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Abstract

The paper describes developed and software-implemented algorithms for primary regula-
tion and processing of measurement data of hydrological meters built on the basis of dis-
tributed temperature sensors — thermoprofilemeters. Thermoprofilemeters are spatial tem-
perature sensors made of heat-sensitive continuous conductors (in particular, copper),
which are laid in a busbar of a given length in a protective shell-tube. The spatial resolution
of the meter is determined by the placement and length of each sensor section. Algorithmic-
software data processing of conductor resistances makes it possible to recover temperature
values averaged on sections of continuous profile using matrix of calibration coefficients.
Interpolation and approximation of the resulting discrete series provides a calculation of
the instantaneous spline profile of temperature, which is then used to sequentially plot
a dynamic picture of the variability of the temperature field in the form of a colour gradient
and isolines. In the online telemetry measurement mode, this method allows to clearly
visualize the picture of spatial temperature distribution both during static installation of
the sensor and during depth sensing, as well as algorithmically detect and control other
hydrological parameters and processes in the aqueous medium: interfaces, surface and
internal waves, upwelling, surge phenomena, vertical rates of transfer of water masses, etc.
The spatial resolution and length of thermoprofilemeters can vary from several centimeters
to tens of meters depending on the problems being solved. The use of sensors in hydro-
logical measuring systems can be carried out in static and probing modes. At the same time,
the application software for each type of sensor and measurement method allows using spe-
cialized data processing and display functions.
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AJITOPUTMHYECKU-TIPOTPAMMHOE O0ecrneveHune
perucTpanum JaHHbIX THAPOJOTHYeCKUX U3MepuTe e
Ha 0a3e pacnpeae/ieHHbIX TepMonpoduieMepoB

II. B. I'ajicknii

Mopckoii euopousuueckuii uncmumym PAH, Cesacmononv, Poccus
e-mail: gaysky@inbox.ru

AHHOTaANUA

Onucanbl pa3pabOTaHHBIE W PEATM30BAHHBIE MPOrPAMMHO AJITOPUTMBI MMEPBUYHON pErH-
CTpauuu U 00pabOTKH M3MEPUTEIIbHBIX JAHHBIX THIAPOJOTUYECKUX M3MEPUTENCH, MOCTpo-
EHHBIX Ha 0a3e pacrpe/elieHHbIX JaTYUKOB TEMIIEPaTyphl — TepMonpoduiemepos. Tepmo-
npoduieMepsl — NPOCTPAHCTBEHHBIE MATYMKH TEMIEPATyphl, U3TOTOBIEHHBIE U3 TEPMO-
YYBCTBUTEIbHBIX (B YaCTHOCTH, MEJHBIX) HENPEPHIBHBIX MPOBOJIHUKOB, OPTOrOHAIBHO
YIOXKEHHBIX B HIMHY 33JaHHOW JUTMHBI B 3alIUTHOIN 000J0uke-TpyOKke. [IpocTpaHcTBEHHOE
paspelieHre U3MEPHUTENS OTMPENEIACTC YKIAAKON M JUIMHON KaXOro ydacTKa JaT4hKa.
ANTOpUTMHUYECKU-TIPOrpaMMHasi 00paboTKa JaHHBIX COMPOTUBIICHHH MPOBOJIHMKOB MO3BO-
JSIET BOCCTAHABJIMBATH C TIOMOIIBIO MAaTPHIL IPaAyHPOBOYHBIX KOI(DDHUIIMEHTOB OCpEIHEH-
HBIE Ha yJYaCTKaX HEMPEPBIBHOIO MpOQuis 3HAYeHUs] Temieparyp. VHTepnossuus u an-
OPOKCUMAIUST TIOJIyYEHHOTO JMCKPETHOTO psfa 00ecrneunBaeT pacuyeT MrHOBEHHOTO
CILTAWH-TIPOUIST TEMIIEPATYPhl, KOTOPBIN JAajiee HCHONb3YEeTCs A IOCIeI0BATEIBHOTO
MOCTPOEHHUST TUHAMUYECKON KaPTUHBI M3MEHYHBOCTH TI0JISI TEMIIEPATYPhI B BUJIE IIBETOBOTO
rpajiieHTa ¥ HM30JIMHHUNA. B OMEpaTHBHOM TEIEMETPUYECKOM PEXHMME U3MEPEHHHM TaKou
METO/I MO3BOJISICT HATJISIIHO BU3YaJIM3UPOBATH KAPTHUHY MPOCTPAHCTBEHHOTO pacrpejelie-
HUSI TEMIIEPATYPbI KaK MPH CTATHYECKOW YCTAHOBKE JATYHMKA, TAK M MPHU 30HIUPOBAHHUU IO
ryOuHe, a TaKXKe aTOPUTMUYECKH OOHAPYKUBATH M KOHTPOJIHMPOBATH IPYrHe THAPO-
JIOTHYECKHE MapaMeTphl U MPOLECCHl B BOJHOM Cpejie: TPaHMIbl pa3jielia, MOBEPXHOCT-
HbIC ¥ BHYTPEHHUE BOJIHBI, alIBEJUIMHT, CTOHHO-HATOHHBIE SIBJICHHS, BEPTUKAIbHbBIE CKOPO-
CTH MEPEHOCa BOAHBIX MacC U Jp. [IpoCTpaHCTBEHHOE pa3pelieHre U JIMHA TEPMOTPOhH-
JIEMEPOB NPHU H3TOTOBJICHUU B 3aBUCHMOCTH OT PEIIAeMBbIX 3a7a4 MOTYT BapbHPOBATHCS
OT HECKOJIbKHX CAHTHMETPOB 10 [IECATKOB METPOB. B T'MAPONIOrHUECKHX HU3MEPHUTEIbHBIX
CHUCTEMAX JATYMKU MOTYT MPUMEHATHCS B CTATHUYECKOM U 30HAMPYIOIIEM PEXHMMAX.
[Tpu 3TOM MpUKIaTHOE MPOrPaMMHOE 00eCIeYeHHE ISl KaXKI0T0 THIIA JaTYMKA M METOa
MPOBEJICHUSI U3MEPEHUI MMO3BOJSIET UCIOIH30BaTh CIIEIIMAIM3UPOBaHHbIe (yHKIIMU 00pa-
0OTKH 1 OTOOpaKEHHUSI JAHHBIX.

