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Abstract

The paper presents prototype wave buoy loggers designed to collect raw data from a built-in
inertial motion unit without transmitting the data to the user. These buoys require mainte-
nance but have a significantly simpler design and much lower cost compared to unattended
analogs, making them particularly useful for various coastal studies. The study aims to
demonstrate that measuring wave parameters in field conditions with acceptable accuracy is
achievable without loss of data quality. The buoys were tested in a field experiment at the
Black Sea Hydrophysical Sub-Satellite Polygon of Marine Hydrophysical Institute, Russian
Academy of Sciences. Reference measurements were obtained using wire wave gauges
installed on the Stationary Oceanographic Platform (44.393047°N, 33.984596°E). Three
identical buoys were deployed near the platform using different mooring configurations: a
heavy anchor with an elastic insert (rubber cord), a heavy anchor without an elastic insert,
and a buoy suspended directly from the platform without an anchor. Continuous
measurements were conducted over seven days, during which significant wave height
varied from 0.2 to 1 m, and wind speeds ranged from 0 to 15 m/s, coming from east-erly,
westerly, and northerly directions. Under these conditions, the root-mean-square error in
estimating significant wave height was no more than 5-6 cm (both with and without
the rubber cord), with the linear regression coefficient deviating from 1 by less than 5%.
The root-mean-square errors for the spectral peak wave period and direction were 0.37-0.62
s and 50-65°, respectively. These errors are comparable to the resolution of the applied
methods and the natural statistical variability of wave parameter estimates.
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AHHOTAUMA

IIpencraBneHs! IPOTOTUIIBI BOJTHOU3MEPUTEIBHBIX 0yeB-IOITEPOB, IpeaHa3HAYeHHBIX
JUTs cOOpa MCXOMHBIX JAHHBIX CO BCTPOSHHBIX B HUX MHEPUHAIBHBIX JAaTYMKOB, Oe3 mepe-
Jaun ux Ha Oeper. byu Takoro Tuna HykAalTcs B 00CITy>KHBAaHUH, HO UMEIOT CYIIECTBEHHO
OoJiee MPOCTYI0 KOHCTPYKLMIO U HU3KYIO CTOMMOCTb 110 CPAaBHEHUIO ¢ HEOOCITyKMBaeMbIMH
aHAJIOTaMM, YTO MOXKET OBITh BOCTPEOOBAHO B PA3IMYHBIX MPUOPEKHBIX HCCICTOBAHUSIX.
Llenb paboTHI — IPOJEMOHCTPUPOBATh B HATYPHBIX YCIOBUSX, YTO MpeJyiaraeMblil TUI OyeB
MOXeT 3((EKTHBHO HCIOIb30BATHCS 11 H3MEPEHHS XapaKTePHCTHK BOJIHEHNUS 0€3 moTepu
KadyecTBa AaHHBIX. VcnibITaHKs OyeB IPOBEICHBI B HATYPHOM JKCIIEpUMEHTe Ha YepHOMOp-
CKOM T'HAPO()U3NIECKOM IOACIYTHIKOBOM ITOJIMTOHE MOpPCKOTO THAPO(YHU3NIECKOTO HHCTH-
tyta PAH. B kauecTBe pedepeHTHOIT HHPOPMAIKHU O BOJIHAX HCIOIb30BaHbI JaHHBIE H3Me-
PEHUH CTPYHHBIMH BOJIHOTpa(aMy, YCTaHOBJICHHBIMH Ha CTallMOHApHOH OkeaHOTrpadmye-
ckoit wiathopme (44.393047° c. ur., 33.984596° B. n.). Tpu omuHAKOBEIX Oyst ObUIH yCTa-
HOBJICHB! BOJNM3M IUIaT(GOPMBI C HCIIOIH30BAHWEM DPA3HBIX BapHUAHTOB YAEPKHBAIOIIECIO
YCTpOICTBAa: HA MAacCHMBHOM SIKOp€ C 3JaCTUYHOW BCTaBKOW (aMopTH3aTopoM) U Oe3 Hee,
a TaKke 0e3 SKops Ha mojBece ¢ mIatdopMel. HempepbIBHBIE H3MEPEHHSI BEINCH B TEUCHNE
7 cyT, B Te€4EHHE KOTOPBIX BBICOTA 3HAUUTEIBHBIX BOJIH MeHAnack oT 0.2 1o 1 M, ckopocTh
BeTpa ot 0 10 15 M/c Ipy ero BOCTOYHOM, 3aI1aJJHOM, CEBEPHOM HarpaBieHusAX. B aTux yco-
BUSIX CPETHEKBaJ[paTHyiHas OIIMOKa OLIEHKH BBICOTHI 3HAUUTENBHBIX BOJIH COCTAaBUIIA HE 00-
nee 5—6 cM (c amopTH3aTOPOM U O€3 Hero) mpu OTKIOHEHHH KO3 (DHIHEeHTA JIHHEHHON
perpeccun oT eAuHUIBI He Oonee yeM Ha 5 %. CpeqHekBaIpaTHUHbIE OIIMOKH Ieproaa u
HaIpaBJIEHUS BOJIH CNIEKTpaibHOro nuka coctaBmin 0.37-0.62 ¢ u 50—65° coOTBETCTBEHHO
IpY U3MEpeHnH OyeM ¢ aMopTu3aTopoM u Oe3 Hero. Takue omMOKK M3MEPEHHI COMOCTa-
BUMBI C pa3pelaronieid crrocoOHOCTHIO HCIONb3YEMBIX METO/IOB M €CTECTBEHHBIM CTATHCTH-
9YEeCKUM Pa30poCOM CPeIHUX OLIEHOK NMapaMeTPOB BOJIH.

