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INTRODUCTION 

In the latest era, the practice of anonymous 
ocean exploration platforms has become a no-
table phenomenon, effectively transforming the 
conventional approach. It is spearheaded by the 
advancement of the internet of things (IoT) and 
artificial intelligence (AI), which have the po-
tential to enhance ocean exploration and man-
agement capabilities (Valada et al., 2014; Yu et 

al., 2013; Zhang et al., 2024). As a maritime na-
tion with approximately 18.000 islands and the 
second longest coastline after Canada, Indo-
nesia possesses considerable marine potential 
(Sui et al., 2020). It is of the utmost importance 
to implement a strategic plan that optimises the 
marine environment. This can be supported by 
real-time environmental and continuous moni-
toring data. One of the physical parameters of 
the sea that has an impact on the environment is 
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the data on ocean waves (Tandon et al., 2018). 
Ocean waves data are essential for a multitude 
of purposes, including coastal construction, 
coastal zonation, disaster mitigation, tourism, 
fishing, and the assessment of renewable en-
ergy potential (Behrens et al., 2024).

Nevertheless, the collection of data on 
ocean waves remains a challenging and cost-
ly endeavours. Most studies on wave data are 
based on wind data, which is then converted 
into ocean wave energy due to stress caused by 
wind (Shimura et al., 2022; Yevnin and Toledo, 
2022). However, it should be considered that 
not all ocean waves are generated by wind, the 
remain can be generated from tidal phenom-
ena, density, seismic activity, and other factors 
(Toffoli & Bitner‐Gregersen, 2017). Currently, 
ocean wave data can be obtained from a vari-
ety of sources, including satellites (Quefeulou, 
2004), ultrasonic sensors (Christensen et al., 
2013), and acoustic Doppler current profilers 
(ADCPs) (Trenaman et al., 2002), light detect-
ing and ranging (LIDAR) (Shiina, 2019), radio 
detection and ranging (RADAR) (Lyzenga, 
2015), and numerous others.

This study is a continuous of the research 
conducted by Widiaratih et al. (2023), which 
focused on the development of a simple ocean 
wave measuring device, namely the mini wave 
gauge (MWG). The device was validated 
through ultrasonic measurements conducted 
in a laboratory setting. The preceding research 
validated the process through ultrasonics, which 
exhibited accuracy in measuring wave height in 
centimetres. However, this method proved un-
suitable for measuring smaller waves, including 
capillary waves, ordinary gravity waves, infra-
red gravity waves, and others (Sorensen, 1993). 
This research aims to improve the validation of 
wave measurements in field experiment between 
the MWG to the acoustic doppler current pro-
filer (ADCP) and the HOBO. HOBO is a brand 
of water level measuring device that is recorded 
from a pressure sensor.

In addition, this study employs the fast Fou-
rier transfer (FFT) method to investigate the 
wave characteristics. The FFT method is utilized 
for wave decomposition from MWG and HOBO 
data recording, as it is a suitable approach for 
examining data with a high sampling rate in 
milliseconds, as obtained from the MWG and 
HOBO devices.

MATERIALS AND METHODS

Research location

This research project is concerned with the 
validation of the wave height data produced by 
the MWG system using two fabricated and ready-
to-use measuring instruments, namely the ADCP 
and the HOBO. Each instrument has its own op-
erational characteristics. Since the MWG data ac-
quisition employs Wi-Fi, it is not appropriate for 
use over long distances. Instead, it can only be de-
ployed in coastal areas with extensive coverage, 
typically within a radius of approximately 50 m. 
Furthermore, the power supply represents a sig-
nificant challenge, limiting the duration for which 
data can be recorded. However, in this study, it 
is demonstrated that approximately two hours of 
data can be recorded. The field experiments con-
ducted in shallow waters using ADCP and HOBO 
were carried out in different locations. Between 
the ADCP and MWG experiment was performed 
in Tambakrejo Waters, Semarang on November 
10th, 2023, while the HOBO and MWG experi-
ment was conducted in Teluk Awur Waters, Je-
para on November 25th, 2023 (Figure 1).

Materials

The research employed three principal instru-
ments for wave measurement: the mini wave gauge 
(MWG), the acoustic Doppler current profiler 
(ADCP), and the HOBO water data logger. The ob-
jective of this study is to validate the capacity of 
the MWG to quantify wave parameters, including 
wave height and direction. The MWG is a cost-ef-
fective instrument designed for wave measurement. 
The validation method involves a comparison of 
wave measurements obtained with the MWG and 
two other instruments: the ADCP type Sontek XR-
750 kHz and the HOBO type U20L-04. 