Kao4deBble c10Ba: MpOrpaMMHBIN alTOPUTM, pacHpefeSIeHHbIH JaTYNK TeMIepaTyphl,
TepMonpoduemep, n3orepma, BEpPTHKAIBHBIH HPO(WIb, TEIo3anac, TEPMOKINH, BHYT-
PEHHHE BOJIHBI, 1T0JIE TEMIIEPATYPHI, TEINIO0OMEH, TEPMOKOCa

BuaromapHocTu: pabora BBINOJHEHA B paMKax TrOCYJAapCTBEHHOTO 3adaHuUs
OT'BYH OUIl MI'U o reme Ne 0555-2021-0004.

Jdasa nutuposauus: [auckui I1. B. ANTOpUTMHUYECKU-TIPOTpaMMHOE obecrieuecHue
PETHUCTpAIK JAHHBIX THUAPOJOTHYCCKUX H3MEpHUTENcH Ha 0a3e pachpelelCHHBIX TEPMO-
npoduemepoB // Dkonorudeckas 0€30MacHOCTh MPUOPEIKHONW U MIeNb(POBOH 30H MOPSI.
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Introduction

Measurement of instantaneous spatial temperature profiles in the aquatic envi-
ronment using distributed sensors or multipoint temperature transmitters from dis-
crete sensors has been carried out for many years. The data obtained in this way are
necessary for solving a number of hydrological problems, including monitoring
and studying heat transfer and heat storage processes, detecting and studying
the processes of water mass transfer through currents, surge phenomena and inter-
nal waves, monitoring boundaries of media separation and density distribution
by heat transfer coefficients [1-10]. The electronic equipment of the measuring
part of the sensors is being improved with the development of technical means and
microelectronics, and new tasks of processing, comparison and analysis are set
before the methodological and algorithmic-software parts. Along with the wide-
spread relatively simple in technical implementation multipoint temperature trans-
mitters [5-8], consisting of spatially discrete digital sensors, there are distributed
temperature sensors — thermoprofilemeters (TP), built on the principle of orthogo-
nally stacked thermally sensitive conductors [3, 10, 11]. Despite the relatively
greater complexity in manufacturing and the need for individual calibration,
TP have, in comparison with digital multipoint temperature transmitters, a number
of advantages: greater measurement accuracy (error less than 0.1 °C), spatial conti-
nuity (the temperature in the area is constructively determined by averaging over
the entire length, not at a point) and in some cases higher reliability due to the addi-
tional possibilities of a protective design and the absence of microelectronics
in a controlled environment.