Koaiouesnlie ciioBa: Oyii, BonHOrpad, nHEpInaabHble U3MEPEHUs, BETPOBBIC BOJIHEBI, TTapa-
METpBI BOJIH, OKeaHorpaduueckas miardopma, HaTypPHBIH SKCIIEPUMEHT

BuaromapHocru: pabora BbINONHEHA MpU (UHAHCOBOM MOJepkKe rpanta Poccuiickoro
Hay4qHOTO (hoHma Ne 24-27-00153 «BomHorpaduueckue H3MEPEHHS ¢ MOMOIIBIO Majioraba-
PHUTHBIX OyeB: METOIOJIOTHSI, BAJTHIAIINS, IEPCIIEKTUBBI MUHHATIOPU3ALIAI.

Hdast umtupoBanus: FOposckuil 1O. 0., Kyounos O. b. BonHou3MepuTenbHbIN Oyii-orrep
JUTS IPUOPEKHBIX UCCIIeIOBAHHY // DKOJIOTHYECKast 0€30IIaCHOCTh MPUOPEIKHOM U MIETB(POBOM
30H Mopst. 2025. Ne 3. C. 115-127. EDN UVGARW.

Introduction

In marine research, episodic short-term observations of surface waves are often
required for targeted experiments. This is particularly true in coastal research, such as
when studying wave nonlinearity in the coastal zone [1, 2], wave interaction with
currents [3], the formation of bottom sediments [4—6], beach and coastline dynamics
[7, 8], and other phenomena [9-12]. In such conditions, traditional wave buoys,
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designed for continuous monitoring of waves at any point in the ocean, are not
always feasible due to their relatively high cost. For short-term coastal studies, many
of their features are redundant, including autonomous power supplies, large memory
capacity, multi-channel communication systems, and massive high-strength hulls.
Additionally, specialized experiments often require up to several dozen such buoys
to enable simultaneous measurements across a section or grid.

In this context, it is practical to develop a simple wave measuring device that
records only the measurements from a sensor sensitive to wave motion, such as a buoy
logger. The increasing use of small, low-cost microelectromechanical inertial motion
units (IMUs) in wave-measuring devices also supports this solution [11, 13-16].

