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Abstract. The first turbulence profiler observations beneathl Introduction

land fast sea ice which is directly adjacent to an Antarctic ice

shlelf are desgrlbgd.fThle stratlfflcatlon In trl‘ed325 m d_eeﬁwaterce shelf cavities contain large reservoirs of seawater below

column COUS'Ste ofa flayer of SUPErcoolec water in the Uppe gyrface freezing point, giving rise to some unique thermo-

per 40m lying above a quasi-linearly stratified water columny, o jine hroperties (Jacobs et al., 1996; Williams et al., 2001).

‘(’j",'th_a sharp step in density at m|d—de§)th2. T_‘;fbl_“ﬁ”t eT(ergyRising plumes containing buoyant glacial meltwater are con-
Issipation rates were on averageld "m"s " with peak  qpained by the ice shelf basal plane, but upon exiting the

: ; 7m2 a3 i
b_m—a_veraged valueg reaching 20 mes = The local dis- cavity can be significantly supercooled and laden with ice
sipation rate per unit area was estimated to be 10 nm#m crystals (e.g. Payne et al., 2007; Holland et al., 2007). The

on average with a peak of 50mWih These values are i and ransformation of these waters influences the devel-
consistent with a moderate baroclinic response to the t|desopment of regional sea ice which in turn has a significant
The small—scale turbulent energetics lie on t.he pou_ndary bel'mpact on climate (Hellmer, 2004). This relationship, com-
tween isotropy and buoyancy-affected. This will likely in- ine 4 with greater than predicted losses in Arctic sea ice in
flqeqce the formation and aggregation of frazil ice crystals o ant years (Stroeve et al., 2007), suggests there is some
within the supercooled layer. The data suggest that the largg ooy in understanding the processes controlling transport

f:r_y_stlals obierved Iln Mchflrdthour;]d W'I: transmor: frorp] and mixing in high southern latitudes and their influence on
initial growth at scales smaller than the Kolmogorov length- tne ' se ice-ocean system.

scale to sizes substantially (1-2 orders of magnitude) greater ) o )
McMurdo Sound’s relative accessibility makes it a useful

than the Kolmogorov scale. An estimate of the experiment- ~ ¢
averaged vertical diffusivity of mas, yields a coefficient natural laboratory for examining such processes. However,
more than this, it's proximity to the McMurdo and Ross Ice

of around % 10~* m?s~1 although this increased by a fac- _ _ ' the VICh
Shelves (Fig. 1) means it has intrinsic importance as a con-

tor of 2 near the surface. Combining this estimatekof )
with available observations of average and maximum cur-duit for shelf-affected seawater. Recent analyses have quan-

rents suggests the layer of supercooled water can persist fdffied the large scale flows and internal wave processes in
a distance 0~~250km from the front of the McMurdo Ice McMurdo Sound region (Albrecht et al., 2006; Robinson
Shelf. et al., 2009). At smaller scales, Jacobs et al. (1981) exam-

ined glacier tongue-affected water 15 km to the north of the
present site and resolved diffusive-convective layering over
horizontal scales of 5 km or more. Some of the first under-ice
turbulence observations were recorded in McMurdo Sound
but from very inshore locations (Mitchell and Bye, 1985).

Very recently Muench et al. (2009) quantified turbulence on

Correspondence tcC. L. Stevens the shelf slope 800km to the north. To date there has been
BY (c.stevens@niwa.cri.nz) little oceanographic work focusing on turbulence and mixing
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Fig. 1. Map showing(a) the McMurdo Sound field site in the context of the Ross Sea and the Ross Ice(BhBifss Island and environs
including the Ross Ice Shelf, McMurdo Ice Shelf, Ross Sea and McMurdo Sound — the detailed sampling location is marked CA and
expanded irfc). This shows the sampling location (CA), locations of Robinson et al. (2009) data (R03) and Scott Base (SB).

in the fast ice-shelf interface region. As well as directly in- boundary effects dominate over this streering. Water column
fluencing biological production (Arrigo et al., 2008), these stratification provides an upper limit on eddy size so that as
small-scale processes influence ice formation and growth unthe energy bearing scale is created it is limited in initial scale
der sea ice and ice shelves (McPhee and Morison, 2001y buoyancy. This limit is given by the Ozmidov length scale
Leonard et al., 2006; Stevens et al., 2006; McPhee, 2008,; e \1/2

