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Abstract

The paper describes a device for measuring internal waves, which is made on the basis
ofaline temperature sensor. This sensor measures the average temperature of the water
layer it covers, which makes it possible to avoid registration of fine-structural distortions.
The device works offline with the possibility of long-term accumulation of a large amount
of information (with an interval of 1 minute — within 1 year). The measurement resolution
is set from 1 to 1200 s. The average temperature measurement error is 0.1 °C, temperature
resolution is not worse than 0.03 °C. The working depth is up to 200 m. The autonomous
measurer is compact and easy to use. The device connects to a computer or smartphone
via Bluetooth wireless technology. The paper presents the results of comparative simulta-
neous measurements carried out by the device and a chain of point temperature sensors
on the Black Sea shelf in summer 2018 and autumn 2019. The paper gives examples
of the use of an autonomous measurer for recording short-period and inertial internal
waves. The comparison of the obtained series shows their close similarity. The conducted
frequency spectral analysis also demonstrates a good match and identification
of the main peaks of registered phenomena. The device proved to be areliable and
promising tool for measuring internal waves on the shelf.
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AHHOTaudA

OmuceIBaeTcs yCTPOMCTBO I M3MEPEHUH BHYTPEHHHX BOJH, BBIIOJHEHHOE HAa OCHOBE
pacmpesielleHHOTO AaTdHUKa TEMIeEpaTypsl. DTOT JaTYiK HU3MepseT CPEIHIOI TEeMIIepaTypy
OXBAaTHIBAEMOTO WM CJIOSl BOJHOM TOJIIH, YTO ITO3BOJSIET M30ETaTh PEruCTPal TOHKOCT-
PYKTYPHBIX HCKaKeHHH. YCTpOWCTBO paboTaeT B aBTOHOMHOM PEXHME C BO3MOKHOCTHIO
JIOJITOBPEMEHHOTO HAKOIIICHHS 0OJBIIOTO KOJMYecTBa HHpopManuH (IpH HHTepBasie | MHUH
B TeueHue 1 ropa). JluckpetHocTh u3MepeHuit ycranaBmBaercs ot 1 no 1200 c. Iorpem-
HOCTb U3MepeHHs cpenHel TemmnepaTyphl cocrapmieT 0.1 °C, pasperieHne no temmepaType
He xyxe 0.03 °C. Paboyas rmyOuna 10 200 M. ABTOHOMHBIH U3MEPUTENh OTINYAETCS KO M-
MAKTHOCTBIO M MPOCTOTOH HCNOJB30BaHUA. YCTPONCTBO MOAKIIOUAETCS K KOMIBIOTEPY MU
cMmapTdoHy nocpeacTBoM GecrpoBoaHoit cBszu Bluetooth. TlpusonsTes pe3ynbrarsl cpaBHe-
HHsI OJJHOBPEMEHHBIX U3MEPEHHH YCTpPOHCTBA C THPISHI0I TOUEUHBIX JaTIMKOB TEMIEpaTy-
pel. M3mepenus mpoBeneHsl Ha menbde UYeprHoro mops jpetom 2018 r. u ocensro 2019 T.
IIpencraBneHsl TPUMEPHl HCIOJIB30BAaHUS ABTOHOMHOTO M3MEpHUTENS I PETHCTPAINN
KOPOTKOTIEPHOIHBIX ¥ HHEPIIMOHHBIX BHYTPEHHHX BOJH. COTOCTaBICHNE ITOJIydeHHBIX PSIOB
TIOKA3bIBAET MX OJIM3KOE CXOJCTBO. [IpOBEICHHBIN YaCTOTHBIN CTIGKTPaJbHBIA aHAJIM3 TaKKe
JEMOHCTPHPYET XOpOIee COBMANCHHWE JAHHBIX PACIPEIETCHHOTO JaTYMKa TEeMITepaTyphl
C JaHHBIMHU, TOTYy4YEHHBIMH MCKYyCCTBEHHBIM pACHPEAENCHHBIM JaTYMKOM TEMIEPATYPhI
Ha OCHOBE OCPEIHEHHs U3MEPEHUI TUPIAHAON TepMOJATUMKOB ITyTEM BBISBICHHS OCHOBHBIX
MHKOB PETUCTPUPYEMBIX ABICHUN. YCTPOHUCTBO MOKa3ajo ceOs HaJeKHBIM U HePCIEKTUBHBIM
UHCTPYMEHTOM JIJI TPOBEIEHH H3MEPEHUIl BHY TPEHHUX BOJIH Ha IIenbde.

