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Abstract

Late winter measurements of turbulent quantitieidially modulated flow under land-fast sea
ice near the Erebus Glacier Tongue, McMurdo Soundarctica,identified processes that
influence growth at the interface of an ice surfawecontact withsuperesolsupercooled
seawater. The datuggest showthat turbulent heat exchange at the ocean-ice lzoyrid
characterized by the product of friction velocityda(negative) water temperature departure
from freezing, analogous to similar results for m@de melting rates in seawater above
freezing. Platelet ice growth appears to increagehydraulic roughness (drag) of fast ice
compared with undeformed fast ice without plateléte-hypethesize-that fdtelet growth in
supercoolsupercooledater under thick icés-appears to beate-limited by turbulent heat
transfer and that this is a significant factor eéodonsidered in mass transfer at the under-side

of ice shelves and sea ice in the vicinity of ibelges.

1 Introduction

In addition to seaward advection, calving and bamsting, the distribution of mass in
ice shelves depends on the so-called ice pump Q.amd Perkin, 1986). By this mechanism,
water warmer than the in situ freezing point terapee, typically High Salinity Shelf Water

entering the under-shelf cavity, encounters gldacebf or near-high-pressures,-e-g-—riber
grounding line Thewhere-itislocalooingedand freshemgedby basal meltinggh;-Figure

1) of the ice shelf undersidel happens at high local pressur€he resultant buoyant water

circulates to lower pressure regions as the gldmse thins toward the terminus, and in the
process may beconseipercoolsupercoolaglative to its in situ pressure (Foldvik and Ky

1974). Supercooled Ice Shelf Water (ISW) is forme8kupereoolSupercoolesater can then

deposit ice by direct growth of ice crystals atetht the ice underside, or by upward migration
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of frazil crystals suspended by turbulence in tlaenDieckmann et al 1986)In this way,

fresh glacial ice near the grounding line transftmmarine ice (Langhorne 2008). Evidence
from icebergs (Kipfstuhl et al., 1992), boreholerg@n, et al., 2005) and radar studies
(Engelhardt and Determann, 1987; Robin et al., 1B88and, et al., 2009) indicate that marine

ice can reach appreciable thicknesses, and thatehmimp is active under shelves where the

water entering the cavity is near freezing.

Formation of marine icM-Figure LFigure-Junder ice shelves is difficult to observe
directly (Craven et al. 2015), but similar effeete readily observed beneath nearby sea ice
(e.g. Robinson et al., 2014; Hoppmann et al. 20a8ghorne et al. 2015; Hughes et al. 2015).
For example in McMurdo Sound, Antarctica, sea iggstals that have formed in
supercoolsupercoolewater have been observed and reported since thishBNational
Antarctic (Discovery) Expedition of 1901-04 (Hodgs@907) and the British Antarctic (Terra
Nova) Expedition of 1910-1913 (Wright and Priestl2922). Crystals observed in McMurdo
Sound have reported to be up to 250 mm in dian{Biabinson et al, 2014; Smith et al., 2001).

In part because of their sized aspect ratj@nd that turbulent suspension is not a direct drive

these crystals amsw-knrewnidentifiedas “platelet ice”. They have been observed atta¢h
the underside of sea ice (Gow et al., 1998), dfteming layers 2-3 m thick (Dayton et al.,
1969) and in some places as much as 8 m thick (étughal. 2014). Platelet ice crystals have
been observed to become incorporated into the edy subsequent congelation growth

(Jeffries et al., 1993).