McGuiness et al., 2009). One important pathway for this in- Lo, = (—3>

fluence is the effect on appearance and growth of frazil ice N

crystals both in their role as the initial building block of sea Where N is the buoyancy frequency (the square of which
ice and as further contributors once ice thickens (Leonard ets given by N=(g/p0)dp/dz; gravitational acceleratiop,

al., 2006). The objectives of the present work are to (i) docu-reference densityo, anddp/dz is the vertical derivative of
ment the observed turbulent properties in this under-sampleglensity). The energy is transformed from this large scale to
location, (i) quantify the likely influence of this turbulence smaller and smaller scales until it reaches a scale at which its
on the transport of ice shelf-influenced water and frazil icevariability is dissipated by viscosity. The Kolmogorov scales
crystals and (jii) compare the relative influences of the icedefine these smallest scales of turbulent variability and pro-

cover and the local topography on the turbulence. vide the lower limiting length scale
1/4
P /
2 Scales of turbulence K=\
Turbulent mixing is characterized using the rate of dissipa-Wherev i$ the kjnematic viscosity.
tion of turbulent energys( m?s—3). This dissipation rate Non-dimensional parameters based on the sdajesL.,

is part of a balance whereby the generation of turbulent ki-and Lo enable the categorisation of instantaneous samples
netic energy is partitioned into changes in velocity structure t0 be placed in a mechanical context by effectively locating
potential energy and dissipation of turbulent kinetic energythe observed turbulence between these scales in a mechanis-
(Tennekes and Lumley, 1972). Viewed from the perspectivetic framework. The turbulent Froude number is described
of length scale, instability of some form initiates an energy @s the ratio (to the power 2/3) of the stratification limit to
cascade that creates eddies at an “energy-bearing” vertic@nergy-bearing scale (Stacey et al., 1999; Imberger and Ivey,
scale L. There are both upper and lower limits on the length 1991);
scales in this cascade. At the largest scale, the earth’s rota- 2/3
tion limits growth of the boundary-layer to a scale related to Fr, = < Z)

a planetary lengthscale0.03:,/f whereu, is the friction
velocity and f is the Coriolis parameter (McPhee, 2008). If buoyancy-limited eddies are smaller than the energy-
However, close to topography there is the potential that locabearing scaleRr, <1) then eddies are squashed to the point

e
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that growth is transformed into internal waves. Similarly, the 1.07 T T T T T T
turbulent Reynolds number

(Le )4/3
Re; = | —
Lk
compares the energy-bearing scale with the minimum turbu-
lent length scale. This parameter effectively quantifies the
scales turbulence must traverse in the cascade between gen-
eration and dissipation. A similar analysis for scalar prop-
erties, for example the dissipation rate of thermal variance,
can be developed (Tennekes and Lumley, 1972) but temper-
ature variance is not readily resolvable in the present quasi-
isothermal conditions (see Sect. 2.3). _ 5 10 15 20 5 30

The length scaleé g, L., andL o, can be resolved using day, Oct 08 (NZST)
either profiles through the water column (e.g. Robertson et
al., 1995; Fer and Widell, 2007; Rainville and Winsor, 2008) Fig. 2. Measured tidal elevation from Scott Base, the present sam-
or, as has been more typical in sub-sea ice turbulence stugling extended over the shaded period.
ies, through the use of timeseries of velocity fluctuations at
fixed depths (Mitchell and Bye, 1985; McPhee, 1992, 2004).
A number of studies have sought to place turbulence obsera shear profiler through a hole in the2 m thick fast mul-
vations in theFr,—Re, domain (Imberger and Ivey, 1991; tiyear ice in 325 m of water around 2 km from the southern
Stacey et al., 1999; Keeler et al., 2005) but none so far in dip of Hut Point Peninsula (Fig. 1). The field site was more
polar context. than 50 km from extensive open water and so was not directly