Equipment and data

The development and improvement of application software for working with
the author's experimental and prototype TP samples [3, 10] has been carried out
since 1996. During this time, distributed sensors for research in the Black Sea,
in the Arctic and Antarctic regions, as well as for use on rivers and in systems
for measuring the level and boundaries of media separation in coastal waters
have been created. Since a number of created systems contain, in addition to TP,
other measuring modules and sensors, let us focus on the algorithmic software
for processing temperature profile data with spatial and temporal reference with a
standard connection of the device to the computer interface via serial hardware
(RS232/485) or virtual (USB modules, Bluetooth, etc.) COM port of the computer.

When creating the main specialized dialog software, Borland Pascal and C
(MS DOS), C++ and Delphi (MS Windows) programming languages and environ-
ments were chronologically used. During the measurements, data were recorded
and processed in autonomous and telemetric modes. In the post-processing mode,
the primary tasks were the prompt preparation of reports and the transfer of visual
numerical and graphical results to the data bank. Since the created hydrological TP
had different lengths (from 20 cm to 50 m), spatial resolution (section length

130 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2022



% Tep wnpogunesmep: an  }PAH (M) : @adin: a\WDAPr 02_21_TpMOcean_MpogysxaT pyGi

[ Mpopuccers mrsoseHHe s 2093
[ Mpopuccexa rpadurka wsonfad
[v Boieoa namrreie gain
KommecTeo Lesonqe
Pasmen upusros

P ey Ha 20,74

PACCTERAHM MEKAY METHANE HE OCH BRahMIEE

Nanepz |Cieedenen = w8
— = ”

2,07
w05

21,00

20,9

15838 121359 122920 124441 130002 131523 133044 134605 40126 141647 143208 144729 22

1212022164723 Ja8 w0 #0 c
lmmparrypao'rl ¥ uaomeim 3arucs - cEO60AHO Ha Akcke - TESE M6 W son 7 rpan
T 3 v rpan.HE. _21_11_47 83kt | ern [ 2/ 22129 I— '

MA30H I |
Je aEp 2114 &m a [ u “a"“.—
|n_ ] _"'JU Beecti I rpatiae T s Py

®» @

Fig. 1. View of the main window of the program interface for initial recording and
processing of measuring data of thermoprofilemeters: 1 — gradient and temperature pro-
file isolines over time area; 2 — information line; 3 — advanced graphics window set-
tings and temperature isolines output; 4 — moment averaged temperature values in sec-
tions and calculated spline-interpolated profile; 5 — control and indication of data input
(from file (post-processing ) / from COM port (telemetry mode)); 6 — flow control and
input indication of primary data; 7 — selection of graphical mode of measurement data
display with reference to depth or space; 8 — settings of time ranges and temperature
scale of graphic output; 9 — option of saving graphs to files (bmp/jpg); 10 — setting op-
tions for isolines output, color gradient, median filtering and data averaging; 11 — op-
tions for recording primary data and measurement results into files (code (byt) and text
(dat/txt)); 12 — option for settings of automatic frame-by-frame saving of graphs to
graphic files; 13 — indication for recording code files and text files of measurement
processing results; 14 — adjustment of the background of graphs (black/white); 15 — op-
tion for displaying the window of numerical and graphical output of secondary sensor
data (pressure sensors, etc.); 16 — option of displaying the window of numerical output
of statistical and code values as well as settings for post-processing of data; 17 — selec-
tion of the calibration coefficient file
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from 2 cm to 2 m), and also different applications (stationary, towed and sound-
ing), universal software algorithms for processing primary information and graph-
ical output were developed, which allow, under various experimental conditions,
to quickly observe the dynamics of the temperature field with direct reference
to space and time (Fig. 1). Unlike the output of a standard set of graphs, which is
most often used for discrete sensors of multipoint temperature transmitters on sepa-
rately specified horizons [1, 4, 6-9], this type of measurement information display is
preferable. However, it can only be ensured by obtaining highly accurate and me-
thodically complete primary data.

Results

The complete package of algorithmic software for TP includes a number of
separate programs:

— program for modeling distributed sensors in terms of length, spatial resolu-
tion, matrices of orthogonal functions and materials for the manufacture of temper-
ature-sensitive elements for specified application conditions (real dynamics and
spatial variability of temperature profiles);

— program for metrological verification of the sensor and automatic calculation
of matrices of calibration coefficients for TP sections;

— program for numerical and graphical display and registration of TP meas-
urement data ?;

— complex data processing program.