The presence ofupercoolsupercoolediater measured below sea ice (Lewis and
Perkin, 1985; Smith et al., 2008nd the abundance of platelet icas been linked to locations
of observed supercooling (Crocker and Wadhams,)1&89to the ocean currents from beneath

the ice shelf (Leonard et al., 2011; Fer et al.2201Evidence of this link is provided by the
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thicker accumulations of platelet ice (i.eswb-iceplatelet layePL Figure Hrigure )ifound on

the western side of McMurdo Sound (Dempsey e810; Hughes et al., 2014; Robinson et
al., 2014) compared to that-than the east (Gow et al., 1998; Jeffries et al. 31ZEmpsey

et al., 2010) where platelet ice only starts tarfon late winter (Paige, 1966). Leonard et al.
(2006) and Mahoney et al. (2011) reported acoastitvideo evidence that platelet ice crystals

begin as small crystals (2-20 mm) that become tasgee attached to the sea ice cover above.

Based on heat and mass balance measurements thiéhice column, the residual
oceanic heat flux associated with incorporatedefgttice has been reported as negative (i.e.,
heat moves downwards into the ocean) by severabei{Gough et al., 2012; Purdie et al.,

2006; Smith et al., 2012; 2015) with valudsastarge-as30 W m? or morereportedelsewhere

(Purdie et al., 2006; Smith et al., 2001). Smitfale{2001) noted that forced convection was
needed to account for the amount of platelet iceoked in McMurdo Sound, and Smith et al.
(2001) and Stevens et al. (2009) estimated kineneatily viscosities of 2x¥0 m? s and
5x10* n? st respectively, in supercool water in McMurdo SouBihith et al. (2012) observed
episodic growth of individual platelet ice crystaldth periods of growth at least an order of
magnitude faster than the growth of the bulk seaTibey suggested that variable currents were

responsible for the episodic nature of the crygtath. The appearance of these supercooling-

induced crystals is not limited to the western nraaf the Ross Ice Shelf, with observations

made in other cold-cavity systems sampled to daieckmann et al. 1986; Craven et al. 2014;

Hoppmann et al. 2015; Langhorne et al. 2015).

The presentiwvork seeks to answer the questions (i) if and Hoevgrowth of platelet
ice at astpereool_supercooldde-ocean interface impacts the physical charatiesiof the
interface, including hydraulic roughness and the od heat transfer in the water column, and

(i) what feedbacks might exist. Direct turbulenceasurements make this possible by
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enabling characterisation of the boundary-layer @dinect measurement of heat fluxes. This
facilitates improved parameterization of exchangeesses in terms of mean quantities and
will enhance the modeling of the ice-pump deposipbase in ice shelf cavities (Gwyther et al
2015) as well as estimation of theatialenvelope of sea ice growth influenced by thesetieavi

(Langhorne et al. 2015).

2 Methods

2.1 Field camp and instrumentation

In October and November, 2010, the New ZealandoNat Institute Water and
Atmospheric Research (NIWA) established a tempos#agion (Erebus Field Camp -- EFC)
on fast (immobile) sea ice near Erebus Glacier Ten&GT) in McMurdo Sound, Antarctica.
The general layout of EFC and its location relatv@earby geographic features is described
by Stevens et al. (2014) (Figure 2). Included i dleployment was instrumentation designed
to accurately measure current, temperature, aimdtgah tidal flow beneath the stationary sea
ice, at a resolution sufficiently small to enahlebulent fluxes of momentum, heat, and salt to

be quantified.

A top-mounted mooring was deployed in 350 m of we2eés km to the SW of the EFC
at 77° 42.7730 S, 166° 21.4350 E, spanning thegen question. This mooring contained
three Aanderaa RCM-9 units coupled with SBE 37 biat temperature, salinity, and pressure
recorders (Seabird Electronics, USA). The curregttemiMicrocat pairs were located at depths
of 50, 150, and 300 m. Upon recovery of the mapitrwas found that the line had lifted
sufficiently so that the top 10 m had frozen irtte growing sukice platelet layer. This has

been encountered previously on instrument deploysnehen the buoyancy force from platelet
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accretion on mooring lines had overwhelmed the imgoballast. The remote nature of the

field camp meant it was not possible to deploy \ergvy ballast blocks.

