma period
27/ f (the local inertial period).

The formulation of the bottom stress by means of the baratreplocity, (u,,, v,,), see
equation (12), gives another interesting interpretatidih® bulk shear equations (8):

2

— IS “2hshy

2
_hhTs_'_Cd |Vb\um—<

2 2
OSo + [ =355 ST

With this, the bulk shear can be interpreted as a pendulumrmaalng reference frame,

S+Cd ‘VM)
(15)

ernllon — (6§ + el .
forced by wind and tide (first two terms on right hand side) dadhped by interfacial and
bottom friction (last term on right hand side).

For a circular tide with frequency and zero interfacial frictiond = 0) and zero surface

stress ¢, = 0), the bulk shear equations (15) can be simplified to



0;S, — S, = acoswt — bS,,

(16)
oS, + fS, = asinwt — bS,,,
with
2 o he -
azcdmﬂ/ﬂflt% b:thbh|Vb|a (17)

whereA, denotes the tidal velocity amplitude. For circular tidé4| can be assumed to be
a constant witHV,| ~ A,. Forw > 0, tides are rotating in an anti-clockwise sense, and for
w < O rotation is in a clockwise sense.

An analytical solution to (16) is found by defining the comp#hearSc = S, + S, with
i = v/—1, and transforming (16) into a dynamical equation $6rby multiplying the second

equation in (16) with and adding the two equations:

0S¢+ i fS¢ = aexp (iwt) — bS°. (18)

With the solution of the resulting equation,

S¢ = Aexp(iwt) = A(coswt + isinwt), (19)

the shear amplitude is analytically obtained as the absohlue ofA:

a

Al = 75 (20)
(w+p?+e2)”

Thus for clockwise tides, shear is strongly enhanced wihilssuppressed by anti-clockwise

tides. This result is consistent with theoretical analyBisandle (1982)) which predicts that
tides rotating in a clockwise sense create considerablg sioear than tides rotating in an anti-
clockwise sense.

10



With this, shear rotating at tidal frequency and amplitugléhe background state for zero
wind stress. Wind events will generate shear rotating iekslise sense at inertial frequency,

overlaying this background rotation.

4. Analysis of field data
a. Impact of wind stress on shear spikes

A comparison of wind stress with bulk shear does not reveathear relationship between
these two quantities, see the discussion (section 2). Fnpbe, peaks in the wind stress at
d = 293.0 andd = 296.8 do not coincide with maxima in bulk shear and bulk shear maxatn
d = 290.0 andd = 295.7 are not associated with distinct wind stress maxima, seegfigu

To reproduce the bulk shear production term in equation, (815?), the bed stress;, is
estimated from the current measurements. Using a bed resghength of) = 0.001 m for
this site (Bolding et al. (2002)), a bed friction coefficiaitc; = 0.0015 is derived from the
law of the wall, based on the average bottom layer thicknESS . This leads to a bed stress
estimate which is significantly smaller than the wind stifesshe period of interest, such that
the wind stress predominantly drives the bulk shear (figaje 5

With this bottom drag coefficient, the curves for the timeidsive of the observed bulk
shear squared), S?, and the production of bulk shear squaréd,5?), agree very well (figure
4c), thus providing clear validation of equation (11) as aadiption of the dynamics of this
two-layer flow.

In order to maximise” (S5?), the product of the surface stress and the bulk shear must be

large with the two vectors well aligned. In figure 4 all aligamts of bulk shear and wind

11



direction preceding a shear spike with > 2 - 1075 s72 are indicated with a circle. Nine such
shear spikes are identified for the 10-day period under dergion. The instants of alignment
coincide with distinct maxima of* (5%) and thus with the maxima i8,S%. Therefore these
alignments also mark the steepest ascent to the maxirfid, ¢§pically occurring a quarter of
an inertial period before the bulk shear maxima, which ddimevith zero values of’ (S5?).
The two largest shear spikes occur at days 290.0 and 295%7todihe coincidence of high
shear stresses0.4 N n12 and shear squared valueg - 10~° s~2 with the alignment of wind
and shear directions. In contrast the wind stress maximudagr293.0 coincided with a small
shear squared value, resulting in only a moderate subseluikshear peak.