The paper presents the results of field trials of a prototype device developed
at Marine Hydrophysical Institute (MHI). The experiment involved three identical
buoy samples configured differently. It is known that the retaining device can influ-
ence wave measurements by buoy sensors V2 [2]. Thus, to extend the service life of
the system and mitigate jolts when the hull interacts with steep waves, an elastic
element, typically a section of rubber cord several meters long with maximum
elasticity, is included in the anchoring device [17]. To demonstrate the effect of
the retaining line clearly, three mooring options were tested: a standard anchor cable
without an elastic insert, a cable with a highly elastic insert (within limits ensuring
retention during the experiment), and a methodological option — a bifilar suspension
without an anchor from the oceanographic platform.

The aim of this study is to demonstrate in real-life conditions that buoy loggers
built using readily available components can perform short-term measurements of
wave characteristics with acceptable quality.

Materials and methods

Equipment

The buoy is based on the MPU9250 inertial motion unit (IMU), which integrates
a microelectromechanical accelerometer, gyroscope, and magnetometer. As previ-
ously demonstrated [14, 18], such IMUs, despite their relatively low cost, are suita-
ble for measuring sea wave characteristics. The buoy records initial measurements
of three-axis acceleration, angular velocities, magnetic field, and IMU temperature
at a sampling frequency of 25 Hz. These data are stored on a memory card with
a capacity of up to 32 GB using an Atmega328p microcontroller synchronized with
universal time via a DS3231-based real-time clock.

D Earle, M.D., 1996. Nondirectional and Directional Wave Data Analysis Procedures. NDBC
technical document 96-01. Stennis Space Center, 43 p.

2 Gryazin, D.G., 2000. [Calculation and Design of Buoys for Measuring Sea Waves]. Saint Petersburg:
SpbGITMO (TU), 134 p. (in Russian).
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The circuit is housed in a sealed plastic cylindrical hull, mounted on a printed
circuit board rigidly fixed in the hull’s axial plane. The IMU is positioned within
1.5 mm of the hull’s axis (the board’s thickness) and is vertically offset to align
its center as closely as possible with the point of the hull’s resonant oscillations.
The hull is equipped with a lenticular float, a 40 cm diameter disc with chamfers,
made of 100 mm thick expanded polystyrene. A stainless-steel eyelet is attached
to the hull’s base, connecting to a ballast (for adjusting the hull’s draft) and a retain-
ing cable via a swivel.

Power is supplied by six 18650 lithium-ion batteries with a total capacity of
approximately 48 W-h, positioned at the base of the hull on both sides of the board.

For additional verification of measurement quality, a second IMU (a BNOO55)
was mounted on the back of the board. The axes of both motion units were aligned
as closely as possible (within 180° rotation accuracy), and the distance between their
centers was no more than 4 mm.

Experiment

The experiment was conducted in October 2024 at the Black Sea Hydrophysical
Sub-Satellite Polygon near the Stationary Oceanographic Platform (Fig. 1). Bathy-
metry data were sourced from https://www.ncei.noaa.gov/products/etopo-global-
relief-model.

Buoy 1 was deployed approximately 200 m from the platform at a location with
a sea depth of about 27 m. A massive stone weight with a dry mass of approximately
70 kg served as an anchor. The buoy was connected to the weight using an eight-
strand nylon cord with a core diameter of 8 mm.

Buoy 2 was deployed at the same depth, but approximately 50 m closer to
the platform. Unlike the first buoy, it was connected to the anchor cable viaa 7 m
long, 6 mm diameter nylon-braided rubber cord (hereinafter referred to as the rubber
cord). The parameters of this rubber cord were chosen to prevent breakage during
the experiment while ensuring maximum elasticity of the connection.

Buoy 3 was positioned between two platform supports on a bifilar suspension
made of nylon cord, approximately 8 m from the pile foundation. This setup was
designed to evaluate the feasibility of conducting methodological work from the plat-
form without the need for more costly anchor-based deployments.

