_/N~LWA -

Taihoro Nukurangi

11may2018

Dear Editor: With respect to:

Title: Turbulent Length Scales in a Fast-flowinge&Kly Stratified, Strait: Cook Strait, New Zealand
Author(s): Craig L. Stevens
MS No.: 0s-2017-30

Please Find the Following:

* Response to Reviewer 1
* Response to Reviewer 2
¢ Tracked Changes Version of Manuscript

| believe this work documents rarely recorded mesrsents from a novel location, yielding new
insight into aspects of mixing in the ocean witmeral applicability beyond the sample location. |
thank you and the Reviewers for the time takemprove the manuscript.

Best regards

Craig Stevens



Response to Reviewer 1 comments on Stevens (2017) Turbulent length scales in a fast-
flowing, weakly-stratified Strait: Cook Strait, New Zealand. (original reviewer comments
in black).

This is an interesting paper reporting measurements of turbulence in a very energetic flow through
ocean straits, in this case Cook Strait N.Z. Such measurements are relatively rare and this therefore
represents an interesting addition to the literature on direct measurements of ocean turbulence in
energetic flow. That said, the paper is poorly presented with some important details about the
measurements not included in the paper, and even some typographical errors. These issues need to
be addressed before the paper is suitable for publication.

I thank the Reviewer for their very helpful and clearly knowledgeable comments and suggestions. The
recent emergence of multiple papers in the literature on aspects of this topic is further evidence that
this research theme is important and widely applicable. The following responds to their points. The
lack of inclusion of measurement details is responded to below and describes the associated
modifications to the revised manuscript. With regard to the point about poor presentation, a number
of typos have been cleaned up. As well as this, their comments have motivated a substantial number
of improvements.

Detailed comments:

e P1,L24 Waterhouse et al 2014 - thanks, corrected.

e P1,127 Wesson and Gregg (1994) report measurements in Straits of Gibralter, so why
is this “... (a) coastal environment”. Koch-Larrouy et al (2015) (DSR, 106:136-153)
is also relevant here. — fair enough, | think the point of difference relates to what is a coastal
environment and the mechanics of “influence”. The initial reference was to bring attention to
the effect of strong tidal mixing but | am happy with the reviewer’s suggestion as well and
additional reference that connects to high trophic levels (Scott et al. 2010) and have modified
the text accordingly.

e P2,L20. Energy bearing scale. Why is LT contained by LO , they are independent
lenghtscales? This is of course a key question to ask and is at the heart of the study and many
others. The Reviewer asks in what sense are they independent? LT is empirical and Lo, is a
scaling argument - but of the same mechanics. What about “constrained by the Lo,”? The
relationship between LT and Lo, is key to the manuscript and many papers that seek to quantify
dissipation rate from overturn scale. | have changed to “constrained” and return to this
dependence in the Discussion — “The calculated Lo,, on the other hand, is not actually physically
constrained and in several instances it exceeds the water depth”.

e PS5, L18- “The microstructure data were processed in the usual ways resolving the
dissipation” is insufficient. Is the author speaking of using the Naysmith empirical
spectrum? More detail is needed here. Bluteau et al (2017, JTECH, 34: 2283-2293)
provides an extensive review of processing methods for free-fall profilers, and also
provides insight into how to process fast-response temperature measurements, and it may well
be possible to apply these ideas here. See below. Reviewer Two highlights this also. This is a
debatable point as the field has evolved that there is now a consistent set of hardware and data
processing available. For example, the canonical Wesson and Gregg 1994 paper addresses such
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points of clarity and so the numerous studies in the intervening quarter of a century fill in many
of these issues. For example, Bluteau et al. 2017 refers to an earlier paper for shear
microstructure methods. On reflection, | should not have used the phrase “in the usual way”.
The Reviewer is correct in that there are always points of clarity and interest in following
through on these aspects. In acceding to the Reviewer’s point, | now include the reference to
Bluteau et al. (2017) which was published after the initial submission of the present manuscript
and include additional information regarding the processing. | do note that the original
manuscript included a figure and discussion of variability in drop speed which is rarely discussed
in available studies. | have made this contribution clearer in the revision.

P5, 123 what is xxx? Thanks for spotting this as there were some version control issues. This
returns to the point above about the relationship between LT and LO. The amended text now
says “One might expect overturns, as identified using the LT, to be equal to, or smaller than LOz.
Dillon (1982) observed the ratio to be LT/LOz =0.8. This calculation struggles with regions of
weak stratification where locally-small N2 drives a very large scale. This makes sense as weak
stratification fails to retard turbulence. However, it can lead to non-physical outcomes as the
scale will eventually exceed water depth.”

P6, L4 Ranges of I are missing. See Bluteau et al (2017) and references therein. Thanks. The
ranges weren’t missing, they were not specified. This is helpful as the Bluteau reference was not
available at the time of writing the initial manuscript. Although to be fair this reference doesn’t
clearly identify the ranges specifically — it’s concluding remarks say “The estimated Rif varied
over almost two orders of magnitude with a median Rif not significantly different from the
canonical value of 0.17. The median Rif obtained from either technique did not differ
significantly from this value, although the median Rif obtained from the fitted chi estimates
were slightly larger the median Rif obtained from the integrated chi estimates”. The text has
now been amended in a number of places to highlight the results of Bluteau et al (2017).

P7, L5 The fact that the Strait is not well mixed suggests that the vertical diffusion

time scale H2 Kz is long compared to advection times in the Strait? Assuming here

that advection is re-establishing the vertical gradient? This is discussed later in paper, but
argument is confusing. The point is important because, in an applied sense, this is a key aspect
of the location and experiment. A number of references assume because it is fast flowing and
clearly turbulent that it homogenizes the water column. This is not supported by the
observations. These observations come from the strait narrows and so presumably represent
the most energetic conditions. The Reviewer suggests that it is restratification due to
advection. This is possible, but given the spatial heterogeneity and relatively fast transit time it
is also possible that the water column simply doesn’t have time to homogenize as suggested by
the scaling in the discussion. This point is now clarified in both the Results and Discussion
which has been amended to say “This suggests that, at these most energetic of mixing
conditions, we should not expect to see a stratified water column as it should get mixed over
the multiple tidal cycles it takes for water to clear the strait. The bulk top-bottom observations
Fig 5) counter this as, for some of the year at least, there is clearly a scalar gradient. Possibly,
the observations need to be restructured and collected drifting with the flow to better follow
the evolution of mixing.”