Flux measurements near the ice/ocean interface mwade with turbulence instrument
clusters (TICs), each comprising an acoustic-Dapgdocimeter (Sontek ADVOcean, 5
MHz), mounted with its fixed sample volume in tlzere plane as a nearby Sea-Bird
Electronics temperature (SBE 3F)/conductivity (SBfpair. Conductivity measurements
were supplemented by a dual electrode microstrectonductivity instrument (SBE 7). The
velocity sensors have a resolution of 0.1 chasd an accuracy of +1% of measured velocity.
The dynamic range of the conductivity signal iSsagfly large relative to instrument
sensitivity with an initial accuracy of + 0.0003&'. The thermometers have an initial
accuracy of +0.001 °C and a stability 0.002 °Cym&r typically along with a self-heating
error <0.0001 °C in still water. Here we assumeeking accuracy for the temperature
sensors of 5 mK. TICs configured as above hava Heployed under ice during several
previousprojects (McPhee, 2008a; McPhee et al., 2008; McPhee et al., 2013; Sirevaag et al.,
2010) and shown to measure well into the inertibfange of the turbulent kinetic energy
spectrum, hence adequately capturing the covariaineector and scalar variables in

turbulent flows.

The TICs were deployed on separate suspended (Ragise 2Figure-punder fast sea
ice about 2.15 m in initial thickness. Mast A iradal two TICs mounted 1 and 3 m below the
ice on a fixed mast suspended through a 1 m diarhete, located about 140 m from the edge
of EGT. Mast B, located closer (40 m) to the glatdmgue, included two TICs mounted 4 m

apart on a rigid mast that could be lowered bye#éddepths up to 70 m.

2.2 Turbulence analysis

Time series of three velocity components, tempeeatand salinity derived from

6
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temperature and conductivity were segmented intemitb realizations for calculating

turbulence statisticsncluding the rate of dissipation of turbulenhddic energye, followin

- { Formatted: Font: Symbol

the method described by McPhee (2008a). Curreetaged over each realization were rotated
into a reference frame such that mean vertical emds-stream horizontal components

vanished,from which the velocity perturbation componentsraveesolved ', v'_and w’).

Lkinear trends werthenremoved, then “area-preserving” (weighted) spestee calculated,
and transformed to the wave-number (spatial) domatter the frozen field hypothesis. Ice
nucleation on instruments immersedsmperceel_supercoolewater significantly degraded

their performance after just a few tidal cyclebhis can affect both ADVs and conductivity

sensors. We used the criteria identified in McPéieal. (2013) to remove affected dalze

accreting on the ADV hydrophones increased noiségéier frequencies, eventually leading to
nonsensieal incorreatelocities. Consequently, we placed added emplasisnsuring that
turbulent spectra exhibited key elements includingeak in the area-preserving spectrum of
vertical velocity variance and a reasonable fdltmthe -2/3 slope in the log-log representation
of the area-preserving spectrum (McBh&294; 2008a). Each 15 minute spectrum was
evaluated for a discernible peak in the area- pvaggvertical velocity variance spectrum, and
if found to be viable, was included in a three-hgrouping of realizations to detespringne

mean statistics.

Friction speed,u, , (the square root of kinematic rRéys stress magnitude) was

estimated by averaging covariance statistics, i.e.,
= () (v ®

where we have invoked Taylor’s frozen field hypaikelinking measurements in the time
domain at a single location to ensemble statis#kfger identifying the peak in each spectrum,

a high-order polynomial was fitted to wavenumbergs vicinity, which was then analyzed to

7
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determine the wavenumber where the negative slepehed or exceeded 2/3, taken as
signifying spectral levels in the inertial subrangehe turbulent kinetic energy (TKE)

dissipation rate was estimated frdgee e.g. Tennekes and Lumley, 1972)

£2/3 :%Sﬂw(k)ksm (2)

where S, is the spectral density evaluated at angudae numbek, in the inertial subrange,

and a, is the Kolmogorov constant for the along-stregectrum (0.51).