Buoys 1 and 2 were deployed for approximately 7 days, while Buoy 3 was
deployed only on the final day of measurements.

Parallel measurements of wave parameters were conducted from the platform
using wire-resistive wave gauges, which recorded sea surface levels with an accu-
racy of =1 cm at frequencies up to 5 Hz [19, 20]. These measurement data serve
as reference data in this study. Additionally, auxiliary meteorological observations
were conducted using standard hydrometeorological instruments. Specifically, wind
speed and direction at a height of 21 m were measured using a cup anemometer and
wind vane.
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Fig.1. Field experiment setup: a, b — buoy exterior design; ¢ — deployment of
Buoy 3 from the platform; d — deployment of Buoy 1 with anchor; e — satellite
image of the study site with bathymetry overlay (URL: https://www.arcgis.com/
apps/View/index.html?appid=504e3ff67457481e839bb941a709350f); f — schematic
depth profile illustrating buoy deployment configurations

Data processing methodology

In this study, the raw data from the buoys consist of time series of three-axis
acceleration, angular velocity, and magnetic field, while wire-resistive wave gauges
provide synchronous measurements of sea surface elevations at six points (the center
and vertices of a pentagon with a 25 cm radius). To estimate wave characteristics,
we applied a well-established method described in [21], which derives the frequency-
angle spectrum as a truncated Fourier series based on measurements of vertical dis-
placements and inclinations in two orthogonal planes:

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025 119



S(f, 8) = ag + 2 a, cos(nd) + b, sin(nh), @

where f is the frequency and 6 is the wave direction (defined as the direction from
which the waves propagate relative to the north).

For measurements with wire-resistive wave gauges, instantaneous slopes ¢
and elevations z were estimated by fitting a plane (using the least squares method)
based on six elevation measurements at points with known horizontal coordinates.
The coefficients for formula (1) in this case are as follows:

ag=Cp/n, a1=Q,/kn, b=0,;/km,
a=(Cyy - Cp) /P, by=2Co3 /K m, (2)

where Cnn and Qmn are the real and imaginary parts of the spectrum estimate
Smn = Cmn + iQmn. The subscripts denote the parameters for which the spectrum is
calculated: 1 for elevations; 2 for slopes C x in the east-west direction; 3 for slopes
Cy in the north-south direction. The wave number is calculated using the dispersion
relation & =(2nf)2 /g, where g is the acceleration due to gravity.

For buoy measurements, vertical accelerations were used in place of elevations,
assuming the buoy closely follows the wave slopes. In this case, equations (2) take
the form:

aozcll/n (271f)4, a :le/kﬂi (27’[]()2, bl :Q13/kn (an)za
ay=(Cyy ~ C3) /KM, by =2Cp/Km,
where subscript 1 denotes vertical acceleration. The slopes were calculated similarly

to [14] from the measured angular velocities n taking into account the current orien-
tation of the buoy relative to true north:

n,=- (noxsin((l)) + T]choS((I))) ;oM == (n()xcos((b) - noysin(¢)) ,

wheren , M, are the angular velocities measured by the gyroscope, and the azimuth
angle ¢, corrected for the local magnetic declination (7.3°) at the experiment site,
was determined from the horizontal components of the measured magnetic field:
¢ = Arg(m, +im,). Unknown offsets in the magnetic field measurements, arising
from the magnetization of buoy components, were determined using the condition

that the absolute value of the geomagnetic field intensity vector M is constant:
2
(mix - mOx)2 + (miy - mOy) + (miz - mOz)2 = Mz!

where m;,, m;,, m;, are the magnetometer measurements at time i.

Based on the calculated one-dimensional elevation spectrum S (f) =na,
the significant wave height was estimated as:

Hy =4[ S(df,

where the lower integration limit f, was determined by the first local minimum
in the elevation spectrum to avoid low-frequency noise inherent in measurements
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with buoy IMUs [22] (this issue does not apply to measurements with wire-resistive
wave gauges).