The role of the bed stress in the dynamics of bulk shear isslfigure 5. From the second
panel it is obvious that shear and bed stress are generdligf @hase by about 180which
is pronounced during days 295 and 296. The explanation fenghgiven by the 180phase
shift between the bottom and surface layers. With relativedak tides this results in a positive
east component of bulk shear coinciding with negative bearvelocity and thus negative bed
stress in the eastern direction, and vice versa. Consdyukatbed stress contribution to the
bulk shear is predominantly negative here, specificallyngudays 295 and 296 (figure 5c).
For example, on day 293.0 the bed stress peaks at a phasef<sl8f¥ to the bulk shear, thus
reducing the impact of the strongest wind stress peak onghergtion of bulk shear.

To discriminate between the barotropic (mainly tidal) aedl Istress contributions to the
bulk shear, the mean flow productiah,, (.5%), and the bed friction related dissipatidn, (5?),
are calculated according to equation (14), see figure 6ari@lthe tidal contribution may be
positive during periods of up to two days (e.g., days 288 &8%).2This is because the tide is

rotating in a clockwise sense, and is in phase with the shesaienger periods (figure 6b). Part

12



of the positive tidal contribution is always counter-baled by the bed friction.

b. Impact of shear spikes on isopycnal mixing

A major consequence of increased bulk shear may be sheabiiitgt (as the gradient
Richardson numbekR; is reduced) resulting in increased diapycnal mixing. Thiotion of
R; is however directly related to local shear across the thelimey and not to the bulk shear.

In order to connect increased bulk shear with enhanced diggbynixing across the thermo-
cline, bulk shear is compared to shear across the therneaghe position of which is derived
from thermistor chain data), see figure 7. Naturally, thelatear,S;, calculated as the shear
across the two 4 m ADCP bins located at the maximum straibicats much larger than the
bulk shear, but high local shears seem to be largely indugéugt bulk shears.

With the aid of the local shear and assumptions about thdactal eddy viscosityk,,, the
interfacial drag coefficient may be roughly estimated:

h? 4S;

_ 2 _ _
T, = szs = KmSZ = C; = Kth—SQ

(21)
Taking a typical value ofx,, = 10~°m?s™!, see table 1, the interfacial drag coefficient
resulted inc; ~ 4 - 1075. A comparison between the bulk shear loss due to interfédeal
tion, D, (S?), calculated with this value af; , with the bed friction lossD; (5?), shows that
interfacial friction is dynamically negligible here.
To investigate the relationship between the generationrbttence and consequent diapyc-
nal mixing, and the surface wind stress and bulk shear, teriesof bulk shear and wind stress

are shown together with estimates for the dissipation rateedy diffusivity from micro-

structure data, see figure 8. Each micro-structure data pemesents an average of all data

13



within the thermocline withV? > 5 - 10~%s~2 (whereN is the buoyancy frequency) averaged
over one burst (which corresponds to approx. 5 profiles takena period of about 30 minutes).
The dissipation rate and stratification data are then coeabin obtain estimates for the
eddy diffusivity K, using the local equilibrium assumption for the turbuleirtekic energy
equation, i.e. the assumption of a balance between shedugiron, buoyancy production and
dissipation, resulting in
g

K, =T+ (22)

with the mixing efficiencyl' = — B/ where B is the buoyancy production (negative for
stable stratification). Osborn (1980) estimatéd= 0.2 to be an upper limit for the mixing
efficiency in stably stratified flow, a value which is used Hereestimating/’, using (22).

Although there is considerable scatter (Figure 8) the @esvalues of dissipation rate and
eddy diffusivity are clearly higher during the high sheaagh, day 294.0, than during the low
shear phase, after day 290.0.