By assuming that flow within 1 m of the boundamslivithin the so-called surface layer,
where stress is nearly constant and the velocdfjleiis logarithmic, then TKE production rate

by current shear is

3
Lou_ u

az_/(|z|

S

(3

wherek is Karman'’s constant (0.4l).is possible that buoyancy effects are also douting

to the turbulence and this can be examined by camparoduction and dissipation rates.

3 Results

The present data come fraghe “springs” period of the spring-nedjgleal cycle(Figure

3a)in order to experience the widest range of flowes}s although the tidalew-effectis only

weakly manifest in the far-field thermal structgféggure 3b). No data were retrieved from this
far-field mooring at depths shallower than 50 m due to g@atgowth effects. Indeed, as well
as the incorporation of the upper 10 m of the uragnted mooring line into the growing sea
ice, the mooring line itself was subject to icelancation-driven buoyancy-driven rise of 8 m

in a 50 day period although the lift was only adunm during the collection of the data in
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(Figure 3). The 50 m data remain around -1.91.1@2 ° C.

At the mast site, during the measurement peniodfiles made with the mobile T+ - {Formatted; Normal, Left, Line spacing: Double

mast B indicated that the water column was isotlaétonabout 40 m. In addition data described

in Stevens et al (2014) from the same campaignatiipe contention that, to within +/-5mK,

the upper 40 m was isothermal

tThe upper 15 m exhibite@mperatures below the pressure-dependent freezingerature,

i.e., in-situ supercogldewn-to-abeut-15-nThe growth of ice on the far-field mooring was
corroborated by platelet growth on the cable sudipgrMast B. At Mast A (TICs at1and 3 m
below the ice undersurface) ice accretion on thruments limited the duration of acceptable
measurements to about two diurnal cycles (~60 H)ngnearly (UT) on DOY(day of year)
301. Shortly afterwards, Mast A was recovered, thedeafter Mast B was generally stationed
below thesupercos| supercoolexbne at depths ranging from 18 to 62 m, so as hinmige ice
accretion. Here we emphasize data from Mast A tivess$ conditions near the horizontal fast

ice/ocean interface.

Spring-tide_Ddtarecorded during spring tidgsovide the largest velocity range and*{rormaued; Indent: First line: 1.27 cm

also the largest horizontal advection of differelater masses. Currents measured 1 m below
the ice/water boundary at Mast A from late on 25 2@10 (DOY 298) to early on 28 Oct
(Figure 4a) show a significant tidal signal resigtin speeds up to around 0.15 #a §his is
superimposed upon a steadier westward flow stranggh to prevent current reversal (Figure
4b) either through flow rectification or regionataulation (Stevens et al. 2014). This was
confirmed over a 10-day period beginniwgh-on DOY~¥B300, where currents measured in
the upper 60 m of the water column at the Mast@rsinged from 0.03 to 0.28 m westward
(Stevens et al. 2014). Salinity shows a slowlyéasing trend of around 0.0075 PSU/day that

is interrupted brieflyat-slack-waterduring low flows (“slack water”) agh and low tidg(Fig.
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4c). In near-freezing waters, salinity dominatefiuence—enbuoyancy and so these
perturbations are likely some form of propagatiegtfire in the density structure. Certainly,
the features in salinity at DOY 299.3-299.5 coiecigith the directional change in Fig. 4b.
Temperature measurements (Fig. 4d) on the othed lannot have obvious signatures
connected to the flow. This is not uncommon atéhtemperatures where there is almost no
thermal contribution to density. The record shola water 1 m below the ice remained, on
average, 8.7 mK below freezing. The salinity treifluence on the freezing point is apparent

in Figure 4d. This trend is largely mirrored i tineasured temperature.