The spectral peak frequency f, and its corresponding period T, were determined
based on the maximum of the elevation spectrum, provided that f > f;.

The mean wave direction 0, at the spectral peak, according to [21], is given by:
0, = Arg(a; +ib)).

The recordings were divided into one-minute sequential fragments, from which
the squared Fourier transforms were calculated and then averaged over 30-minute
intervals to obtain the spectrum estimate (equation (1)).

Results

The frequency spectra of elevations, derived from wave gauge and Buoy 1 and
Buoy 2 measurements, are shown in Fig. 2 as a function of time for the entire meas-
urement period (results for Buoy 3, deployed for a significantly shorter period,
are omitted for brevity). Wind speed during this period (Fig. 2, a) varied from 0
to 15 m/s, with directions from the east, west, and north. Thus, during the week-long
experiment, measurements were conducted under the most typical conditions for this
water area.

As shown in Fig. 2, b, which presents the reference spectra, various conditions
were observed: fading waves and swells (October 3), developing wind waves
(October 7 and 9), and several spectral peaks (October 4, 8, and 9). These features
are also evident in the spectra derived from Buoy 1 and Buoy 2 measurements.
However, these spectra differ from the reference spectra, with an underestimated
high-frequency component f > 1.5 Hz and an overestimated low-frequency compo-
nent f <f,. The first effect arises due to the weak response of the hull to waves shorter
than its characteristic size [23]. This effect has minimal impact on significant wave
height estimates because the elevation spectrum decays rapidly with frequency f .
The second effect can introduce significant errors in wave height estimates,
as demonstrated in [22]. To address this, the estimate H, in this study is calculated
starting from the frequency fi, defined as the first local minimum in the elevation
spectrum. This approach is equivalent to high-frequency filtering, commonly applied
to raw measurement data from buoys ?. However, for measurements with wire-
resistive wave gauges, such filtering is unnecessary, as the spectral density at low
frequencies (below the peak) is several orders of magnitude lower than in the spectral
maximum region.

The time series of significant wave heights calculated using this method are
shown in Fig. 3, b. Notably, despite the absence of additional calibration, the results
demonstrate strong agreement between the wave gauge measurements and all three
buoy configurations across all setup types.

The differences between the measurement data from the BNOO55 motion unit
and MPU9250 in this figure are within the thickness of the graph line and are there-
fore not shown. Thus, the consistency of results across six samples of two different
motion unit models indicates that the factory calibration of these IMUs provides
the specified accuracy (typically within a few percent).
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Fig. 2. Wind speed and direction (a) during the experiment, frequency spec-
trum evolution from measurements of (b) wave gauge, (c) Buoy 1 without rub-
ber cord, (d) Buoy 2 with rubber cord

Notably, more significant differences arise from the presence of an elastic rub-
ber cord in the retaining device, as evident for October 6 and 7. The differences
between the measured and reference wave heights in these two cases have opposite
signs. This is likely due to the complex current patterns observed during the experi-
ment, with strong currents often opposing the wind and waves. However, the influ-
ence of currents requires separate study and is beyond the scope of this work.

Analysis of the calculated spectral peak wave periods (Fig. 3, ¢) shows strong
agreement between observations and reference values. However, in cases of young
waves superimposed on swell (October 4 and 9), discrepancies were observed when
spectral peaks of similar amplitude at different frequencies produced an effect re-
sembling chattering. Notably, when a rubber cord was used (Buoy 2, orange line),
this effect was significantly reduced.
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Fig. 3. Wind speed and direction (a) during the experiment, time series of wave
parameters estimated from measurements of wave gauge (black) and Buoys 1
(blue), 2 (orange), 3 (green): b — significant wave height; ¢ — spectral peak wave
period; d — spectral peak wave direction