A more rigorous comparison is achieved by comparing two 2y mkeriods of data, days
290.0-292.5 and days 294.0 - 296.5. The wind strength idamichiiring both periods, however
during the first period there is relatively small bulk shead @uring the second period there
is relatively high bulk shear. Since near surface dissypatates scale with the cube of the
surface friction velocity (according to the law of the wadizd the dissipation of bulk shear
squared is proportional to the cube of the bulk shear, aesrafs? and(rs)?’/2 are calculated
for comparison (table 1). For both periods, average disisipaate and eddy diffusivity are
calculated. The results show that the eddy diffusivity elates more strongly with the bulk

shear than with the wind stress, with a threefold increas# iduring the second period when

14



compared to the first, coinciding with a five fold increasefia value of,, despite the fact
that the averag(a=r3)3/2 is smaller during the second period (figure 8). The averag&mhtion
rate also increases by about a factor of 2.5 between theffidsts@cond periods. The bootstrap
method has been used to show the significance of these réables 1).

The comparison shows clearly that bulk shear has a stronggaat on diapycnal mixing

than surface wind stress.

5. Sensitivity studies

In section 4a we have shown that the bulk shear is highly sem$o the duration of the
wind events, and the phasing of the wind and bulk shear drext

To better understand the impact of the wind on the shear gmkeration, a systematic
sensitivity analysis, using the simple two-layer modekasried out. The numerical model is
a discretisation of equations (5) and (6), with the surfdopes calculated in such a way, that
a prescribed (tidal) depth-mean flow results. This is oletinumerically by adding (for each
time step) a constant value to the calculated velocity yediothe upper and the lower layer in
such a way that the prescribed depth-mean velocity vectobtgined (see Burchard (1999)).
The interfacial drag coefficient has been setite= 10~° and the bottom drag coefficient to
cq = 1.5-1073. The time step is chosen such that each tidal period is regatth 1000 time
steps, short enough to exclude significant discretisatimre

For comparison with the field data, the water depth (110 m)atitdde (5920°N) of station
A are used, with the interface between the two layers set dtdepth. A tide with a tidal

amplitude of 4, = 0.3 ms™! for a recti-linear tide and ofl, = 0.3/y/2 ms™! for circular

15



tides has been prescribed, giving the same average tidalikienergy for both cases. All
model simulations have been integrated during 50 periodseoi, tide (period7T = 44714
s), of which the last 10 periods are then analysed. Periothd events from west have been
prescribed by means of a Gaussian wind evolution with a mamxirwind speed ofV/,,., = 20

ms!:

B (t — ti)Q) }
W, = max { Wyaxexp | — 5 , (23)
{5

with the duration of the wind evend, and the wind peak instants/T = 5.0, 15.0, 25.0,
35.0, and 45.0.

From these given wind speeds, surface stresses have beslatad using a quadratic drag
law with a drag coefficient of0—3.

A total number of 24 simulations have been carried out, wathations in

o tidal ellipticity (clockwise circular; recti-linear eastest; anti-clockwise circular),
e initial phase of tide relative to wind {Q90°; 180°; 270°),

e duration of wind (one tidal periodi = T'; three tidal periodsd = 3T).

To investigate the impact of the phase of the wind in deth&, model is first run with a
clockwise circular tidal forcing with a wind event duratioh d = 7' and initial tidal phase
shifts of 270 and 90 (figures 9 and 10). For the 27hhitial phase shift, the bulk shear squared
peaks at a value df.6 - 10~°s~2, whilst for the 90 initial phase shift, bulk shear is close to a
minimum value during the wind peak with values5 - 10-5s72. The strong shear peak in the
former case is because the wind direction (constantly&d shear direction are almost aligned

during the maximum wind stress, leading to a large peak iarsbeductionP; att/T = 5. In

16



contrast for the second period, the angle between the widdlaear direction remains close to
90 during the wind peak, resulting in a small valuesigf An interesting feature is that the
shear remains in a southerly direction throughout the wieaheas a result of the westerly wind
blocking the southerly, clockwise rotating shear fromfertrotating towards the west. For both
initial phase shifts, shear production due to depth-meéortitg, F,,, is small, slightly positive
when the angle between shear and the depth-mean veloei80s and slightly negative when
this angle is>9(°. In both cases, dissipation due to bed frictidl,is dominated by, and largely
proportional to,5?, with the interfacial friction,D;, negligible.