Consideration of the turbulent propertieshe measurement volunrdicates that the

three-hour-average estimates of rate of dissipatioturbulent kinetic energg compares
closely towith-the productiorPs (Figure 5Figure-8). The only departure from this is for a
slack—water low flow period (DOY 300.2-300.6) when the production estemdrops
significantly below the dissipation rate estimadteder-ice measurements have shown close
correspondence between the dominant turbulenceéhlesogle and the inverse of the angular

wavenumber at the peak of the vertical velocityaraze spectrum, i.e4 =c, /k_,,, wherec,

max ’
is a constant of order uniti¥icPhee, 2008a; McPhee and Martinson, 1994). A time series ol
is compared with the geometric (surface layer)esefd inFigure 5Figure-b which one would

expect to be a limiting scale on the turbulent eddiThe inverse peak wavenumber turbulence

lengthscale sits mostly beneath the geometric scale

When TKE production and dissipatioriesare comparables suggested by Figure 5a,
the steady, horizontally homogeneous TKE equatimviges an independent estimate of

friction speed based exclusively on characterigifdke vertical velocity variance spectrum

= YS = de = —2¢ (4)

1C
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The virtually-independent estimates of friction epgFigure S5Figure-6) agree well This

supports the hypothesis that buoyancy-induced temnise is minimal in the present conditions

The vertical turbulent heat flux can be estimdtech

negative with the standard deviation being arousifithe mean value. The heat flux follows
a weakly diurnal pattern with broad similarity tp (Fig. 5¢). The implication then is that a

bulk description may be useful as employed for maigemelt rates in water above freezing

so that

H, = pc, (WT" (5)

H = pc,c UAT (6)

where AT =T -T,(S,p) is the departure from the freezing tempegathedT (Figure 6b),

is semidiurnal in structure and so not particulaypled with the diurnal cycle seen in the

temperature also exhibits the trend of becomingglafi.e., increasingly negative) with time durihe

observation perigdFigure-6a,c),-and-has-a negatively-increasingdtrednlike-the-heat flux
estimate,—the-variability-around-the-mean-is+educdhe relationsip can be restructured to

solve for the transfer coefficiet;. Averageing the ratio from each of the accept@peur

averages results i), =0.0085 . Applying this average nalkdfer coefficient and comparing

with the measured=(gure 6Figure-€) indicates that the bulk approach does reasomedlle

Notably, the diurnal cycle, while not apparent lire tsemidiurnaldT, is sufficiently strongly

manifest in the u

11
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4 Discussion

The questions posed in the introduction relateote the supercooling and the modified
roughness associated with the resulting crystéliseince the heat flux. Equation (6) indicates
that the problem, for a given temperature diffeegrcan be reduced to a combination of the
turbulent heat transfer coefficieot and the turbulent velocity scale. Taevalue found here
is not far different from values reported for basaat exchange in above freezing water: e.g.,
¢+ = 0.0057 for the yedong SHEBA project in the western Arctic (McPhee, 2008a); 0.0056
for first-year ice in the Weddell Gyre (McPhee kt £999). Furthermore, it almost matches
the cn =0.0084 determined for rapid melting in the eastérctic (Sirevaag, 2009). This
suggests any different behaviour in heat flux ie tlw the velocity structure induced by the

roughness.

As identified by Gwyther et al. (2015), the roughs of the boundary affects growth in
two ways. First, it influences heat transfer at iteeocean interface and second it alters the
mixing within, and entrainment into, the basal badany-layer (BaBLFigure Hrigure- . While
these authors note that sea ice is different taitlgerside of an ice shelf, it is likelyat, at the
boundary-layer scale-thatthe presence ofupercool_supercooledater and platelets will

generate similar effects in the two systems.

