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ARTICLE INFO ABSTRACT
Keywords: To study potentially turbulent water motions near the deepest point on Earth in the Challenger
Challenger Deep Deep of the Mariana Trench, a 588-m long string equipped with specially designed sensitive

Long-term mooring

Sensitive temperature measurements
Convective turbulent intrusions
Internal wave driven turbulence
Direct bottom-effect of tropical storm

temperature sensors was moored for nearly three years. Detailed analysis of one year of good data
distinguishes ubiquitous internal tidal waves and hundreds of meters slanted convection turbulent
spurs due to internal waves’ breaking from above. The spurs, or intrusions of anomalous waters,
can occur on a tidal periodicity. Some tidal wave breaking including 100-m tall turbulent over-
turns reaching the trench floor is associated with warm waters that push from above, and of
which the largest occurred during the passing of a tropical storm. The various turbulence types
prevent the hadal, below 6000 m, waters from being stagnant, which is an important necessity for
deep-trench life.

1. Introduction

As marine life including microbial activity have been found more active in deep trenches than in surrounding deep-ocean waters
(Glud et al., 2013), sufficient supply of nutrients and energy are expected in the ‘hadal’ zones, i.e. waters deeper than 6000 m, of the
ocean. Transport and redistribution of such supply require small-scale turbulence rather than smooth laminar flows. This was already
noticed in the 1950’s (Bogorov and Kreps, 1958). It led to the negative advice of burying hazardous waste in deep trenches and to the
consideration of potential importance of turbulent convection by general geothermal heating (Tareev, 1959). While marine species
have been observed at such great depths (Jamieson, 2015; Gallo et al., 2015; Nunoura et al., 2015), establishment and quantification of
the relevant turbulent processes have been very limited in deep trenches. Logistical problems including the effects of large ambient
pressure are a major obstacle for deep-trench observations.

As the ocean is predominantly heated from above by the sun, and warm waters are less dense than cold waters, the result is a
generally stable vertical density stratification. Whilst solar radiation penetration reaches only a few hundred meters below the ocean
surface, heat and stratification reach all the way down to trench floors. This deep reaching of relatively warm water is mainly due to the
mechanical work of downward turbulent diffusion. The dominant turbulence generator is the breaking of internal waves (e.g., Eriksen,
1982; Thorpe, 1987; Sarkar and Scotti, 2017), either shear-driven in the ocean interior or more buoyancy- (convection-)driven near
sloping seafloor topography. The deeper one gets into the ocean, the generally weaker the stratification while turbulence may increase
over (sloping) topography. With increasing depth, freely propagating internal waves become slower and less energetic. Their fre-
quency traditionally ranges between inertial frequency f = 2Qsing, the vertical Coriolis parameter of Earth rotational vector Q at
latitude ¢, and buoyancy frequency N of vertical density (p) stratification dp/dz « N2. In deep trenches, stratification is extremely weak
but non-zero as N = O(f).

Under such weakly stratified conditions two important physical processes are modified in general, compared to well-stratified
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conditions N > > f. First, in weakly stratified waters of about N = f the range for freely propagating inertio-gravity waves (IGW) is no
longer [f, N] asin N > > f, but modifies to [6in, Omax] = [0.6f, 1.7N]. The above IGW-limits are computed as [Gmin, Omax] =1/ \/ 2e[(A-
B)2, (A+B)'/?] where A = N? +f2 +f2 and B = (A%-(2f(N)®) 2, with f, = fysina, f, the horizontal Coriolis parameter and o the angle
north of east, which results in limits below f and above N, respectively (e.g., LeBlond and Mysak, 1978). The effect of the inclusion of
the non-traditional fj, is to divert near-inertial waves from near-horizontal propagation in N >> f to more vertically, in the direction of
Q, which is at a large angle approaching 90° to gravity in tropical waters. Instead of being near-circular as in N >> f, near-inertial
horizontal motions become more elliptic in weak stratification, and a non-zero vertical current component is observed together
with non-zero isopycnal excursions.

Second, the weaker stratification leads to a weaker restoring force for IGW, but also less restriction for turbulent overturns that can
grow up to 100 m tall. In the deep ocean, such large but slow turbulence still distributes heat from above, in competition with
convective geothermal heating from below. Although trenches are near volcanic arcs, they are characterized by low geothermal
heatflows of about 25% (25 mW m™2) of general ocean-floor values (Uyeda and Horai, 1979) due to the relatively thick crust of
subduction zones (Uyeda, 1984). Such reduced heat-flow may nevertheless generate convection turbulence, which may be detectable
in very weakly stratified waters. In such waters, convection plumes, lasting long enough compared to the time-scale of f, may divert
from the direction of gravity to that of the Earth rotational vector under the action of f;, (e.g., Straneo et al., 2002; Sheremet, 2004;
Wirth and Barnier, 2006). Unknown are the different contributions from geothermal heating, horizontal flow advection, internal tides
and near-inertial IGW and shear to turbulence near trench floors.

In order to measure above modified processes one needs sensitive instrumentation. Besides a few short-term, mostly cable-lowered
observations (e.g., Taira et al., 2005; van Haren et al., 2017), the only moored and hourly sampled current measurements so far near
the deepest point on Earth, the floor of the Challenger Deep in the Mariana Trench, showed typical amplitudes of 0.02 m s with a
dominant semidiurnal tidal periodicity (Taira et al., 2004). Although Taira et al. (2004) did not provide spectral information, they
mentioned sub-peaks at diurnal and inertial frequencies. In the West-Pacific, surface tides are mixed with roughly equal contributions
at diurnal and semidiurnal frequencies (Gerkema, 2019). The observed tidal currents may be related to internal tides, whether
propagating from local or remote sources (Jayne and St. Laurent, 2001; Morozov and Velarde, 2008). However, turbulence could not
be calculated from these moored observations.