P7,120. The usual argument is the dissipation rate is dependent on the intensity of the
background shear S. Why is it dependent on N? The N is used here to delineate layers in the
water column (at least on a profile-by-profile basis). The text originally was designed to
indicate that the dissipation rate and stratification structure were consistent. | agree with the
Reviewer that this terminology could be misleading and have reworked the text to not imply
direct causality.

P7, 123 One has to wonder how meaningful is the calculation of the Thorpe scale LT

in this situation. It is a strongly advective situation and vertical stratification is

(relatively) weak, so how do these effects conspire here? Some estimates of accuracy of LT
scale calculations would be useful, particularly as here we find the scales are large compared to
the total depth? This is an excellent point and one that has been explored in the wider analysis
of the problem but not included in the initial manuscript. | believe the Reviewer is getting at
the issue that such a large overturn will have time to be affected by the background flow. It is
not clear to me that it affects the “accuracy” of the LT but rather it affects what the LT actually
means. This is now considered in the Discussion which says ...” While the LT never approaches
the full water depth, they are large given the flow speeds. Stevens (2014) measured velocity
shear at bulk scales (i.e. resolved from 8 m ADCP bins) reaching as high as 0.01 s-1. The velocity
variation over an eddy of LT=100 m in a flow with a velocity shear of 0.01 s-1 is 1 m s-1. This is
comparable, but not greater than, background speeds suggesting that it might influence the
degree of isotropy by straining eddy structure in the horizontal direction.”

P8, 12 But how is KZ computed here? Large values of KZ = 10-1 m2s-1 have been

reported by Bluteau et al (2017), but they argue these high values are much more

reliably estimated from the temperature spectra than the velocity spectra. As Bluteau et al
(2016, JTECH, 33:713-722) argue integration methods are only robust if

€ <10-6 m2s-1 . Author should consider this point carefully. | assume in all the

processing that the author has used ' = 0.2 ? While on average this may be globally

true, the flow in Cook Strait seems very unusual with very high mean velocities and

very high values of Reb in Figure 11, for example. The point being that consistently

here possibly I' # 0.2 and it may be very misleading to assume that in the present
observations — see Bluteau et al Fig 4.? So in Figures 7,8 and 9 is KZ to be believed?

There seems only one way to check this: independently compute KZ from the

temperature field, without any a priori assumption on the value of I'.

The Reviewer rightly picks up on one of the major themes in ocean turbulence — the efficiency of
mixing — this is too big for this manuscript and dataset which focuses on the LOz/LT question.
The Reviewer also picks up on the unusual nature of the flow with its high mean velocities. The
changes | have made in response are to remove panel (b) of previous Fig. 10. (the Kz
distribution) and replace the axes in Fig 7, 8 & 9 with 0.2eps/N2 and then expanded the
Discussion. Given the bounds suggested by Bluteau et al 2017 there should still be meaning
given the dynamic range observed. This enables the later discussion to be augmented as well
as emphasised what future work is required. The revised text now all considers the related
point made by Smyth et al. 2001, based on DNS of patches, which demonstrates the order of
magnitude variability in LO/LT over the lifetime of the turbulent event.

P9, I7 The range of Reb estimates is 2 orders of magnitude? Figure 11 suggests more
than 4 orders of magnitude?



Agreed, the original text was misleading and has now been clarified. It now states... “In the
present Cook Strait data, the majority of Reb estimates exceed 100, with the peak of the
distribution being around 5x1704 two orders of magnitude with the peak of the distribution
around 5x1074. (Figure 11). However, maximal values exceed 1077, which is primarily due to
the small N.”

* Fig 12 suggests a very poor correlation between Lo and Lt — its log-log after all! / accept the
Reviewer’s point that the best-fit distribution is centred on some widely spread data points. As
noted by the Reviewer these variables are “independent” in the sense that they are derived
from different components of the profile data. However, this level of variability is consistent
with the spread of results of Wesson and Gregg (1994) all the more so because we calculate LT
using the microstructure sensors allowing for a much smaller minimum lengthscale. Given that
these data are at one limit of ocean energetics | believe we have to be careful about rejecting
data because they don’t conform to expectations. | have added material to the first subsection
of the discussion on this point.

e P11, 113 Maybe it simply means that the gamma is not 0.2, irrespective of the Re? Is the
Reviewer suggesting that the Kz is different enough to make the scaling argument not useful?
Given that the scaling is linear in Gamma and the present homogenization time is 25 hours, this
suggests that the Kz might be out by a factor of 5 say - i.e. homogenization takes 5 hours. The
text is now amended to connect this point with that raised above around Gamma=0.2. It says
“The =0.2 “constant” is a clear point of contention in the literature (e.g. Bluteau et al. 2013;
Mashayek et al. 2013). Bluteau et al. (2017) develops an approach that takes microstructure
profiles and resolves the diffusivity “directly” fitting a model for dissipation of thermal variance
to the convective-inertial subrange (i.e. lower wavenumbers than the dissipation scale). The
Bluteau et al. (2017) analysis suggests that improved estimation of the thermal diffusivity
indicates that the fixed mixing coefficient might underestimate mixing by a factor of 5 in the
mean especially for the more turbulent events. Extending this by applying the Osborne
diffusivity method sees an average diffusivity is around 0.04 m2 s-1 and exceeding 1 m2 s-1
(Figure 10b). One might expect a 300 m water column to then be homogenised in a time
(L2/Kz=) 3002/1=25 hours, but this might be as little as 5 hours if the Bluteau et al. (2017)
increased estimate of Kz were to hold. ”

e P14 line 10 where is the Hogg reference cited.? Thanks for spotting this missing reference. This
has now been included (Table 1 caption and Discussion).

References

Scott, B.E., Sharples, J., Ross, O.N., Wang, J., Pierce, G.J. and Camphuysen, C.J., 2010. Sub-surface hotspots in
shallow seas: fine-scale limited locations of top predator foraging habitat indicated by tidal mixing and sub-
surface chlorophyll. Marine Ecology Progress Series, 408, pp.207-226.