Here we relate the turbulence scaling to sea ice processdsfluenced by wind, nor were there any nearby grounded ice-
associated with supercooled sea water. Significant volumebergs acting as large sources of atypical local turbulence. The
of supercooled water are typically observed in the outflowmainly diurnal spring tidal elevation amplitudes are of the or-
regions of ice shelves. Water formed through ice-ocean in-der of 1.2 m (Goring and Pyne, 2003) and our measurements
teraction at depth becomes supercooled as it rises througbommenced just after spring tide and extended through to
the water column on emergence from the sub-ice shelf cavaeap tide (Fig. 2). Robinson et al. (2009) measured flows in
ity. Transport and dilution of this water along the underside the region (77 52.7%5; 166 50.04E, 2.6 km to East, Fig. 1c)
of sea ice cover represents a significant ocean heat sink, arftiat, when vertically-averaged, peaked at around 0.25ms
hence is a factor in the growth of land fast sea ice adja-However, they also observed that maximum flows occurred
cent to ice shelves (Leonard et al., 2006). Furthermore, ifduring the neap of the tidal cycle, an explanation for which
this supercooled water encounters sufficient nucleation opmight be that, with weaker vertical mixing comes stronger
portunities, suspended frazil ice forms within the water col- buoyancy-driven flows (Stacey et al., 2001).
umn (Leonard et al., 2006). Turbulence will then influence
the growth and aggregation of these suspended ice crysta®2 Microstructure profiling
(McGuiness et al., 2009) which can become integrated into
the seaice (Leonard et al., 2006). In the following we presentShear profiles were resolved with a Rockland VMP500 mi-
a description of the observational techniques and analysisrostructure loose-tethered free-fall profiler with dual shear
methodology and then the essential results. The Discussiofensors (Macoun and Lueck, 2004; Lueck, 2005). The pro-
then considers the questions posed above, both in the ligHiler did not fall all the way to the bed because of cable length

of the data presented here, and in the context of studies ifestrictions, and so stopped as much as 50 m above the bed,
related systems. depending on flow conditions. Hence, the benthic boundary-

layer was not resolved in these data. The profiler was typ-
ically removed from the water in between profiles to avoid

elevation m

3 Location and methods platelet growth (a common issue in the McMurdo region, see
Leonard et al., 2006) as well as minimizing interference with
3.1 Southern McMurdo Sound and by seals that would use the hole every 40 or so minutes.

This removal then required the profiler be left in the hole for
Observations of oceanic turbulence were recorded beneathgeveral minutes prior to each profile to thermally equilibrate
sea ice camp located on the fast ice in the newly-gazettedMorison et al., 1994).
Haskell Strait, southern McMurdo Sound (77 52.25;7166 Energy dissipation rates were resolved from the dual shear
44.041E). The primary measurements were resolved usingprobe profiler using standard techniques (Prandke, 2005).

www.ocean-sci.net/5/435/2009/ Ocean Sci., 5, 43%-2009
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Fig. 4. Example of a single profile showing (left) sorted density

10° (black), buoyancy frequency squared (blue), and temperature (red)
k- [cpm] and the in situ freezing temperature of water (red dash-dot). The

right panel shows the centred lengthschle(black) overlying the

Fig. 3. Example shear spectrum including accelerometer spec-Thorpe scale segments (rectangular boxes). The dissipation rate
trum (grey) and model dissipation spectrum (dotted; dissipation ratestimates are shown as green bars.
shown). The vertical dashed line is the cutoff where the vibration
started to influence the spectrum.

10’

The temperature and salinity profiles also made it possi-
ble to derive a vertical displacement scale that is a proxy
e i L . . for L. (Dillon, 1982). Here we use the centred lengthscale,
Analysis first corrected for profiler vibration, identified the L., by associating eddy scales with their centre rather than

rehqble section of th? spectrum by comparing with the VE their edge (Imberger and Boashash, 1988).is essentially
bration spectrum derived from accelerometers, and then iso

lated a dissipati ; Fia. 3). The tail b d th a version of the Thorpe scale. Here it is derived by (i) first
ated a dissipation spectrum (_ ig. 3). e tail beyon eappIying a low pass filter/threshold on the density profile to
noise limit was substituted with the tail of the Nasmyth

del The dissioati h lcul ccount for sensor spatial resolution (Galbraith and Kelley,
m.ohehsp.ectruml. _72 ISSIB;’:IIOH ra;a was t eT cz;gg;lte 996), (ii) sorting to obtain a monotonic density profile, (iii)
with the integrale=1. kaS (e.g. Roget et al., ' placing the scale at the mid-point of the resorting lengthscale,