Compared to trenches, in a similarly low-stratification environment of deep Lake Baikal, observations by Ravens et al. (2000) using
a shipborne microstructure profiler indicated a vertical mean buoyancy frequency N = 2 cpd (short for cycles per day), mean dissi-
pation rates € = 0(101% m? s and mean vertical turbulent diffusivities K, = 1-9 x 10°> m? s, These values compare well with values
from shipborne CTD-observations from the Challenger Deep, Mariana Trench (van Haren et al., 2017; 2021). Near the CTD-site, a 7-km
long instrumented line with high-resolution temperature (T-)sensors was moored. Preliminary results were reported from a short 6-day
period when the mooring did not move, confirming such above turbulence dissipation rate values near the trench floor and which were
hundred times larger than some 4.5 km higher up (van Haren, 2020).

In this paper, an elaborate sequel of the preliminary results is presented for near trench floor T-sensors after considerable post-
processing, first of shipborne CTD-data that are necessary for referencing and computation of turbulence values (van Haren et al.,
2021), and subsequently of the moored T-sensor data themselves (van Haren, 2022).

2. Methods

Hadal-zone internal-wave induced turbulence is studied using 295 high-resolution T-sensors that are specifically rated to withstand
a pressure of 1.4 x 10* dbar (1 dbar = 10* Pa). The stand-alone sensors are moored at 11° 19.59’ N, 142° 11.25' E, and 10,910 m water
depth in the Challenger Deep, Mariana Trench, close to the deepest point on Earth (van Haren et al., 2017), between November 2016
and November 2019. The local planetary inertial period is Tf = 2n/f = 2.54 days. The 7-km long mooring consisted of flotation
providing 2.9-kN net buoyancy at its top 4 km below the ocean surface, more than 6 km of slightly buoyant 0.006-m diameter Dyneema
rope as a strength member, and two acoustic releases at 6 m above the anchor-weight. Two sections of instrumentation were in the
mooring line: One around 6 km consisting of a single-point Nortek AquaDopp acoustic current meter (CM), and one between 595 and 7
m above the trench floor consisting of the 295 T-sensors. The current meter sampled at a rate of once per 600 s, the T-sensors at once
per2s

All NIOZ4 T-sensors (thermistors developed by Royal Netherlands Institute for Sea Research; van Haren, 2018) were attached at
2.0 m intervals to a 0.0063 m diameter nylon-coated steel cable. Their clocks were synchronized to within 0.02 s via induction every 4
h. The sensors’ precision, or relative accuracy governed by instrumental noise and short-term drift (Huber, 2018), is less than
0.0005 °C; the noise level less than 0.0001 °C and, after aging, drift maximum 0.001 °C mousually for the first month after
deployment and typically smaller by a factor of 10 later on. Electronic (noise, battery) problems caused failure of about 20% of the
sensors after one year and their data were linearly interpolated between neighboring sensors. The extremely weak stratification with N
~ 2 f(van Haren et al., 2021) requires a second order pressure correction (van Haren, 2022), besides standard noise and electronic drift
correction via polynomial smoothing of short-period average profiles during post-processing (van Haren, 2018). The second order
pressure correction covers the effects of large-scale surface waves, such as tides, and mooring motion. A vertical variation of 1 m
against the local adiabatic lapse rate of — 10 °C m™! shows as 200-m tall artificial internal waves that appear uniform without phase
variation over the sensors’ vertical range. Mooring motion up to vertical variations of |dz| = 10 m as measured by the pressure sensor
of the CM at z = —6.1 km are successfully corrected after fine-tuning the post-processing per six-day periods. As a result, about 85% of
year-long good T-data can be analyzed in detail for internal wave turbulence to a precision < 0.0002 °C for originally sampled
unfiltered data over short 6-day periods (van Haren, 2022).
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For reference, shipborne SeaBird 911 Conductivity Temperature Depth CTD-profiles were obtained at about 1 km from the mooring
site. One profile came to 50 m from the trench floor (van Haren et al., 2021). After correction using water-sample data, the CTD-data
are used to reference the moored T-sensor data in absolute value. The CTD-data are also used to establish a consistent
temperature-density (variations) relationship of ad® = 8617, @ = —0.55 + 0.03 kg m? °C'l, which implicitly includes salinity con-
tributions to density variations. This relationship is used for quantification of turbulence values from the moored T-sensor data. The
error in a is partially attributable to (small) salinity effects. Here, 611 represents density anomaly referenced to 1.1 x 10* dbar. All
analyses are performed after transferring temperature into dynamically correct Conservative (~potential) Temperature (©) using the
Gibbs-Sea-Water-software (I0C, SCOR, TAPSO, 2010) and using constant-in-time Absolute Salinity values from CTD-data. Potential
errors due to varying salinity by 10 g kg™, as observed over the entire T-sensor range, yield an error of +2 x 10 °C in ®, which is
below detection limit of the moored T-sensors.

From the moored T-sensor data, turbulence dissipation rate ¢ = c2d®N2 is calculated, for each time-step t, using the method (Thorpe,
1977) of reordering original potentially unstable vertical density, and thus Conservative Temperature, profiles 611(z) into stable
monotonic profiles 611(zs). Here, d = min(|z-z|)-sgn(z-z;) denotes the displacements between unordered (original) and reordered
o11-profiles. N denotes the local 2-m small-scale buoyancy frequency computed from the reordered stable profiles. Tests are applied to
disregard apparent displacements which are associated with instrumental noise and post-calibration errors (Galbraith and Kelley,
1996). Such a test-threshold is very low for original NIOZ T-sensor data, with noise level <0.0001 °C. This noise level is reduced to
<0.000005 °C for corrected and low-pass filtered data considered in Section 3. As a result, the expected detectable overturn size is
<2.5m, which is in accordance with the vertical interval between sensors. Precision of such filtered data is <0.00002 °C after extended
post-processing, except for the first month after deployment.