Response to Reviewer 2 comments on Stevens (2017) Turbulent length scales in a fast-
flowing, weakly-stratified Strait: Cook Strait, New Zealand. (original reviewer comments
in black).

* The manuscript discuss direct measurements of turbulent quantities in Cook Strait. Considering
that such data are relatively scarce in oceanography and can be interpreted in a broader
context, the reported data are valuable.

I am pleased the Reviewer sees the value of the data being in a wider context and not site-
specific. Their comments have motivated a substantial number of improvements.

e The central issue of this manuscripts and its main message is about the comparison between
the Thorpe and Ozmidov scales. Unfortunately, the discussion itself is rather short and poorly
documented (three references). More efforts should be put in the analysis around figures 12,
13 and 14. The manuscript will be greatly improved by a better focus on this scientific issue. In
particular, can the data shed new light on the claim (Mater, 2013) that LT ~ LO with
N.k~epsilon?

I have now expanded the Discussion. The limited number of references discussed originally was
partly related to the limited directly related studies. In addition, one of the key references in the
Discussion is a synthesis (Mater et al 2015) so there is implicit connection to a wider literature.
The discussion now includes material on the relative magnitudes of the LT and LO scales. It is
difficult to make a direct dynamical comparison as the two studies do no overlap in scale — as is
to be expected with the DNS approach. Certainly, the field observations do not exhibit the roll-
off at larger LO. To be fair these authors, in the later 2015 paper, do move their perspective to
ocean scales and this is where the present manuscript picks up the comparison. One of the
additions made in response to the Reviewer’s point, also from DNS — this time Smyth et al.
2001, demonstrates the order of magnitude variability in LO/LT over the lifetime of the
turbulent event, something that the Mater et al 2013 paper doesn’t clearly respond to.

* The measurements themselves are presented with (too) many figures, but basic information is
missing. Little is said, for instance, on the timing of the collected 34 profiles covering a very
large period of time of 5 years. Processing of the microstructure data must be described or
documented in a much more precise way than with sentences like "in the usual way" or "An
approach".

As noted in Response to Reviewer #1, additional details on sampling and microstructure
analysis are now included. The profiles come from only a short window of 12 days within this
longer period. Also, the driver is strongly tidal so periods between measurements should be
irrelevant especially as the separation is between scene-setting broad scale information in the
earlier data collection (where previous work demonstrated consistency from year to year) and
the later microstructure work.

Details on the profiling timing is contained in Figure 6 . This was erroneously not specifically
referenced but was talked about in the previous version. | thank the Reviewer for spotting this
and have now augmented the Methods section. The figure has been moved forward to Fig 2
and the associated text now says “The timing of the profiles during the 2012 sampling is shown
in Figure 2. Long periods of contiguous sampling is difficult because a vessel suitably
manoeuvrable to conduct the experiments is prone to weather limitations. Sampling over three
days in 2012 centered on periods spanning northward, turning and southward tidal flows
(Figure 2).”



In addition, The number of figures has been reduced by one — removing the Kz distribution and
combining the eps and Re_b figures.

Considering the fast flows in this region and the irregular topography, three-dimensional
effects (e.g. horizontal advection) are anticipated and should be discussed.

The Reviewer makes a good point. This partly overlaps with a comment by Reviewer 1 about
the veracity of the LT in such fast flowing waters. The text has now been amended to include
discussion on this at the end of the first subsection in the Discussion. |argue, however, that the
topography is not irregular at least in the region where data were collected. It is actually, over
the distance travelled in any one tidal cycle, reasonably “regular” in the sense that there are no
major changes in channel orientation and no submarine ridges running transverse to the flow
(Fig. 1c). Evidence of this (i.e. lack of cross-strait eddies) is contained in the Strait being
considered something of a bioregional barrier limiting across-strait connectivity (Forrest et al
2009). This is now included in the Discussion which says “the Strait has been identified as a
dividing line in terms of ecological structure (e.g. Forrest et al 2009). The implication is that
there is not a great deal of across strait transport. This supports the focus of the present work
on the vertical structure. Furthermore, over the time it takes to drift through the strait all
vessel tracks tended to be on an axis aligned with the strait. Over these scales of time and
space the strait itself is bathymetrically reasonable consistent. It remains to conduct a study
that will adequately quantify across-strait mixing and the associated drivers.”

Some of the (many) typos and formal problems to be fixed.

e Page 3, line 4 :"velocity Sh" ! velocity shear ? fixed

e Page 3, line 8 :"Do we actually observe high dissipation rates?" fixed

e Bottom of page 5 and first paragraph of page 6 : please fill the gaps "xxx" and "X" "Y".
fixed

e Please carefully check references : some of them are missing or unused (Gregg and
Oszoy, 2002; Matter et al, 2003 or 2005;. .. ) both now included.

e Figure 6 seems not to be cited / discussed in the text. Thanks for spotting this — this
has now been moved to Figure 2 and discussed at some length.

e Many figures are provided but with very little discussion. The ratio number of figures to
Length of discussion seems to be rather low. The revised Discussion is expanded to
provide a more lengthy treatment of the data and the issues. In addition, the
manuscript has been reduced by one figure.

In conclusion, the data are interesting but the manuscript should be better focused to avoid
wild discussions of many details (e.g. on individual profiles taken at different (unknown)
location and times) and come to solid conclusions.

I thank the Reviewer for their suggestions and critique. The modified Discussion now focuses
more specifically on the questions posed in the introduction and provides additional insight into
the mechanical context and how this relates to the observed data shown in the figures. | do
defend though the descriptions of the individual profiles which are there to serve as a context to
talk about some of the actualities that can get lost when considering a scatter diagram
covering many orders of magnitude and many hundreds of realisations. This helps the reader
keep in mind that oceanic turbulence structure cannot be considered to be a series of
disconnected experiments (as implied in Mater et al. 2013) but connected parts of a continuum.
As noted above, to be fair these authors, in the later 2015 paper, do move their perspective to
ocean scales and again this is where the present manuscript picks up the comparison. In regard



to the examination of selected individual profiles | took inspiration from the canonical Wesson
& Gregg paper that included a small number of individual profiles to ground the later synthesis
within the context of the source data. | note also that Mater et al 2015 look at selected
patches. | certainly wouldn’t argue that the entire manuscript be filled with such examination,
but | believe it helps put the synthesis into better context. In addition, thanks in part to the
points raised by the Reviewer, | believe the manuscript now comes closer to contributing to the
“solid conclusions” they seek for questions at the forefront of ocean turbulence for some time

now.
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Abstract. There remains much to be learned about the falyeaof turbulent motions in the ocean. Here wesictar
turbulence and overturn scales in the relativedylelv, weakly stratified, fast-flowing tidal flonsf Cook Strait, New Zealand.