In the user mode, a dialog program for primary registration and processing of
measurement data is used (Fig. 1).

The use of hydrological TP when using up to two built-in pressure sensors
(depth control) is carried out in four main modes (Fig. 2). Binding of the measuring
temperature profile to the depth or boundaries of media separation (air and water)
in stationary (platform, pier, moored buoy) or dynamic (bleeding, sounding, tow-
ing, submerged or surface drifting buoy) modes is provided depending on the tasks
and equipment with pressure sensors. Accordingly, the user sets (Fig. 1 (designa-
tion 7)) the selected type of measurement information display. The simplest option
in this case is a stationary setting of a TP with a rigid spatial reference of the sensor
to a given profile and primary boundaries of media separation without using pres-
sure sensors (Fig. 2, a).

) Gaisky, P.V., 2022. [Program for Registration and Processing of Thermoprofilemeter Measure-
ment Data “THERMOPROF’]. Sevastopol: MHI. State Registration no. 2022611315.
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a d
Fig. 2. Methods of setting and using hydrological distributed sensors: stationary
(rigid binding to spatial coordinates and boundaries of media separation) (a), vertical
installation or sounding with one pressure sensor in the lower part (b), bleeding or
towing from the side of the floating craft with one pressure sensor in the lower part
(c), towing or sounding with two pressure sensors at the upper and lower ends of the
thermoprofilemeter (d) (1, 2 — pressure sensor position)

The construction of measurement graphs is carried out in the telemetric
mode, including in the data post-processing mode. The right side displays
instantaneous temperature values in the form of columnar (conditionally discrete)
diagrams calculated for all distributed sections of the TP profile (Fig. 3). This
data is used to reconstruct a continuous approximated profile using spline
interpolation. Inthis case, the spline coefficients are calculated and are
quantitatively equal to a number of graph points for the current vertical graphic
resolution of the user's display.

Despite the achievement of almost zero deviation from the uniformly discrete
initial data of the primary measurement series, the spline in some cases exhibits
intermediate outliers (Fig. 4), when the spline bend goes beyond the values of
neighboring boundary points. Statistical analysis of these calculated outliers with
the initially correct correspondence of the design resolution of the TP to the spatial
variability of temperature in a controlled environment (which can be determined,
if necessary, by preliminary modeling using real data) showed their error in 99 %
of the cases. Correction of these outliers upon detection is carried out automatically
(Fig. 4) using logarithmic or power-law interpolation on a given segment,
depending on the nature of the deviation

T=a+bxloggX and T=+axXP?,
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Fig. 3. Example of graphical display of measurements on oceanographic plat-
form of thermoprofilemeter fixed vertically at air-water interface up to a depth of
195m
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Fig. 4. Example of additional correction of the spline
section of temperature measurement: initial measurement
data on thermoprofilemeter sections (1), calculated
profile after spline interpolation (2), resulting continu-
ous profile after correction (3)
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where X is spatial coordinate of a point; T is calculated temperature at the point; a
and b are interpolation coefficients.

The resulting graphical pixel-continuous temperature profile series is com-
pared with a user-specified color gradient over the range and displayed on the win-
dow of graphs (isolines) along the time base. The drawing of the isoline point
on the resulting gradient strip is ensured by hitting the specified value of the isoline
in the interval of value of neighboring pixels. Thus, in a given time range,
regardless of previous measurements, a picture of the temperature field is formed
sequentially with shifts in dynamics and with reference to a spatial profile.
This method makes it possible to display the gradient and isolines promptly with-
out two-dimensional interpolation, which requires long-term data accumulation
and much more computational resources. However, the guarantee of the visual
quality of this processing, expressed in the smoothness of the gradient and continu-
ity of the isolines, is reliability (in terms of errors, inertia and spatial resolution)
of the obtained primary measurement information.

Graphical display of TP data in dynamic operating modes (when changing posi-
tion in space) is based on data from hydrostatic pressure sensors and user settings
of the program. In particular, the “Immersion” program mode optimally displays
the measurements obtained by bleeding the lower part of the TP from the vessel in-
to the water (Fig. 5). The depth of the sensor is fixed according to the readings of
the lower pressure sensor (Fig. 6), while the upper part is on the deck. In this case,
interpolation and output to the isoline graph is carried out only for the submerged
part. Provided that the underwater part of the TP is located vertically, the spatial ref-
erence of measurements will be correct, otherwise the depth can be corrected only
if there are visual marks on the sensor or there is a pronounced temperature differ-
ence between water and air. To obtain a reliable vertical profile, it is also necessary
to take into account the inertia of the sensor (Fig. 5) and the ship's motions during
towing (Fig. 6).