Root-mean-square-values d;ns of displacements are not determined over individual overturns, as in Dillon (1982), but over parts of
588-m vertical intervals that exceed the largest overturn intervals. This is because individual overturns cannot be easily distinguished,
as they occur at various scales with small ones overprinting larger overturns, as one expects from turbulence, and because some exceed
the range of T-sensors. We use standard constant values of ¢; = 0.8 = Lo/d;ps for the Ozmidov/overturn scale factor (Dillon, 1982),
which is the mean value in an at least one order of magnitude wide distribution of many realizations of different turbulence type values
established from microstructure profiler data. This is the most commonly used parameterization for oceanographic data after ‘suffi-
cient averaging’ to achieve statistical stationarity (Gregg et al., 2018).

Sufficient averaging is feasible for the moored T-sensor data, both in the vertical and in time. Six-day mean values contain in-
formation from a sufficient mix of samples from shear- and convection-driven turbulence to warrant the above c; in the high Reynolds
number environment of the deep ocean (Mater et al., 2015; Portwood et al., 2019). Comparison between calculated turbulence values
using microstructure-profiler shear measurements and overturn scales with above constant led to ‘consistent results’ that support the
use of such a constant value (Nash et al., 2007).

Vertical eddy diffusivity K, = m;c3d®N; and m; = 0.2 is used for mean mixing efficiency coefficient (Osborn, 1980; Oakey, 1982).
This value for m; has also been found (to within error) using microstructure profiler in the weakly stratified waters of Lake Baikal
(Ravens et al., 2000).
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Fig. 1. Nearly 3 years of time series of environmental and deep Mariana Trench data. Yeardays (UTC) in 2017 are +365, in 2018 + 730 and in
2019 + 1005. (a) Temperature from moored T-sensors near z = —10.3 km (in cyan uncorrected; in red generally corrected for mooring motions and
tides) and z = —10.9 km (in blue detrended and mooring-motion corrected), low-pass filtered (Ipf) for noise reduction with cut-off at 30 cpd (short
for cycles per day). (b) Pressure (converted to relative vertical coordinates) measured at z = —6.1 km. (¢) Logarithm of 100-m vertically averaged
dissipation rates from moored T-sensor data around z = —10.35 km (red), — 10.6 km (green) and — 10.85 km (blue). (d) Local wind speed from
model run by Meteoblue. (e) Local air pressure from Meteoblue-model. Times of approximate passage over the mooring site are indicated of tropical
cyclone Wu(tip) and tropical storms Sa(ola) and So(ulik).
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Mean turbulence values are calculated by arithmetically averaging e(t, z) in the vertical [...] or in time <...>, or both. Mean K-
values are obtained by averaging flux-values first. Although ©-data are analyzed throughout, “temperature” is used henceforth as a
shorthand for Conservative Temperature.

Atmospheric data are obtained from Meteoblue, who use a mix of numerical models and observations from various national
weather searvices. For the Pacific, an important Meteoblue product for atmospheric data-generation is the global numerical weather
model NEMS30, see https://content.meteoblue.com/en/research-education/specifications/data-sources.

3. Observations
3.1. Year-long overview

Because the T-sensor mooring was about one year longer underwater than originally planned due to logistic problems, all
instrumentation had consumed their self-contained power well before the date of recovery. A few T-sensors provided about 1.5 y of
data (Fig. 1a), while CM was the only instrument delivering more than 2 y of data (Fig. 1b).

In general, deep Mariana Trench temperature does not vary by more than 0.001 °C over 1.5 y (Fig. 1a). Apart for the first two days
after deployment, in which both sensors gave 0.001 °C drift (not shown), one sensor hardly showed any drift through the remainder of
the record and the other, detrended in blue here, showed 0.001 °C for the subsequent first month and another 0.001 °C for the
following 400 days. Most of this variation in original temperature data is artificial due to mooring motions of up to |dz| = 20 m as
measured by the CM-pressure sensor at z = —6.1 km (Fig. 1b), and which corresponds to about |dz| = 2 m at z = —10.6 km halfway
the deep T-sensor range. These artificial mooring motions, which generate one-sided positive @-variations, are due to (mainly tidal)
sea-surface level variations demanding additional pressure-related corrections to original T-sensor data. Pressure variations due to
mooring motions follow the yearly pattern of (northeasterly) trade winds, with larger values during increased wind speeds. Exception
are the mooring motions between days 850 and 900, but by then all T-sensors stopped working. Together with instrumental drift that is
relatively large for most T-sensors and the CM-pressure sensor during the first 3 months after mooring deployment, the detrended,
mooring-motion corrected and low-pass filtered year-long records between days 430 and 795 demonstrate temperature variations
<0.0005 °C (Fig. 1a).

All T-sensor time series are low-pass filtered with cut-off at 30 cpd using a sharp double-elliptic filter that preserves phase (Parks
and Burrus, 1987). The filter cut-off is a compromise between maximum reduction of noise and passing of turbulent motions. The
low-pass filtering reduces the noise level to < 0.000005 °C.