With flow speeds reaching 3 it & a water column of ~300 m depth the locationgsristically known to be highly turbulent.

Dissipation rates of turbulent kinetic enemyyalong with the Thorpe scaler,lare described. Thorpe scales, often as much as-| Formatted: Font: Not Italic

ratese are modest but high for oceans, around 5XA0kg*. Comparison of the buoyancy-limit Ozmidov sgadg $uggest _ - {Formatted: Font: Not Italic

N ‘[Formatted: Font: Not Italic

**************************** - {Formatted: Font: Not Italic

~

E { Formatted: Font: Not Italic

N \[ Formatted: Font: Not Italic

\[Formatted: Font: Not Italic

O )

1 Introduction

It is well-established that turbulent mixing iretbcean isntermittent angpatchy (see Waterhouse et 20124 for a
synthesis). Thus, there is substantial benefiegking out extreme conditions to fully captureglobdal energy budget. Tidal
motion, through one pathway or another, drivesiiggmt mixing in the ocean. While is it understthat thismixing can

influenceeeastal-environmentsecological functionifegg. Scott et al., 2010;-Wessor-and-Gregg-1994Koch-Lgret al.,

2019, knowledge gained in shallow coastal situatiens$o applicable in deeper ocean conditions @l and Inall2015).
Here we consider these issues in the fast flovedafge tidally-driven passage, Cook Strait, aasitun that couples a relatively

large vertical extent witkerge substantiahertial forcing.

In a 1999 paper reviewing the first shear probe sueanents of oceanic turbulence Stewart and G99 — - {Formatted: Indent: First line: 1.27 cm

described the flows iBeymour NarrowsOiscovery PassagéCanadaps sustaining Reynolds Numbers (Re) amongst the
“largest in the univer8e True or not, it is a useful benchmark and dismrspoint. There is a tendency to ignore Reynolds
number in geophysical flows as they are typicafiwery large, primarily because of theegth-sealelength-scaénvolved.
Cook Strait has comparable flow speeds to DiscoRagsage but is around four times the depth, asdggests a larger bulk
Re. From the diapycnal diffusion perspective, dedpis highly turbulentarge-sealelarge-scaftow, stratification clearly

persists through the strait (Steve?814).
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Of practical concern here is the amount of kinetergy lost from the system via dissipation (ite rate of
dissipation of turbulent kinetic energg),as this plays an important role in adequatelyuging ocean systems where there
is a high dynamic range of variability. This thaeforms quantification of turbulent diapycnal diéion which is a balance of
turbulent overturning against a stably-stratifiedchkground as characterised by the buoyancy frequesgmiared
N2=(gip)(dp/dz). Wesson and Gregg (1994) set the scene foretbearch theme surveying turbulence quantitiethén
exchange-dominated Straits of Gibraltar where these able to quantify key turbulence parametersiaen both by internal
shear and boundary mixing.

Mater and Venayagamoorthy (2014) lay out a pigtaepresentation ofergth-sealelength-scadn stratified
turbulence. The observed Thorpe overturning stalés a relatively measurable quantity associatet a¢ean structure and
can be considered the energy baring scale. ThisAined constraindaly the Ozmidov scale @=[¢/N°*?) that identifies
the limits to growth of eddies and also the Kolmmyolergth-scalelength-scalgx=[v®/c]¥*, v is kinematic molecular

viscosity) where turbulent fluctuations are absdrbg viscous damping forces.

from a combination ofiN-and-velecitySh-to-be-inferred-frontelatively achievable measuremefitsRecenthyMater et al.
{2015; -andScotti {2015) explord the veracity of this long-used approach in a \grad conditions. FypicattyTypically,
hewever this has been examined in the deep ocean andsedaway from the more energetic conditions.

The present paper uses microstructure and ovedtaianto report on the stratified boundary layspomse and mixing

in the unique situation of Cook Strait as an ai@eding our knowledge around oceanic turbulericis.instructive to compare

Cook Strait with other straits of note (Table 1)itas essentially oceanic, and so relatively wgadttatified, with the gin

Table 1 being a maximum as observed through anahgale. The table includes representative esémaf the Reynolds

number and a bulk Richardson number (Rif/Au2 whereAu is the top-bottom velocity difference (Ri~<1 iﬁ'@sjﬁvgeﬁal% - {Formatted: Font: 10 pt

N ‘[ Formatted: Font: 10 pt

stratification). The remarkable aspect for Coakifis its tidally induced currents and so progdeuseful location (Fiqure\\\ -
A \{ Formatted: Font: 10 pt, Superscript

1) because of the very fast tidal flows in reasbndbep water.A number of questions arise: (i) Do weeactually observe \{ Formatted: Font: 10 pt

Formatted: Font: (Default) +Headings (Times New Roman)

U

high dissipation rates? (ii) How does the Thorpal&compare with the Ozmidov Scale? (iii) Follogifrom this, can a fixed

ratio be assumed and so allow estimatioa?fiv) How does the turbulence compare with otleits?

2 Location and Sampling

Cook Strait, the channel separating New ZealaNdish and South Islands, connects the eastern TaS®a to the
Western Pacific at 42_G-igure 1) At its narrowest point it is 22 km across, w&h0 and 350 m average and maximum
depths, respectively. Its fast-flowing tidal cumt® have been the focus of a number of studiesuding the notable
observation that the semidiurnal tide is around dé@rees out of phase when considering the oppesis of the Strait
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(Heath, 1978). This phase difference drives sultistiaflows, reaching as high as 3.4 thduring spring tides (Stevens et al.
2012).