Prandke, 2005) wherg is the wave number and is the and finally (iv) bin-averaging the results. The sensor limita-
shear Spectrum_ The noise floor in termssofvas around tions mean that there will be far fewer reliable estimates of
3x1019m2s-3, This was, however, not a fixed quantity as Lc than ofe. This processing (see example in Fig. 4) pro-
it depended on a number of variables like cable influence thavided all the elements required for the lengthscale and phase
were not exactly the same in every profile. Forty six profiles space analysis; i.eL., Lo, Lk, Fr, andRae. Itis possible
were recorded with a total profiled distance of 11 km. Theto mount fast fp07 thermistors on the VMP500 in order to di-
data were separated into 5m bins that were overlapped b{ectly estimate,, the rate of dissipation of thermal variance

50% and so provided 4370 estimates of dissipation above th#hich is the thermal equivalent ta However, our experi-
noise floor. ence with using fp07s mounted on SCAMP thermal gradient

¢ profilers in these quasi-isothermal conditions suggests it is
very difficult to resolve thermal gradient spectra above the

to properly determine the vertical structure of temporally- "~ ) o .
averaged profiled properties. We referenced individual pro-n°iSe floor even with the SCAMP's direct analogue deriva-
tive. Furthermore, the thermistors are expensive but less ro-

files to a new depth coordinate by cross-referencing with a :
time-averaged density profile. This density profile was anPUStthanashear sensor and are quickly damaged by the pres-
average derived from data recorded using Seabird (SBE) cornce Of frazil crystals in the water column. Consequently, it
ductivity and temperature sensors mounted on the profile}VaS Not possible to directly measuyre. Instead vertical dif-
which enabled calculation of temperature and salinity. At the!USIVity of massk, was resolved through use of two bulk
temperatures encountered in the region (.£.91:£0.03C),  aPproaches. The commonly-used Osborn (1980) model

the density field was almost totally dominated by salinity. (g)
Temperature, therefore, plays a role only (i) as a nearly pasK»0 = Fm

sive tracer and (ii) as an indicator of the presence of super-

cooled fluid. The buoyancy frequendy was calculated us- typically assume§=0.2 and the ensemble averagesvere

ing the sorted, equilibrium density profile. found from the depth-corrected bin-averag€. is not a

The highly variable density structure makes it difficul

Ocean Sci., 5, 435145, 2009 www.ocean-sci.net/5/435/2009/
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S : ]
) 150 e | " i F 28 of the apparent bores were variable in their dissipation rate
& 200f" ® i signature in that the front around profile 8 had only a weak
r - 1 27.87 - - . .
PN | i i increase ine whereas the front around profile 21 sustained
: ] Ig;;gg some of the highest of the observation period. This is best
3000 10 20 20 20 o illustrated with dissipation rate-coded offset density profiles
profile number (Fig. 6) which show bands of high and low dissipation rate

that tended to follow the downward pattern. The loeal
Fig. 5. Overview results from VMP showing (top) shear, (middle) peaks were clearly located at the top of the main deepen-
upper water column temperature and (bottom) density in the form ofing pycnocline although by profile 21 the high dissipation
o . The four data days are separated by a blank profile column angegion covers over 70m. Potentially these high dissipation
bad profiles have t_)een discar_de_d so “profile number” is arbitraryeyents relates to instability in the high shear as some form
and the_actual pr_oflle number is in the text on the top of the plot ~of bore or flow-topography interaction develops. There is a
along with local time (NZDT). shallower pycnocline at around 80-100 m but this does not
move as much vertically nor does it sustain such high
uniVersal constant hOWeVer a.nd Sh0u|d be Considered as an There was also a genera”y e|evated dissipation rate in the
upper bound (e.g. Fer and Widell, 2007). Shih et al. (2005)yppermost measurements 8-13 m beneath the ice with a clear
use numerical simulations to propose an alternative diffusivincreasing trend im moving closer to the ice from a depth of
ity formulation for the case where/(vN?)>100, denoted  about 30 m. Consideration of the temperature data expanded

here as in the middle panel of Fig. 5 shows distinct differences be-
1/2 tween the first two days and the second two days, with colder

Kps =2v (e) ) water appearing around the start of sampling on day 3 (pro-
v <N2> file 23). The colder water was actually centred between 15

. and 30 m depth. Note that the weak influence of this tem-
In the following we calculate and compare both. perature effect was dominated by salinity and the water was

lighter. There is a hint that this effect increased on day 4.