During that one year of 75-90% good T-sensor data, 100-m vertically averaged turbulence dissipation rate for three layers vary
over four orders of magnitude (Fig. 1c). These temporal variations are not conclusive of potential sources or turbulence types from the
3-y data overview in Fig. 1, also not when compared with unlikely potential influencers like atmospheric wind speed (Fig. 1d) and air
pressure (Fig. le). Such comparison has some particular interest, as it is known that large atmospheric disturbances like tropical
cyclones do reach and affect 4-km deep ocean floors (Morozov and Velarde, 2008). Tropical cyclones generally occur when trade winds
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Fig. 2. AsFig. 1, but for one year of best T-sensor data. Y-axis scales are adapted for better visualization. In a., the uncorrected T-sensor data are not
plotted while six-day periods of F(igures) 4-8 are indicated by purple bars.
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have decreased and they are associated with increased rain-fall. Unfortunately, during the three years of underwater mooring only one
tropical cyclone (Wutip) passed over the site after all T-sensors and evem the CM had stopped working. Only one tropical storm (Saola)
passed overhead during the one year of good T-sensor data.

The one year data overview for the period between days 430 and 795 (Fig. 2) demonstrates no evident correspondence between
temperature (Fig. 2a), pressure (Fig. 2b) and atmospheric data variations (Fig. 2d,e). Generally lower wind speeds occur between days
570 and 600, without a clear reduction in deep Mariana Trench turbulence dissipation rate (Fig. 2¢). This may not be too surprising
considering the >10 km great depths. Larger atmospheric variations of 10-30 day periodicity in wind speed and air pressure are also
not clearly reflected in T-sensor data near the trench floor. While air-pressure (Fig. 2e) demonstrates semidiurnal tidal variations, a
spring-neap cycle is not visible like in (sea-)pressure (Fig. 2b).

More detailed investigation is thus required on fine-tuned corrected moored T-sensor data over six-day periods. These periods are
chosen to cover the different turbulence strengths and types, including short-scale slanted spurs, or intrusions of water, and tidal
variations (for periods in time see Fig. 2a). A cold spur is short-scale upward movement of cold water and warm spur is short-scale
downward movement of warm water. Their six-day length is long enough to exceed the local inertial period and short enough to
properly correct for drift (van Haren, 2018). Of particular interest is turbulence reaching the trench floor with the potential to
resuspend matter. Spectral information is investigated focusing on the super-buoyancy turbulence range containing either dominant
shear- or convection-turbulence, or neither. One detailed investigation associates with Saola, during its one-sided passage over the
mooring site (Fig. 3). The below presented five six-day periods add to the one previously analyzed (van Haren, 2020), which is a rare
example when the mooring motions were negligible with <0.1 m vertical deflections at z = —10.6 km.

3.2. Six-day detailed periods

For each detailed period, 6-day and 588-m mean turbulence values are given in Table 1. The applied low-pass filter effectively
removes most of instrumental white noise as will be clear from changes in spectral slope. This leaves an effective turbulence range of
about one order of magnitude to be studied [Ny max (=3-6 cpd), filter (30 cpd)]. Here, Ng max represents the maximum 2-m small-scale
buoyancy frequency, which is computed from reordered time series in addition to large-scale, in this case 196-m, N. Time series of
turbulence dissipation rate are vertically averaged over 196 m, which provides three values over the full T-sensor range per time step:
For upper (nominal vertical range —10,511 < z < —10,315 m, also referred to as “—10.4 km”), middle (—10,707 < z < —10,511 m,
“—10.6 km™) and lower (—10,903 < z < —10,707 m, “—10.8 km”) layer. As artificial effects of tidal mooring motions cannot be

Saola-end

Western Pacific

Fig. 3. Track of center of tropical storm Saola with closest passage of about 60 km North of the deep Mariana Trench mooring site (red *).
Image Source: https://commons.wikimedia.org/wiki/File:Saola_2017_track.png. Saola’s horizontal extent of intense winds have a diameter of at
least 100 km around its center, which corresponds with general tropical storm sizes (Kueh et al., 2019).
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Table 1
A glossary of deep Mariana Trench turbulence events in six-day observations. For all, 6-day and 588-m mean [<N > ] = 0.76 £ 0.03 cpd ~ 1.92

+ 0.07 f from CTD-profiles. The time-mean of small-scale per-profile-maximum <N max> = 1.93 + 0.15 cpd = 4.9 + 0.4 f = Mo. In the table, Ny max
indicates the absolute maximum of small-scale buoyancy frequencies per 6-day period.

First-day [<e>]1m?s®) [<K, >1] m?s™h) Ni,max (cpd) description
473.0 1.4+1x101° 5+2x10° 7.0 Strong turbulence from above
614.0 1.3+1x 10" 7+3x10* 3.6 Weak turbulence
711.0 1.0 £ 0.5 x 101° 2141 x10% 7.2 Tidal turbulence at floor
566.0 1.9+1x 101 1.0 £ 0.5 x 10 4.7 Spurs reaching floor
659.0 3+2x 101! 1.1+0.5 x 10° 6.5 Floor tidal turbulence Saola

completely removed from the internal wave band in the temperature records (van Haren, 2022), although some fine-tuning is done
here, the focus will be on the turbulence range. It is noted that the removal of (tidal) mooring motions does not affect turbulence levels,
it only spoils visual imaging.

3.2.1. Six-day period 473: strong turbulence from above

During a period of weakening trade winds, the T-sensor data reveal ubiquitous internal wave and turbulence activity in the lower
600 m above the floor of the Challenger Deep (Fig. 4a). During this 6-day period mooring motions caused |dz| <1 m artificial vertical
excursions at z = —6.1 km. Obvious semidiurnal isotherm variations have nearly 100-m amplitudes that vary vertically as well as in
time-phase. (They are thus representing internal waves instead of vertically uniform surface wave pressure artifacts, see van Haren,
2022). A large warming of +0.0001 °C from above is seen in the upper half, between days 474.3 and 476.8, lasting about one inertial
period before diurnal periods of isotherm displacement become dominant.