Background velocity data come from two instrumednteorings deployed at the “third points” across tiarrows
(Figure _1)for a period spanning two years, in two deploymestarting in August 2010 and continuing throughilun
September 2012. Each mooring contained an upwaodltéag Teledyne-RDI 75 kHz ADCP mounted in a Hiuta
Technologies syntactic foam float and moored wit &g of iron and 10 m of chain. The ADCPs logged0 minute
intervals, sampling into 8 m depth bins. Eachtfloantained a Seabird microcat (SBE 39) condugfieimperature/depth
sensor placed beneath the ADGRsch-—Fhe-micrecats-wesampled at 5 minute intervals. This enabled compamwith
satellite-derived sea surface temperature for #here of the strait. With such highial flow rates it is not possible to
adequately moor instrumentation near the surfadbeasnooring is “knocked down” meaning that neafete data are not
observed during high flows.

Microstructure profiles were recorded with a VMBS ertical Microstructure Profiler - Rockland Ocesraphic,
Victoria Canada) instrument. This free-falbose-tether package supported two shear probes,fdst thermistors,
accelerometers and a Seabird Electronics (SBE)umivity and temperature sensor-pair. Thirty-fpoofiles were collected

using the 14 m twin-hulled jet-boat Ikatere dursngumber of expeditions from 20882012but the bulk come from a 12

day period in 2012The timing of the profiles during the 2012 samglis shown in Figure 2. It is difficult to captextended

periods of contiguous sampling because a vesselbdgimanoeuvrable to conduct the experiments émero weather

limitations. Sampling over three days in 2012 eesd on periods spanning northward, turning andhseard tidal flows

(Figure 2).

al diin tn th 03 tial for foull " H 1t DC eahloc that aeracc th traf
app to-the-potent ling-on-subimathigh 5 & rait.

Traditionalmi tructie

greater variety of conditions
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The profiler captures temperature and condugtilétta, however this sensor-pair is un-pumpede@oice vibration

contamination of the shear probe) and so has aattmalconductivityresponse and is relatively sensitive¢eponse-time
mismatch inducedpiking. A fast response conductivity sensor wautfed in the measurements which gets around the
response issue but had its own idiosyncragiesto foulingand will not be examined here. Correcting un-pachpalinity
estimates is becoming more common with ocean ghgetications (Timmermans and Winsor, 2013), howdve present
profiling application is a more rigorous challenggeing a derivative quantity, N:mphasises any spikes or noise. The bulk
temperate-salinity relationship for the region édatively well-ordered and so this enables denf&ityeach profile to be
calculated using thieigh-gualityhigh-gualitytemperature and ¢fs bulk T-S relationship (for that profile). While this would
not be particularly reliable for absolute densisyimation it is sufficient to generate an estimate of theyancy frequency
squared R The density profile contains fine-scale oversuand this also resulisin a challenge for Rlestimation. Mater

et al (20165) review methods for calculating?Nand here the patch-averaggiflused based on a density-sorted profile. The
removal of salinity spikes from the original prefiflata was found to have the greatest impact oNtlestimation.

The microstructure data werecorded using a pair of orthogonally mounted skeasors. The shear data

were recorded at 512 Hz apdocessedh-the-usuabwaystaesoleinrgthe dissipation rate (Wolk et al., 2002; Macoun and

Lueck, 2004._This involved first de-spiking to remove spuridtensient records, most likely due to encountebimdpgical

organisms. The dissipation can then be deternfioedthe integration of shear. However, befors thicalculated the useful

limit of the data needs to be determined. Unlikenynanicrostructure applications, there is a higalgo noise ratio. What

challenges these data is profiler vibration (Wdllak, 2002). The profiler also samples packagéianausing a triaxial

accelerometer and this provides a cut-off poitthénuseful shear data, beyond which the spectrgadded with the Nasmyth

spectrumMacoun and Lueck, 2004-The data were separated into dissipation rate attgifrom eachf-asensopairusing

5m depth bins.The requirement is that the profiler be passingufh the water steadily over the period of anyegibin.

Vertical speed is resolved from the pressure sessdhat conversion to wavenumber requires religblecity estimation

(Wolk et al., 2002). Figure 3 shows the profileog speed and its variability reflects the degriegeatical turbulent motion

wave effects are apparent. Deeper down it is ¢hedithere is variability in the character of thep speed variations, although

over periods longer than that required for the %emical bins. The shear spectrum was generateghith depth bin and then

compared with a pseudo shear spectrum generatextifi® accelerometer data. The cross-over poiowvell—Anr-approach

thatidentification ofesthe noise limit in the shear spectranove which the signal was-and-theeplacels this with athe

Nasmythmodel spectrumis-applied-attheugh with the generally high dissipation rates this wasanparticularlydeminant

significantcorrection.
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Having resolvect and N this then enables a number of derived quantitieBet calculated. The Ozmidov scale
Lo=(e/N®*? identifies the upper bound at which eddies shotil" the stratification. One might expect oversiras

identified using the 4, to be equal to, or smaller thas.L Dillon (1982 feund observed the ratio to be/Lo, =0.8%%x This

calculation strugglesith-in regions oflew weakgtratification where locally-small Niives results im very large scale. This
makes sense as weak stratification fails to retizolilence However—buit canalso lead to-b@on-physicabutcomesas
the scale will eventually exceed water depth. Wéstical (~diapycnal) diffusivity Kis commonly calculated as, ¥ €/N?
with M'=0.2 an assumed constant. While convenient, tisesiegood deal of evidence to suggest tha not constant for

example Bluteau et al. (2013) suggested resulted iorder of magnitude over-estimation of mixintp+rand-varies-between

. This will be returned to in the Discussion.

Given the nature of the salinity structure, adhwi{esson and Gregg (1994) and others, we use the pnecisely-
known temperature to define overturns. The Theqage I is often taken to be some average of displacestais over a
given depth bin. However, this fails to recogniisat the enclosed nature of an overturn can seit@ral envelope to the
estimation (Mater et al, 2015) so that moving through the profile and summingldisements, one can see the start of an
overturn and then maintain the swindisplacements until the nett displacement is binobgck to zergwithin some errox.
This has the same effect as the centedyth—sealelength-scalproposed by Imberger and Boahash (1986) whereby
displacements were aggregated at the centre ajvireurn. BAlse-by using the microstructure temperature sensor dgcor
the lower limit to this scale isas a-netastimited-bysmallspatial resolutiop-as-it-is-withthara traditional CTD thermistor

sensor.