An example of operation of “Sounding” program mode when using two pres-
sure sensors is shown in Fig. 7. The TP position is assumed to be conditionally
linear in depth.

One of the most important tasks in the application of hydrological TP is detec-
tion of internal waves and control of their parameters. Since the internal wave man-
ifestation is well tracked in the thermocline region, where, with the proposed
graphical display, the highest concentration of continuous temperature isolines is
observed, it is proposed to use data on spatio-temporal characteristics of the isoline
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Fig. 5. Example of recording measurements during immersing and towing
of the buried part of the TP: the end of towing (1), lifting on board (2), partial im-
mersing overboard and inertial cooling (3), the beginning of towing and inertial
heating (4), drift and surface swell (5)
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Fig. 8. Tracking and output graph of user selected isotherm: lower pressure sensor
plot (1), upper pressure sensor plot (2), plot of monitored (from depth bottom)
isotherm 25.12 °C (3)

A B € D E F G H 1 J K L
. Depthl, Depth2, Level, InWave,

N DateTime 7,93m 9,43m 10,93m 52,93m  54,43m
1 m m m m(3,84C)
2| 1 90734 10 10,498 10,282 1,591 1632 71772 551772 0 41,4
3| 2 9:07:36 10 10,481 10,285 1,578 1,612 7,153 55,153 0 41,339
43 9:07:39 10,004 10,47 10,267 1,582 1,623 7,1692 55,1692 0 41,339
5 4 90741 10,006 10,459 10,246 1,556 1,609 7,1729 55,1729 0 41,4
5| 5 90743 9,992 10,467 10,235 1,561 1611  7,0605 550605 0O 41,339
7 6  9:07:45 9,997 10,436 10,227 1,545 1,586 7,1567 55,1567 0 41,4
g8 7 90747 10,009 10,419 10,21 1,554 1,56 7,1617 55,1617 0 41,4
9 8 90749 10,007 10,408 10,208 1,524 1,536 7,1779 55,1779 0 41,46
10 9 90751 10,006 10,375 10,178 1,537 1,523 7,729 551729 0 41,4
11 10 9:07:53 10,011 10,376 10,176 1,512 1,512 7,1679 55,1679 0 41,46
12 | 11 9:07:55 10,003 10,368 10,138 1,499 1,489 7,1834 55,1834 0 41,521
13 12 9:07:57 10,016 10,342 10,118 1,463 1,463 7,1816 55,1816 0 41,521
14 13 9:08:00 10,032 10,312 10,084 1,431 1,463  7,1102 551102 0 41,46

Fig. 9. Example of writing a 48-meter TP sensor measurement results to a text file
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Fig. 10. Demonstration of the output of the gradient-isolines graph
at various settings: colour gradient and isolines (1), colour isolines without
gradient (2), black-and-white output of isolines (3), indication of the selected
internal wave isoline (4)

selected by the user for spectral-wave analysis. In this case, the selected isoline,
when processing measurements, is marked with a separate color and displayed
on the graph (Fig. 8), and its spatial displacements in depth and time are recorded
in the general text file of the results (Fig. 9).

Various modes of information output on isoline graphs are shown in Fig. 10.
The time ranges for the output of isolines are set by the width of the time inter-
val with an automatic shift of the graph to the left when a new data packet is
received on the right. For the post-processing mode, one can set a specific time
interval with a start and an end. The daily display mode uses a 24-hour scale.
For processing large data arrays or for telemetric operation of the device in an of-
fline mode, automatic frame-by-frame (daily, etc.) saving of graph windows and
text files of measurement results in standard formats is provided.
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Conclusion

As practical experience has shown, the developed algorithmic software
for the primary registration, processing and numerical and graphical output of
measurement data from hydrological distributed temperature sensors TP is a relia-
ble tool for obtaining operational and visual information about the processes
of heat transfer and transfer of thermally bound masses in water environment.
The possibility of adaptive display of data in various modes of using the TP pro-
vides high-quality telemetric binding of measurements to spatio-temporal coordi-
nates and, therefore, accelerates further interpretation of the results and planning of
experiments. A necessary factor in obtaining reliable graphic information is quali-
tative metrological characteristics of the meter and a verified method of its use
in specific conditions of environmental variability.
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