Figures 11 and 12 show time series of bulk shear squ#réhin lines) and its shear pro-
duction, P, (bold lines) for all 24 simulations outlined above. A numbégeneral observations

can be made here:

e For short and intense wind events the phasing with the budarstirection is critical
in determining their impact on the intensity of the shearorSkwvind peaks may either
strongly enhance, or significantly reduce the bulk sheae l[atier may be compared to
the relatively small impact of the wind peaks during the obsgonal period days 293.0

and 297.6, see figure 4.

e For wind events of a duration significantly longer than therfial period, the relative
phase to the shear direction does not play such an impodént Longer wind events
result in a number of subsequent shear peaks each occuppmgxamately one inertial
period after the preceding peak. This may be compared todhessof shear peaks

occurring during the extended wind event between days 2881290.3 (figure 4).

¢ For anti-clockwise tides, the effect of wind events on thikBhear is significantly weaker
than for clockwise tides. Inserting the parameters usedhferpresent study into the

17



analytical solution (20) for the shear amplitude (negtegtiind stress and interfacial

friction), |A|? = 2.1 - 10~%s~2 results for the clockwise tide, andl|* = 7.0 - 1079572

results for the anti-clockwise tide. These values are andestical to those shear square
values which result for the clockwise and anti-clockwiseneuical experiments with the

extended wind event, when the effect of the wind has ceasedigure 12.

e The angle between wind and shear directions thus plays edatimportant role for anti-

clockwise rotating tides than it does for clockwise rotgtitales.

6. Discussion and conclusions

Recent fine scale observations of shear and stratificatitemperate shelf sea thermoclines
show that they are of marginal stability suggesting thas@gées of enhanced shear could po-
tentially lead to shear instability and diapcynal mixingufvHaren et al. (1999); MacKinnon
and Gregg (2005); Rippeth et al. (2005); Rippeth (2005))eHee present observations from
the northern North Sea which show that the bulk shear veotates in a clockwise direction at
the local inertial frequency, with periods of enhanced ali&ar taking the form of shear spikes
which are separated by approximately one inertial period, \@hich occur in bursts lasting
several days. Similar observations of the bulk shear arerteg for the seasonally stratified
western Irish Sea (Rippeth et al. (2008)) and the Celtic Balnier et al. (2008)).

A two-layer analytical model has been derived to explaindihgerved characteristics of the
bulk shear. The model results show that the shear ‘spikés® #ecause of the alignment of
the surface wind stress, bulk shear and bed stress vedtaossindicating the sensitivity of the

system to both the phase and direction of the wind. The realdd highlight the important role

18



of the sense of rotation of the tide in determining the levaliapcynal shear and mixing, thus
confirming the theoretical result of Prandle (1982) and th&eovations of Simpson and Tinker
(2008) in the bottom boundary layer.

The results will present particular problems for numerioaldels due to the requirement of
the alignment of the ‘local’ wind vector with the bulk shearedtion, the phase of which will
have been set by some previous event. These problems ar@godsgal by the further result
that short wind events have the potential to generate strosigear spikes than longer wind
events, which typically generate a sequence of shear spikes

Application of the model to other areas requires velocity dansity profiles together with
local wind conditions. Because the interfacial stresseseagligible compared to typical bottom
and surface stresses, the theory can easily be extenda@¢ddlyers, in order to accommodate
a diffuse thermocline. The model does not, however, inctilisar associated with long internal

waves, which may form an important source of shear in sonasare
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FIG. 1. Location of the PROVESS station A in the Northern Nortla && 5920'N and TE,
marked by a star) at a water depth of 110 m. The location of tlygg il rig where meteoro-
logical parameters have been observed is marked by a cackE>64’'N and 26’E). Contour

lines and shading show the water depth, the contour intes\&l m.