3  Results

The nature of the high flow rates in the strailisstrated with a day-long sub-section of the tyears of velocity
data from the eastern side of the Strhitiire 4Figure-B The relatively poor data depth coverage is wui@strument tilt,
which while remaining within usable tolerances, sleracerbate side-lobe interference from the serfeéhile predominantly
north-south, the vector sum indicates local speedshing 3 m-$at a water depth of around 30 m (speeds aboveaire
known). The flow at this location is not symmetriith southward flows being 20-50 % smaller.

Vertical velocities reach 0.1 rit svith greater high frequency variability when comegiito the horizontal flow signal

— this compares with variation observed in profdeop speed (Figure 3)Backscatter structure has some correlationdo th

flow speed, with the fast flow periods heraldingrieased backscatter through most of the measuredt e@dumn. The bulk
velocity shear is described in Stevens (2014) hachsymmetry is particularly clear with levels f@ag maximum values of
+/-0.01¢8.

The comparisomvith-of mooredand remotely sensedhta Figure SFigure-Yisuggests that, despite the energetic

nature of the strait, it is not fully mixed duritlye austral summer (Steve2612201). The data are insufficient to indicate
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if the strait is often stratified in density butistclearly not homogeneous in temperature fogaificant portion of the year.
Temperature differences between bed and surfacesdeege as & (primarily in the November-April period). Consitiey
the same data in T-S spadégure 6Figure-pshows the seabed and surface temperatures spaartie range essentially.
Three selected microstructure profiles (A, B andi@nonstrate the vertical structure with vertieisity differences reaching
as high as 0.5 kg Fhover the full depth of the water column. The Isalinity data (S<~ 34.4) is seen in Stevens (26hd)
appears-to-beresults ab-menth5-montHong period at the start of 2012 where the eastesoring sustained lower, ut
kept a similar T to other moorings at the time.emofiles come from right at the end of this pdramd so do not exhibit
anomalousalinitieseut-ef the-erdinary

Before considering the turbulence datareaseseit is useful to look athe someletails ofselected-some-individual
profiles. The example profile A-{qure 6Figure-pis one of the more strongly stratified obserwethie strait. The details of
this profile [Figure Arigure-Yillustrate the effect of the conductivity senbeing un-pumped. However, the profile structure

at the macroscale is monotonic in temperature artéraperature displacements are dynamically meadingtratification

antNei’[herAijei _ - ‘[Formatted: Font: Not Italic

h \[Formatted: Font: Not Italic

nor the dissipation rate structuvaried greatlythrough the water columeidn't-vary-greatly Near-surface values efwere
low, but increased to hold a near-constant levelugh most of the water column, then rising nearlibd. The large central
overturn, as identified with the Thorpe analysimtained the majority of the vertical variabilityd in the profile supporting
the decision to keeprlande calculations separatelhe -Bdffusivity_proxy (panel cyilt-befecused-on-in-the-Biseussion,
heweveritis notable that in this one instance, the combinadd N imply K, exceeds 0.1 fs?, i.e.verylarge. As will be

returned to in the Discussion, Bluteau et al. (3Gitid that these large mixing events might thewselbe underestimated.

The profile B Eigure 8Figure-Bdiffers from profile A in that it has a large quhomogeneous upper portion of the
water column. Stratification results in a redud&doeing as low as 10s? but increasing with depth. The dissipation rate
structure increased with depth through the wat&mao (i.e. in tandem with the stratification). Theak stratification was
still sufficient that overturn scales were smaitbtighout the water column except for the large upperturn that exceeds 80
m in scale. Interestingly this coincided with gupar layer ofow dissipation rate. However, this may be due thim low

salinity surface layefc.f. Bowman et al. 1983jyith a compensating low temperature, and is a edmze density rather than

temperature should be usedgauge overturnsin this example, the combinedaind N imply a K, proxy peaking at around
0.1 nfs* but mostly an order of magnitude smaller.

The final profile example described here, profil§F@jure SFigure-) sustains a lower quasi-homogeneous region

zones. The dissipation rate structure here isddahwith a mid-depth minimum. Overturn scalesdaiéd the dissipation

rate trend with an especially large structure tieaibed. Dissipation rates at the bed exceede@®wikg®. The variability
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This extremely high value is to be expected imavfknown to move large boulders.

4  Discussion

Arethedissipation rates actually large?

The distribution of dissipation rat€ifure 10Figure-14) shows the level of turbulent kinetic energyidsrred by
€) extends over five orders of magnitude. Whilelthear average is around 2x480V kg'-, extrema can exceed 1OV kg™.
In addition, most unusually, there were almost siingates down at the instrument noise floor arol®dt? W kg*. Scaling
these estimates over depth, taking the perspectimenumerical modeller looking to resolve frictitmsses through a Strait,
suggests between 0.6 and 30 W are lost through turbulent dissipation (c.f. sapRl Mandab of a maximum around 0.2

W m?, Jarosz et al. Z517).

It is easy to ignore bulk Re in ocean physics, m&sg correctly that any Re calculation will be ‘gef. However- - - {Formatted: Indent: First line: 1.27 cm

at the turbulence scales buoyancy can potentifflgctaoverturns and re-stratification. The turbil®uoyancy Reynolds

number Re (=¢/[vN?]) identifies how velocity fluctuations, and anysasiated buoyancy flux, evolves and decay. In the

which approaches the levels of detectiofhis is larger than the range observed by WeasohGregg (1994) whan the

much stronger stratification of Gibraltmawrere Rgvaluesmore commonlharound 18-10%, but still withhigh- somevalues

Re,reaching 1&or more.