KaodeBble c10Ba: H3MEpUTENh BHYTPEHHHX BOJH, M3MEpHUTEIbHBIC MPUOOPHI, pac-
IpEACICHHbI JaTUUK TeMIEepPaTypbl, KOPOTKONEPUOAHbIE BHYTPEHHUE BOJIHBI, THPJIIHAA
JIaTYUKOB, TOUEUYHBIE JATUUKU TEMIIEPATYPhI, AATYUK TEMIIEPATY PBI

BuarogapHocTHu: paboTa BEIIIONHEHA B paMKaX TeMBI roc3afaHus MuHoOpHayku P®
Ne FMWE-2021-0010 «MeTonbl U cpelcTBa OKEaHOJOTHYECKUX HAOJIFOJCHUH Il Hccie-
JIOBaHUS TPUPOTHBIX W TEXHOTEHHBIX ITOJBOJHBIX O0OBEKTOB M IKOJIOTHH B THApocdepe:
pa3paboTKa TEXHOJOTHH MHOTOIIAPAMETPUUYECKOTO CKAaHUPOBAHUS TOJABOJHBIX CPel U 00bE K-
TOB aBTOHOMHBIMH M IIPUBSI3HBIMHU 30HJaMHU U IIpoduorpadamm.
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Introduction

Measurement of intemal waves in oceans and seas has always been a difficult
task due to the complexity of this phenomenon and the inaccessibility of its obser-
vations in the water layer. To measure internal waves in the oceanic and marine
environment, both contact and non-contact (remote) methods are used, which have
recently become widespread. The most commonly used are contact measurement
methods based on registering changes in the temperature of the water column by
vertical chains of point temperature sensors. The widespread use of clusters of
chains of point temperature sensors is typical for large-scale experiments conducted
in recent decades to study intemal waves on the shelves [1-3]. In these experi-
ments, the chains are formed on the basis of a set of autonomous point temperature
measurers of a proprietary design. Thermistor chains are also developed as a one-
piece measuring tool [4].

An altemative to chains of temperature sensors for measuring internal waves is
the line temperature sensor (LTS) proposed in [5]. The LTS measures the average
temperature of the layer it covers, adequately tracking temperature fluctuations
caused by intemal waves. Its main advantage over a point sensor is that the LTS
recording is free of the distortion introduced by the fine structure of the verti-
cal temperature profile commonly found in real oceanic or marine conditions.
LTS have proven themselves well in measurements on the shelves from stationary
platforms [6, 7] and in measurements in the ocean from a vessel in the drift mode
or on the move when towing [8].

The disadvantage of measurements based on LTS, which were placed in the
aquatic environment, was the need to connect them with bonding wires to recorders
located at a distance. The recently developed internal wave measurer [9] does not
have this disadvantage, since the LTS is directly connected to a small-sized re-
cording equipment (information storage device) made in a compact case, which,
together with the sensor, is lowered into the aquatic environment for the time
necessary for measurements. Here it is necessary to call back to the fact that
40 years ago, Marine Hydrophysical Institute developed an autonomous device
MGI 1304 (RITM), which performed similar functions [10, 11]. The main differ-
ence between the device described in this paper and RITM is that the former is
based on modem electronic technology, which makes it possible to reduce dimen-
sions and improve data recording and reading.

This paper presents a modified version of such an autonomous internal wave
measurer and presents comparative results of observations obtained when using it.