The semidiurnal variations steepen, deform and overturn, e.g. day 473.8, z = —10.8 km, and day 475.7, z = —10.7 km. The
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Fig. 4. Six-day detail of fine-tuned corrected moored T-sensor data, with relatively large mean (convection) turbulence values related with internal
waves mainly from above overprinted with short-scale spurs (see text). (a) Time-depth series of 10-s subsampled temperature with black contours
every 0.00005 °C. The trench floor is at the level of the x-axis. (b) As a., but for logarithm of non-averaged turbulence dissipation rate, with every
0.0001 °C black temperature contours from a. given for reference. (c) Logarithm of upper (red) and lower (blue) 196-m averaged turbulence
dissipation rates, with wind-speed (green-dashed) and surface-air pressure (magenta-dashed) given for reference. (d) Considerably smoothed, about
300 degrees of freedom, 196-m vertically averaged unfiltered temperature variance frequency (c) spectra. The spectra are scaled with the power law
63, which reflects the turbulence inertial sub-range. In red data around z = —10.4 km, in green — 10.6 km, in blue — 10.8 km. Inertial frequency f,
semidiurnal 2 Q and mean N and maximum N . (solid vertical line) buoyancy frequencies are indicated, besides the low-pass filter cut-off (solid
vertical line). Note that 2 Q ~ f;, & 5 f & opax (see text). The purple dashed line has slope 0 (log-log plot) and represents dominant shear-induced
turbulence. The red dashed line has slope + 2/3 (log-log plot) and indicates internal wave (intermittency). The cyan-dashed line has slope + 4/15
and indicates dominant convection turbulence. The slanted black-dashed line slopes at + 5/3 and indicates instrumental white noise.
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associated turbulence is spread vertically over up to 200 m and 1-3 h in time (Fig. 4b). In general during this 6-day period, many small
turbulence activities occur, as will become clearer once the other periods are presented. Short-scale turbulent spurs reflected in
positive temperature anomalies of 0.25-1 h duration extend vertically over up to 400 m. Such spurs were found abundant in the
previously presented no-mooring-motion period (van Haren, 2020). Like in those data, the spurs dominate average turbulence
dissipation rate data even though their duration in time is relatively small (Fig. 4c; note the logarithmic y-axis scale). While spurs
sometimes occur on a semidiurnal time-scale, e.g. on day 475, their appearance is generally more erratic, especially in the upper layer
of observations. Here, the spurs appear more intense with the inertial-scale warming from above.

Turbulence values in the lower layer however, seem to increase and decrease on a more regular semidiurnal and, between days
475.5 and 478.5, diurnal periodicity. This lower-range turbulence is not outstanding in the non-averaged turbulence dissipation rate
plot (Fig. 4b), and extends over some 100 m above the trench floor. It seems not associated with friction of flow over the trench floor as
the Ekman depth & = /(2 A/f) = 18 m using turbulent diffusivity K, from Table 1 to replace turbulent viscosity A. More likely, it is
associated with internal wave breaking, some distance away from the mooring and occasionally reaching the trench floor. For
reference, the 6-day period is characterized by moderate and steady wind-speeds, and (solar) semidiurnal periodic dominated air
pressure (Fig. 4c).

In frequency (o), six-day mean temperature variance spectra (scaled with 6>/3) show per layer a distinctive difference in turbulence
range slopes (Fig. 4d). While the upper-layer turbulence range, with largest variance, attains a slope close to the inertial subrange slope
of zero (—5/3 in an unscaled log-log plot), the deeper layers scale close to + 4/15 (—7/5 in an unscaled plot). The former slope thus
points at dominant shear-induced turbulence of a passive scalar (Tennekes and Lumley, 1972; Warhaft, 2000) during the
inertial-period warming. The latter slope points at dominant convection-turbulence of an active scalar (Bolgiano, 1959; Pawar and
Arakeri, 2016), even though the stratification is about the same for all layers.

It is not well understood how the tidal periodicity affects the convection-turbulence near the trench floor. The relative warming by
0.0001 °C during one inertial period can be advected by slantwise convection (Straneo et al., 2002) as deep waters are stably stratified
but N~2f<5f~f, =1.96 Q and thus well below the limit of f}, for stratification and internal waves when neutral non-linear
stability is in the direction of the Earth rotational vector (van Haren, 2008). It is unclear how the stable stratification is maintained
then, if not considered from an (in)stability viewpoint. This will be elaborated in Section 4 (Discussion). It is noted that opax = 2.13 Q
(for N = 2f).

Adopting such an (in)stability viewpoint it seems easier to connect with the short-scale spurs as being ‘5f-spurs’, which have a
buoyancy difference just at the limit for instabilities in the Q-direction. Thus, they could be generated by any instability like a breaking
internal wave, but unclear are their limited durations of 0.25-1 h. The spurs fill-in the gap: Their buoyancy surplus is close to the above
limit as Ng;, = 5f over the range of spurs. They come in patches of about 20-m thickness, see also the detailed Fig. 3 in van Haren (2020),
in which they have a surplus of temperature of about 0.00005 °C with respect to their immediate environment, resulting in the above
Nip. This association with slant-wise convection and particular stratification as mean small-scale buoyancy frequency is also close to 5f
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(Table 1) will be further discussed in Section 4.

3.2.2. Six-day period 614: weak turbulence

The turbulence and internal waves of Fig. 4 may be better appreciated after comparison with Fig. 5, which shows tenfold weaker
mean turbulence, about the weakest in the year-long record, and more pronounced small-scale internal waves near the (factor of two
smaller) maximum buoyancy frequency. The isotherms in Fig. 5a,b and the colouring in Fig. 5b are less intensely varying than in
Fig. 4a,b. During the period of Fig. 5, tidal mooring motions were about |dz| = 2 m. These observations were made during weak winds,
being not an episode of trade winds, but also without passage of a tropical storm. Several short-scale spurs are observed, two of which
reaching the trench floor. As before, here the weak turbulence near the trench floor shows a semidiurnal periodicity, which is less clear
in the even weaker turbulence higher up. For this case, the Ekman layer height of frictional flow would be 6 ~ 7 m.