It is a particularly challenging environment to fil®in, due to the fast flows and strong windsmimned with the

relatively long profile durations. A profile andtrieval pair would take around 30 minutes to catgglin which time the
vessel would have shiftexs much aseveral km. Keeping the vessel on station wapossible as thstrumentine would

pay out-tee-far-argb great a distance that line-drag would mean-ftes-fall would ceaseMoving the vessel with the line

proved too risky in terms of entangleme@bnsequently, sequences of two to three profikre recorded before repositioning

wasrequirethe vessel

Other sampling strategies have been considereH,dsa comparison and as a way to extend theelat@cean
glider-mounted microstructure would be affectedhry substantial vertical flows. Bed-mounted tuelmgle sampling will be
subject to mooring blow-down so that the sampliagkage will be constantly moving through the veiticSurface-floating

gear is affected by the very substantial surfaceevfield. In the instance of Cook Straignd free-drifting mooring-based
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sampling is unlikely to get regulatory approval do¢he potential for fouling on submarine hightagie DC cables that cross

the strait.

Traditional microstructure profiling thus appetgshethe mostarelatively suitable option for now aswe - ‘[Formatted: Indent: First line: 1.27 cm

seek to capture a greater variety of conditiongeeislly during the spring tides. The fast flowsan an ability to rapidly

reposition is thus an advantage, meaning a smadlesel in good weather was a better option thearget vessel able to

handle rougher conditions. The end result oftal trade-offs was that we have yet to work out & teacapture a regular

sequence of profiles through a tidal cycle in dffedy the same location—HeweverHowever, we hbuét up a dataset

through all phases of the tide, though only frolimited set of seasonal conditions and not in tey Jastest flows.

Doesthe Thorpe Scale vary systematically with the Ozmidov Scale?
A cross-comparison offlwith Lo, (Figure 1tFigure-3Pshows a systematic co-variation but one tharigrbm 1:1.

In addition,- rM Ly greater than 100 m were observed despite the watemn exceeding three-times this and with weak

stratification. The calculated.o,, on the other hands not actually physically constrained and in seliastancesinstances,
it exceeds the water depth. Consideringdalistributions of k with Lo, the observed Thorpe displacement scalésL
substantially smaller than the buoyancy-controliedt Lo, by an order of magnitude at smaller length-scal€ke two

estimates come closest at arouré LOm (being around 50% ob4).

———Wesson and Gregg’s (1994) observations of turbelep@ntities in the Strait of Gibraltérd-foundthat the lo; (Ls

in their notationeempares comparegssentially 1:1 with +, with most estimates falling within a factor oé#her side.They
also found this degree of scatter held throughveittater column. This differs from that seen H&igure 12) where therL

is substantially smaller than the.lby as much as a decade at smaller scales. Ttierssaalso larger in the present data as
this also is around a decade either side of thenmaeie. This latter point may be driven by thethod-used-to-caleulata:L
Fhepresent noise-rejection conditiomean resulting inthatthere-dewer very small b, (say <0.5 m) whereas the Gibraltar

data drop to as low as#@n. In addition, the present use of the microstructemesors to estimater allows this to extend to

smaller values. Furthermore, hetpresentCook data exhibit a possible split in behaviouruad Lo=10 m whereas the

Gibraltar data only hints at this. Making the sazoenparison with the Dunkley et al. (2015) GulfAzfaba observations
ranging over k=0.1-10 m, the distribution is almost a mirror eefion around the 1:1 line from that observed inlC8trait.
In the Gulf of Agaba results, the kexceeds on average the; by as much as an order of magnitude trend also seen in the

—Bluteau et al(2013) dateshew-a-similartrend Finnigan et al. (2002) used the &pproach to estimate turbulence in the

vicinity of a submarine ridge, and cross-comparisonwith strain-derived estimates of

P /{ Formatted: Font: Symbol

£(g suggested it was applicable at least where thesedstectable stratification. ™ ‘[Formatted: Font: (Default) +Body (Times New Roman)
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While field studies are typically compromised imsway, complementary analyses through direct nigalesimulation (e.g.

Smyth et al., 2001) provides supporting evidenee there should be a systematic variation in thpiecal overturn scale

the random age captured by sporadic profiling. N { Formatted: Subscript

(D Y

One of the challenges in ocean turbulence isstialies are so intense, focused and idiosynciaicthey tend to be

analysed in isolation and rarely synthesizefk a counter-example to thiMater et al. (2015) collated three open-ocean

turbulence experiments from (i) the North Atlandicaround 3000 m (NATRE, Toole et,ad994), (ii) Brazil Basin mid-
Atlantic at around 3000 m (BBTRE, St. Laurent et2001) and (jii) Luzon Straits at around 2500-300QWVISE, Alford et
al., 2011). Here we consider the present data indbigext Figure 12Figure-33 _The ratio of Iy to Lo; in thesedeep

waterdeep-wateexperiments was considered against adn-dimensionalised by thergth-sealelength-scaéxtracted from

the ratio lx/Lo.growing with increasing eddy size. All but the NRE data have significant proportion of data lyinigwr
<Loz The present Cook Strait data illustrate this espeost strongly nearing an order of magnitude Enait low Ly.
Furthermore, the present data extend into the $angen-dimensional Lspace. Mater et al. (2015) suggest that while the

experiments are deep-water they are still constchirertically by convective scales.

Does Lod/L 1 allow estimation of €?
A comparison oflirect shear probdissipation rate estimateof Lo, € and the Thorpe Scagle-Lindicatesa broadly _ - {Formatted: Subscript

N ‘[Formatted: Font: Not Italic

comparable trend but that the comparison is nofRidure 1tFigure-2Pwith the departure growing for larger scales.efeh {Field Code Changed

h \[Formatted: Font: Not Italic

(/N /|

takingconsideringhe Lo,=[¢/N°]*2 and assumingd./Lr is fixed such that é,.=als_then we arrive at a simple expression for

€ within that overturn. The direct average (squapesvides a close comparison between observecestimateck. This
agreement holds from 2x20V kg™ through to 2x10W kg?, with only one or two departures. The most natatging at 10
SW kg where it is biased high by a very larger outlreatis so anomalous thatshould possibly be discounted. There is an
obvious family of outliers in the upper 30 m of wathat are anomalously high in terms of the pateisesl estimate®a1?N°

of dissipation rate. Most likely this is a resoftsome surface-driven stratification effect thitler (i) affects turbulence in
some systematic way, or (ii) confounds the tempeeabbased density correction. The log-based cosgais around an
order of magnitude smaller. This is included idearto compare this representation viithure 11Figure-12

While the Iy never approaches the full water depth, they agelgiven the flow speeds. Stevens (2014) measured

velocity shear at bulk scales (i.e. resolved from 8DCP bins) reaching as high as 0.31 The velocity variation over an_ — {Formatted: Superscript
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speeds suggesting that it might influence the degfeisotropy by straining eddy structure in theitmntal direction. A

similar effect should be expected in slower but mdeeper systems such as Bussol Strait (Tanada2f1at; Bryden and

Nurser 2003).