4 Results There was a strong change in water column characteris-

tics at profile 31 where there seemed to be a strong jump
The majority of the sampling period captured phases wherén density at around 150-200 m, while the rest of the den-
the isopycnals at the sampling location were moving deepesity structure remained largely unchanged. Directly after this
into the water column with time (Fig. 5). The downward time the water column variability seemed to rapidly dampen,
propagation speed of the isopycnals was around 3.5mms with the dissipation rate decreasing by an order of magnitude.
In addition there were sharp rises in density structure rem-The only other systematic difference in dissipation rate oc-
iniscent of internal bores. This is most apparent in profile curred during the last sampling day when measured dissipa-
8, and to a lesser extent profile 21, where in the time be-ion rates were universally lower throughout time and depth.
tween profiles the isopycnals rose by 50-100 m. The “fronts”Unfortunately, due most likely to frazil ice fouling, the scalar

www.ocean-sci.net/5/435/2009/ Ocean Sci., 5, 43%-2009
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ten to capture one or two of the rare but highly energetic

events. There was no increasecirat the base of the pro-

files so it was likely that profiler did not penetrate the bottom

boundary layer.

Mean Standard Maximum The relatively small variability invV2 meant that the two
deviation  (bin mean) estimates ok, mirrored thes record quite closely (Fig. 7c).

The Shih et al. (2005) estimate is around a factor of 15

Table 1. Turbulence parameter statististiie upper limit imposed
by the dissipation measurement noise floor).

Dissipation rate

> 3 g 8 7 smaller than the Osborn estimate (Fig. 8) and following Fer
e (m?s™) 3.0<10 901077 2.0<10 and Widell (2007) will be used here except where noted. Ad-
Vertical diffusivity ditionally, it is instructive to note that there was an almost
of massk,s (m’s™1) 2.0x10% 5.0x107% 1.0x1072 order of magnitude difference iki,s introduced by consid-
Lg (m) 0.003 0.001 0.068 ering instantaneous valuesso&nd N2, rather than ensemble
averages. The increase largely comes about because of the
L¢ (m) 8. 9. 60

locally small N2 generated by energetic events. The esti-
Loz (m) 6.3 13. 700. mated vertical diffusivity of mas& ,s had an average value
of 104m?s~1 (Fig. 7c) with values near the ice rising to
almost 103 m2s1.

Turbulence properties and scales are collated in Table 1.

sensors were only working for a few casts on the last dayK0Imogorov lengthscaleg.x were in the range 1-8 mm,
However, these casts showed that the lower part of the walVith @ small proportion of sample bins containing values that
ter column had relatively low density and that there was lesd€!l on the noise floor. In these cases, at lower dissipation
cast to cast variability. This last sampling day was also wherfates one would expect thg to be larger than 8 mm. With

the tidal amplitude range was smallest (Fig. 2). Robinson eféspect to those scales that were measuraple, the most com-
al’s (2009) velocity data, from nearby but a different season™0N Lx was around 2mm. Contrary to this narrow range,
(summer) and year (2003), show that vertically-averaged curP0th Loz andL extended over three decades from 0.1m in
rents were not necessarily smaller on neap tide. However, iff 2€ @nd up —with some values reaching 50m or more. The

the present microstructure data it appears that the dissipatioffas Was substantially towards the conditibn<Lo., the
rates were substantially smaller during neap tide. implications of which will be considered in the next section.