Technical details of internal wave measurer design

An autonomous intemal wave measurer, the general view of which is shown
in Fig. 1, structurally consists of a recording device (1) and a 20 m long line tem-
perature sensor (2). The LTS is made of copper-covered steel wire protected
from water by insulating coating. Resistance per unit length of wire is 5 Ohm/m,
temperature coefficient of resistance is 0.36 Ohm/K, time constant is 20 s.
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Fig. 1. Autonomous internal wave meas-
urer: recording device — 1; line temperature
sensor (LTS) 20 m long — 2

The recording device is designed for pe-
riodic recording of temperature values
obtained from the LTS. The registration
period can be set from 1 to 1200 s.
The average temperature measurement
error is 0.1 °C, temperature resolution is
0.03°C. The working depth is up to
200 m.

The body of the device is a sealed
cylinder made of a piece of polypro-
pylene pipe with an outer diameter of
32 mm. The LTS is connected to the housing through a cable entry in the lower
metal cover of the housing. The top cover is made of transparent organic glass,
which makes it possible to observe the status of the device, displayed by the inter-
nal LED indicator flashes. Bluetooth radio communication is used to configure
the device and read the temperature data archive. To enter the setup mode and read
the data, it is necessary to bring a small permanent magnet to the top cover of
the device for a short period of time. In this case, the device activates the Bluetooth
module, which makes it possible for a computer or smartphone to connect to
the device within 20 seconds. An AA-type 3.6 V lithium battery with a capacity of
2400 mAh ensures the operation of the device in the registration mode with an in-
terval of 1 min within 1 year [9].

The recording device consists of a microcontroller with a real-time controller,
a 16-bit analog-to-digital converter (ADC) microcircuit, a non-volatile Flash
memory microcircuit, a Bluetooth wireless communication module, a proximity
switch (a Hall sensor), and a lithium battery B (Fig. 2). The electronic circuit con-
verts the sensor resistance into voltage, which is converted into an ADC code
stored in memory.

Comparative results of measurements of internal waves by an autono-
mous measurer and a chain of temperature sensors

In June 2018, we carried out comparative measurements with an autonomous
internal wave sensor (LTS) and a chain of five point temperature sensors in the
Black Sea. The chain included autonomous DST centi-TD temperature measurers
manufactured by Star Oddi company. The point measurers were located vertically
with a spacing of 2 m, the time recording was carried out with an interval of 30 s.
Both measurers were lowered from the service ramp of the Institute of Ecology of
the Academy of Sciences of Abkhazia (IE of ASA) at the point where the sea depth
is about 13 m. The horizontal distance between the measurers was about one meter,
they were in almost the same conditions, covering a 10-meter water layer.
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Fig. 2. Structural diagram of the internal wave measurer. RTC — real time controller,
ADC - analog-to-digital converter; SPI — serial peripheral interface; I,C — inter-integrated

circuit

Fig. 3 shows the position of the LTS and temperature sensor chains at depth and
vertical temperature profiles at the beginning of measurements. Temperature pro-
files were measured with a Valeport miniSVP probe.

The recording of the thermistor sensors at all five horizons for the entire ob-
servation time (45 h) are shown in Fig. 4. The entire water layer, with the exception
of the near-surface area, is characterized by temperature fluctuations with a range
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Fig. 3. Vertical temperature profile on June 15 at dif-
ferent time points (left); the position of the LTS and tem-
perature sensor strings at depth (right)
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Fig. 4. Recording of thermistor sensors demonstrating temperature fluctua-
tions at five horizons

of 1-2 °C with periods of several minutes or more. In the upper layer, temperature
fluctuations are insignificant, but after 30 hours of observations, an inversion
occurs.

Fig. 5 shows the implementation recorded by the LTS and the record of
the thermistor sensors averaged over five horizons where the sensors were located.
To convert the recording of the thermistor sensors into vertical displacements, it
was normalized to the measured vertical temperature gradient within the length of
the chain. The resulting series represented an artificially modeled LTS based

LTS-therm

Displacement, m
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15/06 16/06 16/06 . 16/06 17/06 17106
Time, h

Fig. 5. Comparison of the LTS recording (top) and the averaged signal of
the five point temperature sensors (bottom). The ellipses indicate the moments
of measurement of the response of the LTS to a vertical displacement of 1 m
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on a chain of point temperature sensors. The LTS recording was converted
into vertical displacements of the water column using the measured responses ob-
tained with a short-term (20-minute) vertical displacement of the sensor by 1 m.
The conversion of the LTS average temperature recording into vertical thermocline
displacements in meters by measuring the sensor response to a given vertical dis-
placement is a well-known method when working with LTS [12, 13].