The greatest discrepancies with reference measurements are observed in the es-
timates of spectral peak wave directions (Fig. 3, d). Although mean values are deter-
mined with high accuracy, short-term spikes occur, primarily during weak winds
(between October 3 and 4, and after October 8). Notably, similar features, though
less pronounced, are also present in reference measurements from wire wave gauges,
due to the specifics of the directional spectrum calculation algorithm, which is re-
stricted to the first five terms of the Fourier series (equation (1)). The use of a rubber
cord improves the accuracy of direction estimates (e.g., see Fig. 3, d, blue curve after
October 8). The non-standard bifilar suspension from the platform exhibited unex-
pectedly small deviations from the reference values.

Scatterplots for the three wave parameters discussed, Hy, T, and 6y, are shown
in Fig. 4, along with statistical metrics. For Buoys 1 and 2, which provide the most
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data, high correlation coefficients for significant wave heights are observed, exceed-
ing 0.93, with a linear regression coefficient deviation from unity of no more than 5%.
The root-mean-square error of measurements was ~ 6 cm for setups with a rubber
cord and 5 cm for those without. Notably, measurements were taken at spatially sep-
arated points, so a significant portion of this error is attributed to the statistical vari-
ability of H,, which is typically 10-15% .
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Fig. 4. Wave parameters: significant wave height (a, b, ¢), spectral peak wave
period (d, e, f) , spectral peak wave direction (g, &, i) obtained by Buoy / (without
rubber cord) (a, d, g), Buoy 2 (with rubber cord) (b, e, /), Buoy 3 (platform
deployment) (c, f, /) compared with reference wave gauge measurements
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The consistency between the estimated and reference values of the spectral
peak wave period T, is lower, as discussed previously, due to the chattering effect
described above. Meanwhile, when obvious outliers are excluded, the correlation
coefficient reaches values comparable to those for significant wave height esti-
mates.

The largest discrepancies with reference measurements are observed for wave
directions of 50-65° (Fig. 4, g, h, i), consistent with the analysis of the time series
(Fig. 3, d). However, this deviation is comparable to the resolution of the method
used (approximately 90°) ¥ [21].

The use of an elastic rubber cord improves the accuracy of estimates in all cases
compared to reference values, though the improvement is modest, despite deliber-
ately selecting the most elastic (but least reliable) rubber cord.

Conclusion

This study presents the results of field tests of wave-measuring buoy loggers
developed at Marine Hydrophysical Institute, designed with maximal simplicity to
record initial measurement data on a memory card.

The experiment was conducted near the MHI Stationary Oceanographic Plat-
form. Three buoys with identical IMUs were tested in three different configurations:
without an elastic rubber cord, with an elastic rubber cord, and with a bifilar suspen-
sion from the platform. Comparison with reference measurements from wire-resis-
tive wave gauges showed strong agreement across all estimates for the three setups.
For example, in the observed range of significant wave heights (0.2—1 m), the root-
mean-square error of height measurements was no more than 5 cm for the setup with
an elastic rubber cord and no more than 6 cm without it. Corresponding values for
spectral peak wave periods were 0.37 s and 0.62 s, and for spectral peak wave direc-
tions were 50° and 65°. Therefore, when there is a high risk of buoy loss, the elastic
rubber cord can be omitted from the retaining device at the cost of a slight reduction
in data accuracy.

A key limitation of the measuring devices presented in this study is the need
for maintenance, including data retrieval and battery replacement. However, this
measurement approach may be suitable for various coastal tasks or specialized
experiments that do not require long-term deployments.

The advantages of this approach include its extremely low cost, which is 2 to
3 orders of magnitude lower than that of traditional unattended models. This ena-
bles extensive field studies of waves across sections or grids, where multiple iden-
tical devices are needed. Additionally, a significant advantage, in our view, is that
researchers have access to raw data directly from the IMU without preprocessing.
This enhances the transparency and flexibility of further analysis and allows the pro-
cessing algorithm to be adapted based on specific research objectives.
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