While the spurs in Fig. 4 seemed to associate with the larger turbulence induced or convected from above, the example of weak
turbulence in Fig. 5 demonstrates spurs that relate with very small, about 0.1-d short duration solitary downward internal wave
motions. It is unclear why these motions become non-linear, and they are not supported by the stratification as their ‘periods’ are
considerable shorter than the minimum buoyancy period. Considering the conditions for slantwise convection, any instability could, of
course, convect before rotation controls (Straneo et al., 2002), possibly launched by a local downward acceleration that has to
overcome the reduced gravity, |a| > 3 x 108 g. Puzzling is why a downward spur appears solitary during a short passage through the
mooring line (or a lowered CTD-trace), and why no upward spurs of negatively buoyant cold anomalies are observed, which makes the
case different from conventional convection of alternating up- and down-going plumes as in Rayleigh-Taylor instabilities (e.g., Dalziel
et al., 2008).

The spectra obviously show little temperature variance in the turbulence range, and adopt the roll-off to white noise at about 10
cpd. In the limited frequency range between this frequency and Ng max the base below the internal wave peaks has a slope between +4/
15 and +2/3 (-1 in an unscaled log-log plot and reflecting internal wave intermittency), but variability is large.

3.2.3. Six-day period 711: tidal turbulence at trench floor

A medium-large turbulence example demonstrates dominant semidiurnal variations touching the trench floor with larger-valued
spurs in the interior (Fig. 6). During the displayed 6-day episode, the mooring motion increases halfway from |dz| < 2 m to > 22 m at
the end, at z = —6.1 km. Although the increase in mooring motion coincides with increase in near-bottom semidiurnal periodic
turbulence, no obvious relationship is found: The entire 6-day episode demonstrates enhanced semidiurnal periodic turbulence near
the trench floor (Fig. 6¢).

The isotherm displacements demonstrate semidiurnal periodicity throughout, with a tendency for diurnal periodicity to dominate
near the trench floor (Fig. 6a,b). In the spectra, the reduced semidiurnal but also diurnal periodicity in the lower layer near the trench
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large Kelvin-Helmholtz instability (compared to Fig. 4).



H. van Haren Dynamics of Atmospheres and Oceans 103 (2023) 101372

floor are obvious compared to upper and middle layers, while temperature variance is largest near the trench floor for ¢ > 4 cpd
(Fig. 6d). This is mostly the frequency range of turbulence, in which the spectral slopes for middle and upper layers tend to follow the
intermittency slope of + 2/3, while the lower layer spectrum slopes like + 4/15 reflecting the convection-turbulence.

The near-trench floor tidal turbulence thus seems predominantly governed by convection-turbulence rather than by shear-
turbulence. This is understood from the irregular lower 100 m above the trench floor in Fig. 6a, albeit with sparse up- and down-
going convection plumes as has been previously observed under internal wave action in weakly stratified waters below, e.g. in
fresh-water Lake Garda (van Haren and Dijkstra, 2021). Here, largest turbulence occurs during upward isotherm motions (around day
714), which is different from turbulence during downward isotherm motions as in Lake Garda and here, in weaker form, around day
716.

3.2.4. Six-day period 566: many turbulent spurs reaching trench floor

An example with 3-m tidal mooring motions and little turbulence is shown in Fig. 7. Its most obvious presentation is numerous
turbulent short-scale spurs reaching the trench floor. Although their vertical extent and buoyancy surplus are smaller than spurs in the
upper layer, the lower layer spurs are more numerous. They do not occur at a particular fixed periodicity, but a group of (even smaller)
spurs is found around day 569, and possibly associate with an event of semidiurnal periodic down-going isotherms and turbulence near
the trench floor.

Spectrally, the near-trench floor spurs contribute a small elevation of temperature variance compared with middle and upper
layers. A small turbulence range N max < 6 < 10 cpd shows a slope close to + 4/15 before rolling to noise via the + 2/3 slope.

3.2.5. Six-day period 659: trench floor tidal turbulence during passage of tropical storm

An inertial-period short episode including largest semidiurnal periodic turbulence near the trench floor occurs around day 662,
when tropical storm Saola passes near the mooring (Fig. 8). The 6-day period shows little mooring motion, especially during its last
day, and a rather smooth image of semidiurnal-dominated internal wave motions. Precisely during the passage of Saola, as may be
inferred from the sudden drop in air-pressure and increase in wind speed on day 661 lasting to day 663 (Fig. 8c), the semidiurnal
periodic isotherms become rather irregular in the lower layer (Fig. 8a,b) and turbulence dissipation rate steadily increases with time
(Fig. 8¢). While the lower layer mean dissipation rate over 6 days equals 2.2 x 101! m? s, it is 4.6 x 107!! m? s over days
661.5-663.0 and 1.1 x 1071% m? s over the 10-h period between days 661.4-661.8. The latter value is equivalent to a 1-h duration
short-scale spur with typically 1 x 10 m? 53, as observed.

In the non-averaged turbulence dissipation rate values, a steady upward phase propagation is observed in semidiurnal periodic
turbulence ‘stripes’ (Fig. 8b). Relating such phase z-t-distribution with free internal (tidal) wave propagation, this would imply
downward energy propagation. If so, this may explain extra internal wave energy driving the existing linear waves to non-linear forms
to the point of breaking. The direct occurrence under the passage of Saola suggests a barotropic-baroclinic coupling that governs a
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Fig. 8. AsFig. 4, but for a period with relatively largest turbulence reaching the trench floor at the time of passage of tropical storm Saola. The near-
bottom turbulence is also associated with semidiurnal internal tide breaking and shows some evidence of being shear-induced.

direct response at the trench floor triggered by a tropical storm passage. Such rapid response has been suggested previously to occur in
the open ocean (Shay and Elsberry, 1987; Morozov and Velarde, 2008), and inertial motions have been observed at 3000 m depth also
prior to a storm passage (van Haren et al., 2020), but the present observations are from around 10.5 km in a trench.