Simple visual comparison of two obtained series shows their close similarity.
Both series demonstrate synchronous thermocline fluctuations with a vertical range
of 2-3 m (Fig. 5). To further compare the data and to determine the period of
prevailing fluctuations, the spectra of the obtained series were calculated (Fig. 6).
The frequency spectra of thermocline fluctuations calculated within the measured
series show peaks corresponding to the periods of 2-2.4 h, 3040 min, 18 min, and
4 min. The spectral tilt, which is close to the Garrett—Munk model spectrum [14],
and the spectral energy level, which is underestimated compared to the model
one, can also be noted. The Garrett—Munk spectrum developed for intemal waves
in the ocean, is used here for comparison with waves in shallow water.
All the above features are characteristic of the tideless Black Sea spectra [15, 16],
and the thermocline fluctuations with such parameters are typical for short-period
internal waves in the Black Sea.

Registration of inertial internal waves using autonomous LTS
In addition to short-period intemal waves, long-period inertial internal waves,
which play an important role in water dynamics, often occur in the sea shelf zone.
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They are reliably recorded using current measurers [17, 18], but LTS also makes it
possible to track them reliably by the thermocline vertical displacements.

In the autumn of 2019, we conducted studies of internal waves in the Black
Sea near the city of Sukhum, the area of which is characterized by a narrow shelf
edge. In these measurements, we used an autonomous LTS described in this paper.
An experimental batch of sensors was manufactured by Acoustics Institute.
The results of this work are published in [19], but here we want to give a clear
example of intemal wave registration with a period close to the inertial one, regis-
tered by this autonomous LTS located on the Abkhazian shelf at a depth of about
50 m, ata distance of about 150 m from the coast.

An inertial intemal wave with a period close to 17 h (see Fig. 7) causes
the thermocline shear 2.5 m upwards and then, after passing through the crest,
on which there are packets of short-period intemal waves, it descends almost to its
original position. Most probably, the vertical gradient of the shear flow increases in
the region of the wave crest causing the formation of a set of short-period intemal
waves. The packets of short-period internal waves are shown in the insetof Fig. 7.

The inertial internal wave shown in Fig. 7 refers to the lowest (first) mode.
In this case, the entire water layer synchronously shifts up and down in tum. This
is the most common type of inertial motion in the marine environment. But there
are also inertial internal waves of the second mode. They were also registered
in the Black Sea [16, 20], and the second mode internal waves have also recent-
ly been recorded on the ocean shelf [21]. In order to detect internal waves

17.5]

19.5 ; : : : : —
45 47 49 51 53 55 57 59 60
Time, h

Fig. 7. Record of an inertial internal wave made
by an autonomous LTS on the Black Sea shelf
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above the first mode, it is necessary to design sensors in stages consisting of a set
of several LTS located vertically, by analogy with the point thermistor sensors.

Conclusion

Both the proposed autonomous LTS-based measurer and chain of point tem-
perature sensors are necessary means of contact measurements of internal waves
in the marine environment with their own advantages. As for LTS, this is the abil-
ity to better transmit the thermocline wave fluctuations, its relative ease of fabrica-
tion and calibration. LTS-based records make it possible to reveal the nonlinear
nature of internal waves, as well as to compare the profiles of the recorded waves
with theoretical models. In addition, the use of several spatially separated LTS
forming antennas makes it possible to measure reliably the spatial spectra of inter-
nal waves, which is hardly achievable by other contact means. The only drawback
of the LTS is its filtering of wave fluctuations above the first mode. This drawback
can be overcome by designing sensors in stage consisting of a set of several LTS
located vertically.

The tests of the developed autonomous intemal wave LTS-based measurer
demonstrated its applicability for marine experiments. The use of several corre-
sponding measurers in the shelf zone of the seas will make it possible to design
spatial antennas and measure spatial spectra of intemal waves, as well as to deter-
mine the wavelength, direction, and speed of their propagation.
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