Implicationsfor, and of, diapyenal-diffusion-estimatesmixing rate estimates

Thel=0.2 “constant” is a clear point of contention fie iterature (e.g. Dunkley et al., 2012; Blutedale 2013;

Mashayek et al., 2013). Bluteau et al. (2017) dselan approach that takes microstructure proéiles resolves the

diffusivity “directly” fitting a model for dissipabn of thermal variance to the convective-inertgalbrange (i.e. lower

wavenumbers than the dissipation scale). The Bluét al. (2017) analysis suggests that improveghason of the thermal

diffusivity indicates that the fixed mixing coeffiamt might underestimate mixing by a factor of 8he mean especially for

the more turbulent event€Extending this by applying the Osborne diffusivityethod sees an average diffusivity is around

0.04 nt s* and exceeding 1 fis* (Figure 10Figure-1if). One might expect a 300 m water column to themomogenised

in a time (2/K,=) 300%/1=25 hoursbut this might be as little as 5 hours if thetBhau et al. (2017) increased estimate of K - ‘[Formatted: Subscript

were to hold Tidal excursions due to the semidiurnal tideimsaifficient to flush the strait in a single cycladeed, with a
net drift of around 0.02-0.1 m'gStevens2014) it takes many tidal cycles. This suggesas, tat these most energetic of

mixing conditions, we should not expect to seeatified water column as it should get mixed over multiple tidal cycles

at least, there is clearly a scalar gradiehtassibly, the observations need to be restructanedcollected drifting with the

flow to better follow the evolution of mixing.

Lafuente et al. (2013), in their explorationtbé impact ofvertical diffusion of biologically relevant scalarsthe
Straits of Gibraltar, found a highly two-dimensibsiduation whereby the mixing is highly spatialigriable with the presence
and location of an internal hydraulic jump beingyemportant. In a similar way to Cook Strait, itheimulations show,
despite the reasonable tides and strong estuaintdation, it takes some time for well-mixed water exit the system.
Lafuente et al. (2013) set their background verrtiiffusivity to 107 m? s* and also prescribed a maximum of4@? s in
order to “avoid unrealistically high values”. Whihaving the potentially very small?Nn the denominator for Kis
problematic, the very largeand Ly make it reasonable to assume, with finite N, thatlarger K estimatesare useful in a

bulk sense+ebustThis suggests future work could apply the apprasfdBluteau et al. (2017) to profile data to capttire

large Kevents. - ‘[Formatted: Subscript

While the focus here is on vertical structure arigimg, the horizontal perspective is also of valughe Strait has

been identified as a dividing line in terms of exptal structure (e.g. Forrest et al., 2009). Thplication is that there is not

a great deal of transverse (across-strait) trahspbhis supports the focus of the present workiten vertical structure.

18



10

15

20

25

Furthermore, over the time it takes to drift thrbube strait all vessel tracks tended to be onxanaligned with the strait.

Over these scales of time and space the strditigdsathymetrically reasonable consistent. thans to conduct a study that

will adequately quantify across-strait mixing, #esociated drivers and the moderating influenceedfcal mixing.

How does the turbulence compare with other straits?

While the present focus is on turbulent length-asahther than their oceanographic context. Stue@mining - - ‘[Formatted: Normal, Indent: First line: 1.27 cm, Line
spacing: Double

flows through stratified straits, both in a netseand in exchange conditions, classically viewntleehanics in terms of non-

mixing internal hydraulics (Helfrich, 1995; Hoggadt, 2001). This enables identification of phemoa such as control points

and the presence of hydraulic jumps. The extensi@onsider the role of turbulence and mixingrifiuencing the system

uses bulk estimates of, KHogg et al., 2001). They were able to demorestifzat by varying the mixing coefficient a strait - { Formatted: Subscript

system could vary between inviscid hydraulic capnds through to a mixing layer. This highlighte theed for more direct

observations of mixing in such situations.

While Stewart and Grant (1999) identify the highyRelds number in Seymour Narrows (Discovery Passadgsh

Columbia), it is clear that deeper costal systekes Cook Strait and much deeper oceanic constristi@.g. Tanaka et al.,

2014) create even higher Re conditions. It isdliff to draw general conclusions describing stoaiaviour from any one

situation as Gregg and Ozsoy (2002) noted wherirqudblstoy to highlight field idiosyncrasies. Wéhihe quote was in the

context of the Bosphorus, the canonical straithet $cale is probably Gibraltar, the scene of sofnthe first systematic

turbulence quantification (Wesson and Gregg, 1994jese authors state that their 1994 results érdtian being definitive,

these results are only the beginning of turbuleneasurements in the Strait of Gibraltar”. Whilesthas not really turned

out to be the case for Gibraltar, the approachrasdlts spawned a range of studies in comparabtersg (Table 1), with the

ensemble providing a natural laboratory for explgra range of ocean mixing phenomena.
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Figure 1 Location showing (a) New Zealand, and iwithis, (b) Cook Strait Narrows is bounded by C@peawhiti (CT) to the east and
the headlands of the (shaded) Marlborough Sountietevest and with the Cook Strait and Nicholsony@as to the south (CSC and NC).

The 200 m (solid) and 400 m (dashed) depth contaresmarked, as well as the shoal at Fishermank ). ADCP moorings are

marked with blue circles. The microstructure daime from profile regions V1 and V2.
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Figure 1112 Scatter plot of k vs Lo colour-coded by depth. Lines for unity and fas£0.8Lr are shown and associated histograms of

length-scales are shown also. Averages were eadzliin log10 space and 0.5 m was considered adoawend for loz.
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