Spectrally, the lower layer shows a small but significant increase in temperature variance over that of middle and upper layers
(Fig. 8d). Beyond the semidiurnal band, the slope is almost horizontal reflecting a half-order of magnitude shear-dominated inertial
subrange, with a slope of +2/3 of intermittency before roll-off in the lower layer only for ¢ > N max.

A 1.5-day magnification of Fig. 8a demonstrates some details of relevant turbulence processes in the lower 330 m above the trench
floor (Fig. 9). A 100-m tall spur terminating in a 25m tall warm core is observed around day 661.6 between
—10.75 < z < —10.65 km. The spur slants over about 2.3 h, and its core over about 1.3 h. It thus exhibits a vertical speed of about
0.012 m s!. The dominant semidiurnal motions have the same frequency as the mean of 5 f of maximum small-scale buoyancy fre-
quencies (Table 1). Over time, the tidal motions become more non-linear and turn-over. They are superseded with motions that have
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Fig. 9. Dt = 1.5-day detail of lower 330 m above the trench floor during the passage of Saola of Fig. 8a (but for 6-s sub-sampled data and 60 cpd Ipf-
cut-off), with shortest buoyancy period indicated by the white bar and the My-semidiurnal period by the black bar. Note the reduced colour-scale of
only 0.00019 °C.
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periodicities that are very close to that of the absolute minimum of small-scale buoyancy periods (Nsmax = 10.5 f). These small-scale
motions associate with the duration of an overturn, e.g. the sequence of 4 dips to about z = —10.85 km between days 661.8 and 662.6.

4. Discussion

The various deep-trench turbulence types generate values that are one-two orders of magnitude larger than values from the more
stratified waters near the trench-top, i.e. the deep-ocean surroundings (van Haren, 2020). The deep-trench values are thus three-four
orders of magnitude larger than those due to molecular diffusion, which emphasizes the relative importance of turbulence for the
redistribution of dissolved and suspended matter in deep-trench waters. The turbulence values may partially explain the twice larger
biological oxygen consumption in deep trenches compared to the surrounding deep ocean (Glud et al., 2013). Two types of deep-trench
turbulence are distinguished: Short-scale slanted convection, and (internal) tidally varying, possibly near-inertial shear-induced
overturning. The two types are different in set-up and in effect on matter resuspension and redistribution.

4.1. Short-scale slanted convection

The investigation of short-scale turbulence spurs provide some refining of first results from deep trench mooring data reported in
van Haren (2020). Confirmed are the duration of 0.5-1 h and value of 0.0001°C of the warm (and fresh, van Haren et al., 2021)
anomalies, in the moored T-sensor data as well as in shipborne CTD-data. Also confirmed are the vertical sizes of 10-40 m of small
patches which organize in 100-300 m tall ones that are slanted to the vertical. The small patches are also slanted to the vertical at a
wide variety of angles, with aspect ratios between about 0.2-1.2 (van Haren, 2020). If guided by slantwise convection (Straneo et al.,
2002), the high aspect ratios > 0.2 may associate with background (small-scale) shear-flow. The 0.2 aspect ratio associates with the
direction of the Earth rotational vector at the tropical latitude of the mooring. It may thus reflect planetary slantwise convection due to
the effects of the horizontal component of the Coriolis force (Straneo et al., 2002; Sheremet, 2004).

From the perspective of (in)stability analysis involving a balance between destabilizing shear and stable stratification (van Haren,
2008), convection in the preferential Q-direction is, under non-linear stability, limited by a minimum stratification (and associated
maximum near-inertial shear) to frequencies below ¢ < f;, ~ 5 f at the Challenger Deep. This limit-frequency is close to semidiurnal
2Q, as f, = 1.96 Q, besides lunar My = 1.93 Q, and the maximum IGW-bound 6p5x = 2.13 Q (for N = 2 f). The 6,5 implies that,
despite the rather weak large-scale stratification in N = 2 f < < 2 Q, internal tides can freely propagate (in meridional but not lat-
itudinal direction) as gravity waves as long as My < (N2 + f?)l/ 2 (LeBlond and Mysak, 1978). Their potential overturning after
non-linear interactions may cause the short-scale spurs in the direction of Earth rotation, presumably following interaction with
small-scale (near-inertial) shear.

Although the large-scale stratification in N > 5 f reaches from the ocean-surface down to about 6 km at the top of the trench (van
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Haren et al., 2017), it is unlikely influencing the local short-scale turbulence spurs other than driving the internal tides and
near-inertial motions (into the trench, following transformation from gravity to gyroscopic waves). Gyroscopic waves are internal
waves in waters where N = 0 in which gravity cannot act as restoring force, and thus have the Coriolis force as the sole restoring force.
The spurs are, on average, generated locally about 300 m higher-up, considering their heat (and salt) content and N = 2 f. The local
patches have gradients that extend over about 25 m vertically, following small-scale Ng = 5 f, as observed (Fig. 10). If we interpret the
warm anomalous spurs as the result of sparse breaking event (from somewhere above), their pathways do follow the direction of
slantwise convection and their mean and maximum small-scale buoyancy frequencies are 5 f and 10 f, respectively. Hence, they reflect
3D non-linear and 1D linear stability, respectively (van Haren, 2008). Initial acceleration should overcome reduced gravity via
downward velocity 0(0.01) m s over < 1 h (van Haren and Dijkstra, 2021). As much as vertical convection is halted by non-zero
stratification, planetary slantwise convection is, without additional shear, halted by sufficient stratification in the Q-direction,
when locally N > f;, (or 2 fp).