There were only subtle differences in the vertical dis-
tribution of properties in the bin-averaged profiles (Fig. 7) 5 Discussion
but at the broadest level the stratification was separated al-
most at mid-depth into lower and upper regions with thes 1 Turbulence quantities
upper part of the water column sustainidé?~3x10-6

(rad sec)? whereas the lower portion was around half of this Here we compare the observations with both profiler (Fer and
(Fig. 7a). The experiment-average energy dissipation ratgyjide|l, 2007; Robertson et al., 1995; Rainville and Winsor,
e (Fig. 7b) was X10-°m?s3 with peak values reaching 2008) and timeseries (Fer and Widell, 2007) observations
4x10""m?s~3. The same partitioning was seen with the made beneath sea ice. As topography in the form of the 3 km
lower water column being around a factor of 3 more dissipa-yige Hut Point Peninsular 1 km to the north of the sampling
tive than the upper water column. appears to play a large role it is also worthwhile comparing
The under ice boundary layer was also apparent in the upresults with examples of shelf break (St. Laurent, 2008) and
permost 35m of the time-averaged profiles where the averstrait flows (Wesson and Gregg, 1995).
aged dissipation rate rose with proximity to the underside Robertson et al. (1995) recorded microstructure in the
of the ice (Fig. 7b). Energy dissipation rates were elevatedyeddell Sea at an ice camp well offshore beneath multiyear
in the shallowest reliable data bin (starting at 8m depth —jce. Their focus was mainly on mixing in the deep pycno-
6 m beneath the underside of the ice) reaching a maximungline. However, their observations also showed dissipation
of 2x10"m?s~3. This layer of elevated dissipation rate rates of around I®m?s=3 in the upper ocean and their
decreased from this level over the subsequent 15m (8-28 mMeneral flow speeds were in the range of 0.10-0.25ms
depth, Fig. 7b). This near-surface dissipation rate is around a factor of 4 less
There were several isolated events generating high dissithan that observed here despite the background flows being
pation rates in a single isolated bin for a single profile. Thesesimilar. The structure here sustained comparable, if slightly
were typically at mid-depth (Fig. 7b) and located in the cen-lower,¢ to that observed by Fer and Widell (2007) in an Arc-
tre of the density structure where the large scale velocitytic fiord, again with similar flow speeds.
shear is typically concentrated and where there is likely the There are few direct comparisons, polar or otherwise, be-
greatest variability. Essentially, we sampled sufficiently of- tween profile and timeseries observations of turbulence. In a

Ocean Sci., 5, 435145, 2009 www.ocean-sci.net/5/435/2009/
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Fig. 7. Profiles of(a) average density anomaly and (orange) associated buoyancy freq(ireyergy dissipation rate (dark line shows
bin-averages, shaded region shows bin-average plus standard deviatio(9) eertical diffusivity estimates where Osbok, (black)
and Shih et al. (2005¥ 5, (red) are based on ensemble-averages.

polar context Fer and Widell (2007) found quite good com- tions (i.e., large strait flows), this level of dissipation rate is,
parison between the two methods and that, in some instanceas one would expect, low compared to high energy locations
the profiled dissipation rates even exceeded the timeseridike the crest of the Gibraltar sill (Wesson and Gregg, 1994)
rates. McPhee and Stanton (1996) made direct comparisonshere average values were around two orders of magnitude
of stationary and profiling microstructure measurements agreater than here. The present results are more in line with
the edges of freezing leads, and at depths within range of thebservations by St. Laurent (2008) in the South China Sea.
measurements described here. They were able to estimate |t is important to recognise that this level of tidal dissipa-
heat flux from thermal variance measurements and observegon rate is not an open ocean value and that the present situa-
reasonably good agreement for eddy diffusivities. The goodion has two constraining features: (i) the presence of both an
agreement suggests there is a lower degree of variability ate shelf and sea ice, and (ii) the tide-topography interaction.
longer periods (i.e. profile interval timescales) than in opensSea ice will serve to remove the influence of wind but add the
water surface layers. It is usual that timeseries observationgffect of drag on the under-side of the ice. The present ob-
generate higher estimates of dissipation rate than profiled observations suggest also that locally dissipation appears to be
servations with the argument being that the poorer tempo<small” in terms of that used by large scale modelling (e.g.
ral resolution in the profiled data means that the trade-off inzaron and Egbert, 2006). Furthermore, with regard to direct
seeking vertical structure reduces the ability to capture temmeasurements, by not profiling the bottom 10-20% of the
poral variability (Stevens and Smith, 2004). water column, it is possible that we underestimate the total
Integrating the average dissipation rate for the present Mcdissipation (St. Laurent, 2008).