~
NS

flux_through the thick fast ice must be small. Téwean turbulent heat flux was neqativ\é\{ Formatted:
\ {Formatted:

(downward) throughout the entire measurement pefiid. 6a). Sea ice in this region

typically forms as congelation ice early in the wito season, then incorporates platelet ice
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towards the end of the growth season (e.g., Srhih,e2001). Congelation ice grows when the

latent heat released during phase change is cadlfrctm the relatively warm ocean to the

relatively cold atmosphere. In this context, refely cold means below the freezing point

temperature of seawater. Platelet ice formationumcin supercooled seawater and when this

occurs near the ice/ocean boundary, the latentreéstsed can either be conducted upwards

through the main ice column or transported downwdryl turbulent heat flux into the ocean

boundary layer. The latter process of negative micdzeat flux does not occur for congelation

ice because the ocean in that case is warmertiedreiezing point temperature at the ice-ocean

There is a growing awareness of the ubiquity chslownward heat fluxconditions in

the vicinity of ice shelvesRbinson et al. 2014; Cravenet al., 2015; Hoppmann et al., 2015).

The resistancéhenimposed by a stationary ice covefluenced by such crystal growtn

underlyingboundary-layeflow depends on the undersurfagelraulic roughness, z0. For the

conditions found at EGT (i.eP. =& , undeformed, rekvuniform underice surface), we

expect the flow 1 m below the interface to folldve dimensionless shear equation

KlZl@ =1
u, 0z

™
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whereU is mean current speed. The integral of (7) yi@degarithmic velocity profile (the

“law of the wall”) where the integration constastlog z, = —«U /u,. For slow currents, the

law of the wall is not necessarily valid at 1 m ®hee, 2008b), so we evaluatied z, for 3-

S8

hour averages with current speeds >= 0.05!mFor U measured at 1 m (i.e. log 1 ZQﬁQ _ W Formatted: Font: (Default) Times New Roman, 12 pt,

Italic

NS

average with standard deviation of the acceptaileud samples was \\{ Formatted: Font: (Default) Times New Roman, 12 pt

{ Formatted: Font: (Default) Times New Roman, 12 pt

(log(z,)) = =395+ 030 (8)

The expected value fasis thus about 19 mm.

The observed ozidentified here is larger than values obtainedvipresly from
measurements under undeformed fast ice withoutlptaiccumulation, typically found to be
nearly hydraulically smooth, witlhh ~ 105 m (Crawford et al., 1999; McPhee et al., 2008;
McPhee et al., 2013). It is comparable to valuésriiad for drifting, multiyear pack ice in the
Arctic and western Weddell Sea: ~40 mivicPhee, 2008b; Shaw et al., 2009) and is
considerably larger than first-year, drifting icean the center of the Weddell Gyre, ~1 mm

(McPhee et al., 1999).

5 Conclusions

Our date show that-\Wepestulate-that tiibulence-enhanced transfer safpercool

supercoolegeawaters-can behe source of the negative heat flux measured mitieé ocean

boundary layer @ring the present observations. Our results thusptement the negative

ocean heat flux inferred from ice measurements lgy, Smitret al. (2012).In addition, Purdie _ - W Formatted: Font: (Default) Times New Roman, 12 pt,

Font color: Auto

,,,,,,,,,,,,,,,,,,,,,,,,,,, Formatted: Font: (Default) Times New Roman, 12 pt,

Font color: Auto

<

oceanic_heat flux (Figure 7) as additional supdort the contention.Furthermore, the W

Font color: Auto

Formatted: Font: (Default) Times New Roman, 12 pt,

downward ocean heat flux, which this work suggestsends on the product of friction speed\{ Formatted: Fort color Auto
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and4T, imposes a strong constraint on the rate of ioer under stationary ice supercool
supercooledvater. This has significant implications for pagdrization of basal boundary-

layers beneath both ice shelves and sea ice (Gngtlad 2015).