As deep-sea internal wave breaking is a sporadic episodic event, with a puff here and a puff there, and given the slanting at different
angles of shear generation and convection into the direction of Earth rotation, the spurs are presumably locally generated but, of
course, not exactly vertically descending given their acute angles. As estimated by van Haren (2020) the small patches have horizontal
sizes of about 40-75 m while an entire range of patches may occupy about 300-400 m vertically and horizontally. This explains their
‘sudden’ appearance in the near-vertical one-dimensional (1D)-instrumented line. In the direction of gravity however they are un-
stable, presumably especially under the (downward) acceleration by internal wave (breaking), such that N = 2 f can also not be
sustained if sufficient destabilization would be available, e.g., under locally enhanced shear that overturns internal waves near N max.
Without sufficient shear, such weak stratification may exist and be maintained by a balance between advection and buoyancy fluxes
due to geothermal heating from below and internal wave-induced turbulent diffusion from above.

4.2. What determines ‘background’ N = 2 f?

Besides IGW-breaking, geothermal heating is the only persistent candidate to destabilize stratification and provide buoyancy in-
crease, which is to be balanced by advection. If one assumes a stable background with N = 5 f (as observed near the top of the trench)
to be reduced to 2 f (in the trench), the buoyancy increase involves a stratification-equivalent of 3 f over a vertical range of about
5000 m. Throughout this range, the vertical turbulent flux contributing to buoyancy increase amounts K,N? =6 x 103(2 f)?
=21 x 10" m? s using the overall value for K, in van Haren et al. (2021). The relatively low geothermal heating of Q
= 0.025 W m? (Uyeda and Horai, 1979) provides an increase in buoyancy with time per unit length of gxoQ/pcp = 1.5 x 101t m?s3
in which g denotes the acceleration of gravity, ag = 2.6 x 10 °C"! the thermal expansion coefficient, p the density and p
= 3980 J kgl °C! the heat capacity of seawater. Hence, local internal wave-induced mixing and geothermal heating are expected to
contribute about equally in reducing the stratification. In the above, horizontal advection is not considered, but if important it is
expected to contribute to stability via the inflow of deep dense water masses. Geothermal heating is not directly observed in convection
tubes of alternating warmer and colder water by the sensitive moored T-sensors, because the remaining stable stratification is too
strong, even at N = 2 f.

4.3. Turbulent mixing reaching the trench floor

The short-scale spurs dominate turbulence in the deep trench, but mainly some distance above the trench floor. Occasionally, spurs
do reach the trench floor, but unlike frictional shear motions, they are not expected to be capable of resuspending benthic materials,
like geothermal convection. Once such matter has been resuspended by other turbulence processes such as flow-friction or, more likely
above sloping topography, breaking internal waves, the convection turbulence induced by the slanted spurs may contribute to the
transport of the suspended matter.

The (semi-)diurnal variations in deep-trench turbulence values are observed at some distance above the trench floor under
depressed breaking near-inertial waves and, importantly, regularly reaching the trench floor. In the latter case, a distinct direct
coupling existed with the passage of an atmospheric tropical storm passing just poleward of the Challenger Deep. During the 2.5-day
(about one inertial period) passage the semidiurnal turbulence variations monotonically increased in amplitude, which was abruptly
halted after the disappearance of the storm. The effect is an inertial period of semidiurnal-periodic largest turbulence observed near the
trench floor in the one year record outside short-scale spur-peaks, and which reaches up to 200 m above the trench floor. Presumably
the surface gradient barotropically sets up near-inertial motions in the deep, of which shear interacts with and modifies the internal
tides into breaking.

4.4. Perspectives

Future research may focus on the 3D aspects of turbulence in general and the propagation and generation of short-scale spurs in
particular. While 3D-sampling is difficult in shallow seas, it is a formidable task in the deep-ocean, notably deep trenches. Yet, from the
perspective of learning about the characters and types of deep-trench turbulent mixing such effort may be worthwhile. Preferably,
electronics of future temperature sensors should be made more stable and reduced in noise to achieve precision of < 0.00001 °C for
extended resolution of turbulence subranges in deep-trench waters. Results may then be portable to modeling of deep-trench transport
and redistribution of matter.

It would be good to combine physical oceanographic observations with multidisciplinary efforts, including simultaneous marine
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geological measurements of heat flow, and marine chemical and biological observations to establish nutrient fluxes to verify carbon
budgets.

5. Conclusions

-The deep-trench moored observations provide turbulence values that are to within error equivalent to those previously found by
shipborne CTD. The mean turbulence dissipation rate of about 6 x 10! m? 53 is an order of magnitude larger than in the open-ocean
near the top of the trench.

-Short-scale spurs dominate turbulence values. The spurs are visible in the weak, but non-zero stratification and adopt slantwise
pathways. The low level of shear in the trench allows the existence of low stratification that is unstable in the sense of planetary
convection. The spurs are observed down to the level of small-scale locally stable stratification.

-The spurs are assumed to result from sparse internal wave breaking some 200-300 m higher-up, during the wave’s downward
phase.

-The internal (tidal) wave breaking may be initiated by near-inertial shear.

-Spectral analysis demonstrates dominant convection rather than shear near the trench floor. As spurs contribute less to turbulence
near the trench floor, such convection is attributed to internal tidal wave breaking.

-During one observed event, local enhancement of internal tidal wave breaking was immediately observed in response to a passing
tropical storm.
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