0 In an instantaneous sense the rate of dissipation of energy
is only weakly related to the energy bearing scale as there
although the maximum vertical averagesafuggests a max- is typically a lag between production and dissipation to the
imum dissipation during these tides of around 50 timesextent that related quantities are not captured in the same
greater but perhaps for an hour or less. This estimate oprofile. There is a stronger link between the observed en-
vertically-integrated is likely a lower bound as we did not ergy bearing scale and the stratified limit to scale quantified
sample during the larger spring tides, nor did we sample thédy the Lo, scaling (Fig. 9). The self-consistency between
benthic boundary layer. During these phases we expect max#inescale scalar-derived.{) and microscale-derived (the
mum speeds to be twice those observed here (as suggestedioyL o) values is strong support for confidence in the data.
Robinson et al., 2009). Asis proportional to speed-cubed  Consideration of the locus of the results in the turbulent
we would expect maximum dissipation rates to be almost gphase space (Fig. 10) suggests that, despite the low dis-
factor of 10 larger. sipation rates, the flow is largely isotropic (Imberger and

When comparing the present results with microstructurelvey, 1991), but occasionally limited by the stratification (cf.
experiments in non-ice covered, but otherwise similar, situa-Stacey et al., 1999). The small variationFn indicates that

Murdo data,| pe dz, suggests dissipation to be 10 m W
H
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there is a relatively tight relationship betweép and Lo,
but with the eddies being close to their buoyancy-limited yond this. However, crystals of size smaller thag still
scale. These data are intermediate between the lake data experience velocity shear. If we defigeL s/Lx whereL s
Imberger and Ivey (1991) and the highly energetic estuarinds the frazil crystal size, it is reasonable to expect the frazil
tidal flow of Stacey et al. (1999) and far from the highly strat- crystals to experience shear of the ordepdf /L ¢ where
ified turbulence found in weakly tidal estuarine embaymentsVy is the Kolmogorov velocity scal&x=(sv)Y4. With ¢
(Stevens, 2003). in the range 2.8108-5x10~" m? s~3 then shear will be in
the range 0.14-0.74. This comparability in scale between
5.2 Turbulence influence on frazil crystals and super- crystal size and.g also implies that there will be sufficient
cooled water motion at the scale of the crystals to bring them together (and
apart) thus influencing crystal-crystal interaction including
The smallest scales of overturning at, and just abdve, breeding collision and possibly aggregation (e.g. Svensson
may have some influence in the present system on ice forand Omstedt, 1998).
mation. This is because they aid aggregation and generate Turbulence acts at scales greater thar(Rg >10) up un-
shear at the frazil crystal scale. In a survey of polar fraziltil it reaches the bounding scaley, (Fr;<1). If the large
crystal measurements, a few frazil crystal discs were foundscales of turbulence dominate over smaller scales then it may
to be larger than 5-10 mm in radius, but most discs werepromote rapid growth of even larger frazil crystals (Leonard
smaller than 3 mm in radius (McGuiness et al., 2009). Smedet al., 2006; Dempsey et al., 2009) by sweeping supercooled
srud and Jenkins (2004) considered nascent frazil crystals twater, originally at the base of the ice shelf-affected fluid
commence life at scales around one tenth of this. They themtayer, closer to the surface and so increasing the thermal
followed their growth in a suspended phase up to 0.8 mm indeficit even more. However, this would require some form of
radius. McMurdo Sound waters appear to support conditiongovariance measurement in order to identify these upwards
allowing frazil crystals to grow to far larger scales (Leonard bursts of newly-supercooled water.
et al., 2006) and the present authors have observed crystals Questions relating to the influence of turbulence and strat-
exceeding 10 cm in radius. The derived estimates pfare  ification on sea ice production also exist at the scale of
in the range 1-7 mm (Fig. 11), and by definition smaller thanMcMurdo Sound. The supercooled water exiting the Mc-
Lo andL,. With spring tidal flows being around twice those Murdo Ice Shelf Cavity, typically in the upper 30-50m,

during the observation period, the scalibg~(1/e)Y#im-  will disperse through the Sound influencing frazil growth.
plies a factor of 234 — so one might see a minimulx It is useful to consider the role of vertical diffusion in this
around 0.6 mm. redistribution. The vertical flux of heat into the super-