27



Potential temperature Salinity

0 T T T T T 0 T T
1998-10-16 . 1998-10-16
AN T EI T Y— -10 1998-10-24 ----ereeeer ]
220 -20 :
-30 , -30
-40 s s S -40 —_—
2 .50 e I
560 [ -60 \:
-70 -70
-80 -80 '
-90 -90
-100 -100
-110 -110
7 75 8 85 9 95 101051111.5 34.8 349 35 35.1 35.2
6 /°C S /gkg™
Potential density Buoyancy frequency squared
O T T T T
. 1998-10-16 . 1998-10-16
-10 1098-10-24 oo N -10 - 1098-10-24 - N
220 : -20
30 30 :
A0 P _40 i
E ) S ) S
E oS0 ey S 50 o
o -60 \! -60 =
-70 -70
-80 -80
-90 -90
-100 -100
-110 -110
266 268 27 272 274 276 -0.0004 0 0.0004 0.0008 0.0012 0.0016
oy [ kgm™ N? /g2

FiG. 2. Observed profiles of potential temperature, salinibteptial density and buoyancy
frequency squared at the beginning (16 October 1998, 7:@Bdhpne day before the end (24

October 1998, 17:04 h) of the investigated 10-day period.
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day in 1998

FIG. 3. Observations of wind and bulk shear vector in the NortiNorth Sea. a) Time series of
wind speed and direction (sticks) and wind speed (bold lnee)ected to 10 m height; b) Bulk
shear squared; c) Direction of bulk shear (dots) comparest&ation at local inertial frequency
(lines). Bulk shear squared and bulk shear direction haee fiered with a box filter of 2 h

length.
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FIG. 4. Bulk properties at the station NNS during days 288 (O¢tt@&98 (Oct 26) in 1998;
a) absolute value of surface wind strelss|; b) bulk shear squared?; c) time derivative of the
bulk shear squared,S?, and production of bulk shear squardtl(S?), according to equation
(11). 0,5% andP (S?) have both been first computed from instantaneous ADCP ddttltzmed
afterwards; d) direction of surface shear stress and baarsiCircles denote time of alignment
between bulk shear and wind direction #1302 - 10~°s72. 5% and P (5?) have been filtered

with a box filter of 2 h lengthd, S? has been filtered with a box filter of 4 h length.
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FiGc. 5. The role of bed stress for the generation of bulk sheaaregu a) bed stress;,
calculated fromu;, andv,; b) bed stress direction calculated framandu, (line), overlaid with
bulk shear direction (dots); c) surface stress and bedsstagributions to the total generation
of bulk shear squared’,, P,, respectively. All time series have been filtered with a b&rfof

2 h length.
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day in 1998

FiG. 6. Barotropic contribution to bulk shear: a) contribusoof barotropic flow,P,,, and
bed dissipationp,, to bulk shear loss due to bed stress. b) depth-mean flowtidine@ine),
overlaid with bulk shear direction (dots); All time seriem/e been filtered with a box filter of 2

h length.
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FiG. 7. Time series of bulk shear squaretl, compared to the interfacial shear squargt],
both having been filtered with a box filter of 2 h length. Note thctor of 50 difference in

scales.
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FIG. 8. Comparison between bulk shear (panels a and b) withpdissh rate (panels a and c)
and eddy diffusivity (panels b and d) averaged over the tbelime. Each data point represents
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from the MST profiles for the two 2.5 day evaluation periodsipared in table 1.
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TABLE 1. Average values of bulk shear cubetf, surface wind stress to the power of 3/2,
(75)3/2, dissipation rate;, and eddy diffusivityk,, for two periods of comparable wind strength
and different bulk shear. The latter two quantities havenlwk=ived from MST micro-structure

profiler data only. The 95% confidence intervals which hawenlmmlculated using the bootstrap

method are given in brackets.
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