It is instructive to consider the heat flux distiflon as a function of the-and AT
drivers Eigure 7Figure-Yas there is growing evidence that the presenimeshelves produces
values for both that are outside present expeotatio The heat flux contours enable
contextualisation of existing results obtained eiths measurementswfandAT pairs or as a
heat flux for a particular temperature conditioRarameterisation in terms of suggests
timescale is important. While heat flux is typlgalonsidered over daily, or longer, timescales

S0 as to compare with seasonal ice growthyill be modulated primarily by tidess direct

wind forcing is effectively absent in the preseagtfice situation This is especially important

if there is some non-linearity in the growth of mace as the form of platelets influences u

While the present short period of data saw aroufattar of 6 variablity irHs (Figure
6Figure@) as the two drivers are largely de-coupled, treaurs (Figure 73uggest shothat,
depending on the local turbulence conditions amptadeof supercooling, this variabilibgight
approachs two orders of magnitude. Extending this idea, Gwytet al. (2015) presents a
sensitivity analysis that suggest that the vaiitgbih u- through platelet modification dEq

might be as much as an order of magnitude. Futark to address thissueneeds t@rhance

our-focus on-understanding ofquantifyittte combined influence of turbulence, thermally-

induced roughness and heat transfer.
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Grounding Line

Sub-Ice Platelet Layer

Southern Ocean

High Salinty

Shelf Water

Figure 1 Ice pump showing high salinity shelf wdt¢&SW) flowing in at the base of an ice

shelf cavity, commencing basal melting (BM) ataoound, the grounding line (GL). This
buoyant meltwater flows upwards and outwards iasabboundary-layer (BaBL). An
associated platelet-forming layer (PL) supportsgiavth through freezing into marine ice

(MI) and PL beneatfastsea ice.
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Figure 2 (aMeM
Sea—(b)SW McMurdo Sound image from ASTER (Advanced Spawad Thermal Emission
and Reflection Radiometer) satellite image of sa#tst McMurdo Sound including the
Erebus glacier tongue (EGT), the Dellbridge Islafialy, Erebus BayEB), Cape Evans
{CE), Cape ArmitagéCA), Haskell StraitHS), Scott Bas€SB), background mooringBG)
and the Erebus field cartgFS). The Dellbridge Islands include Tent Island (ahd Big

Razorback Island (BRI}b) The McMurdo Sound region, Antarctica, in tleaext of the

Ross Ice Shelf and the Ross SeaErebus Field Camp locale showing the turbulenest

locations relative to the edge of EGT.
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Mast'A, 1 m below ice
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Figure 4 (a) Current speed at 1 m below the icafod®undary from Mast A. (b) Current

direction (bearing from true north). (c) Salinipréctical salinity scale). (d) Water

temperature (solid) and water freezing temperatiem depth (dashed).
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Figure 5 (a) Three-hour averages of turbulenttidrenergy dissipation rate (solid with
shading showing +1 std. deviation of the 15-minizations in each average) and TKE
production by shear (circles with std. deviatidh). Turbulent length scale from the inverse
wavenumber at w variance spectral peaks. Dashedridicates the “geometric” surface layer

scale,x|Z . (c) Independent estimates from of fricépeed from w variance spectra (solid

with shading) and from covariance statistics (esalith std. deviation bars).
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Figure 6 (a) Three-hour averages of turbulent fheat solid with std. deviation shading. (b)
Departure of temperature from in situ freezing ptémperature. (c) Comparison showing
measured heat flux (shaded) with bulk estimatescan the product afi, andAT  using the

transfer coefficient identified using equation (6).
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Figure 7 Contours of lagof heat fluxHs, as a function of friction speed u* and thermal
driving 4T, for presenty estimate. Contours describe equation (6). Girate from
measurements of u* amfil, (L06 Leonard et al 2006; S09 Stevens et al. 2009; M11 Mahoney
et al. 2011; H14 Hughes et al. 2014; R14 Robinson et al. 2014 and M10 this study). The
“error-bars” represent degree of variability. THewere either directly measured (i.e. M10)
or infered from flomU using a drag coefficient whereby=(Cq)¥2U. The squares are from
observations inferring heat flux so that a u* ifeined given the observefil (P06 Purdie et

al. 2006; G12 Gough et al. 2012).