Comparison of crystal size and turbulence scales using theooled water layer is described By, =pc, K30 /3z (where
present data suggests the crystals start life at a scale smallepecific heat capacity,=4000J kgl°Cc™1) and is of the
than the minimum eddy sizd, x, but grow to a scale be- order of 0.3Wn? (from Fig. 7c, K,s=5x10"4m?s71,
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Fig. 10. TurbulentFrt-Re phase diagram with regimes associated
with isotropy and internal waves (Imberger and Ivey, 1991). Fig. 11. Distribution of Kolmogorov lengthscalé g, where the

dashed line is an upper bound cut-off associated with the minimum

resolvable energy dissipation rate.
df1dz=0.005/30C m~1). If the thermal energy deficit in the
layer (thicknesd:, here taken as 50 m), per unit area of the ) _
water column, is considered to tie=pc,h A6, then the time S v_ve_II as under-ice boundary turl_)ulehce. Consequently, it
required for the supercooled layer to diffuse to a temperaturdS difficult to separate the competing influences of sea ice
above that of supercooling(F) scales only withk ,s and boundary-friction from topographically-induced turbulence.
h and is around 60 days. The local current residual is around It is useful to compare the measuredearest the ice to
0.1ms! (Robinson et al., 2009) is likely an upper bound that expected from boundary-layer scaling. First, a friction
for flows in the Sound-proper. Estimating a flow of around Velocity scaleu, is derived using a drag coefficient approx-
half this implies the supercooling should penetrags0km  imation (Pease et al., 1983; McPhee, 2002) so that max-
beyond the ice shelf front. This is over an order of magni-imum u, is around 0.01ms". We were unable to reli-
tude larger than the tidal envelope in the region of around@bly sample at depths shallower than 6 m beneath the ice
10 km (Robinson et al., 2009). Although this persistence hadi-e. depths-8m). This is deeper than the planetary scale
not been directly observed in the Ross Sea, Hellmer's (2004§-03u./f (f=Coriolis parameter-0.00014s" at this lati-
model analysis shows that the differences in sea ice with andude) associated with Coriolis’ influence (McPhee, 2008) al-
without the ice shelf cavity extend for over 1000 km north though it's not clear that this scale is unaffected by the influ-

from Ross Island. ence of the local topography. Measured energy dissipation
rates in the 8-13 m depth bin were around1® ' m2s3
5.3 Under ice boundary-layer versus topographic The boundary-layer estimatg;;, using the scaling for the
effects law of the wall whereby: z; =u2/(K z) (von Karman'’s con-

stant K=0.4), so that using our uppermost measurements
The source of the observed mixing is obviously relevant tocentred at 10.5 m depth, and for flows around 0.15twe
understanding how the mixing behaves under different condiexpecte=10"" m? s~3. Maximum observed dissipation lev-
tions (e.g. season, tidal phase, location). There are three p@ls were of this order although this is lower than the observa-
tential drivers of mixing. These are (i) the effect of ice shelf tions of Fer and Widell (2007) and McPhee (2002) where
and sea ice on boundary-roughness and convective processéige dissipation rate near the under-side of the ice reached
(ii) the tide-topography interaction and (iii) baroclinic pro- 108m?s3,
cesses generating internal shear and ultimately mixing (e.g. Internal and benthic boundary layer processes can cer-
McPhee, 1992; Fer and Widell, 2007). In the present locatainly generate dissipation rates of this order and higher in
tion there are sharp changes in topography at the sea floothe case of benthic boundary layers. It is likely that in the
along the shore and at the surface across the sea ice to ieriddle of the water column reasonable and persistent strati-
shelf transition. All are likely to generate substantial internal fication restricts mixing originating at the bed from influenc-
motion and shear. With the large observed changes in densiting the supercooled water under the ice. The local maximum
(Fig. 5c¢) being potentially related to flow-topography inter- in dissipation rate just under the sea ice, the lower dissipa-
action it is important to examine the measurements to assed®n rate in the mid-upper column and the higher dissipation
the relative importance of the under ice boundary layer. Lo-rates tracking the central pycnocline suggest that these pro-
cal flow circulation drives bed and internal shear turbulencecesses act together and the influence on frazil ice and biology
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