Wave measurement instruments

Mini wave gauge (MWG)

The MWG has been designed for the econom-
ical recording of wave height and direction data 
in real-time and continuously. The sampling rate 
for waves is approximately 0.1 seconds or 100 
milliseconds, which makes it suitable for record-
ing the types of small waves, such as capillary 
waves, ultra gravity waves, and ordinary gravity 
waves, that have wave periods of 0.1 seconds, 1 
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second, and 30 seconds, respectively (Sugizaki 
et al., 1993). The wave height is determined by 
an accelerometer (ADXL335), which gauges the 
discrepancy in elevation along the z-axis. The 
operational principle of the accelerometer hinges 
on the disparity in altitude along the z-axis (Earle 
and Bush, 1982). Moreover, the accelerometer is 
renowned for its high precision in determining 
accurate position (Qi et al., 2024). This excep-
tional capability of the accelerometer is leveraged 
to calculate the wave amplitude. 

This accelerator is a widely utilized instru-
ment for measuring vibrations across a multitude 
of parameters, including distance, speed, and 
numerous others (Zhao, 2010). Consequently, it 
is utilized in many aspects, including the study 
of earthquakes (Chen et al., 2023; Grover and 
Sharma, 2017; Huckfeldt et al., 2024), electron 
movement (Sharma et al., 2020), and the devel-
opment of leakage detectors (Ismail et al., 2018), 
pedometer (Hao-ran et al., 2006), control move-
ment by robotics (Vashisth et al., 2017), velocity 
in the river (Liu and Huang, 2021), and numerous 
other applications. 

In this study, the ADXL335 accelerometer is 
employed to measure altitude differences, which 
are then converted to measure wave amplitude or 
wave height. Previous studies have utilized ac-
celerometers designed appropriately for low fre-
quencies (Gilbert, 1970). However, in this study, 

an accelerometer with a newly developed sensor, 
which has not been previously used for wave mea-
surement, specifically a sensor type ADXL335, 
which is suitable for a wide variety of frequen-
cies, including high frequencies is applied.

The practicality of measuring waves using 
MWG is contingent upon its placement on the 
sea surface level. Once situated, the device will 
transmit real-time wave data via Wi-Fi to the user, 
who can access it through a laptop or computer. 
The block diagram and display of MWG are il-
lustrated in Figure 2. It should be considered that 
the MWG is still in the process of development. 
However, the power supply used consists of four 
7.4 V battery supply batteries, which presents a 
challenge for measurements over extended pe-
riods of time. Consequently, this study has been 
focused on validating the measurement of the 
height and direction of the sea wave against other 
fabricated wave instruments, such as ADCP and 
HOBO as water level logger.

Acoustic doppler current profiler (ADCP)

An ADCP is one of the qualified oceanogra-
phy survey tools for measuring ocean currents and 
ocean waves (Trenaman et al., 2002). The ADCP 
utilized for validation is the Sontek XR-750 kHz, 
which employs acoustic waves to quantify wave 
height (Bouferrouk et al., 2016). The propagation 

Figure 1. Research area in waters of the Tambakrejo Semarang (Mini Wave Gauge compared to ADCP, 
November 10th, 2023), and Teluk Awur Jepara (Mini Wave Gauge compared to HOBO, November 25th, 2023)
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of acoustic waves in the sea and the necessity for 
sophisticated technology to record data represent 
an advantage of this method. The ADCP utilized 
is the Sontek XR-750 kHz, which is capable of 
recording wave height and wave direction at a 
minimum of a 10-minute sampling rate (Dwin-
ovantyo et al., 2017). Otherwise, the recording of 
small waves, such as capillary waves, ultra grav-
ity waves, and ordinary gravity waves, would not 
be adequately captured (Hoitink et al., 2007).

Furthermore, the deployment of ADCP in 
field measurements may be situated on the sea-
bed or mounted beneath the surface of the vessel 
(Shih et al., 2005). The validation of MWG with 
ADCP was conducted in the shallow waters of 
Tambakrejo, Semarang on November 10th, 2023, 

between 16:00 and 18:00 Indonesian Western In-
donesia Time (WIB). In this study, the ADCP was 
positioned on the seabed at a shallow depth. Ad-
ditionally, the ADCP was lowered using a rope 
(Figure 3). Subsequently, the data were down-
loaded after the recording was complete.

HOBO

HOBO is one of a trademark of device uti-
lized for the measurement of water levels or tidal 
in marine environments. It is positioned on the 
seabed for this purpose. The device is equipped 
with a pressure sensor, which is used to calcu-
late the water level value. Prior studies have em-
ployed analogous instruments based on pressure 

Figure 2. (a) Block diagram (a), and (b) display of mini wave gauge (Widiaratih et al., 2023)
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sensors for the measurement of waves (Bishop & 
Donelan, 1987; Lyman et al., 2020). The valida-
tion of MWG data with HOBO was conducted 
on November 25th, 2023, at the Waters of Teluk 
Awur, Jepara, between the hours of 12:00 and 
13:25 WIB. The specific HOBO device utilized 
was the U20L-04 water level logger, as illustrated 
in Figure 4. The data were acquired by download-
ing them directly from the HOBO device using 
a connector cable to a laptop or computer. It was 
necessary to implement a mechanism to extract 
the data pertaining to ocean waves from the water 
level collection data. The water level data were 
decomposed using the FFT to obtain the constitu-
ent waves. Subsequently, the tidal waves were 
distinguished, and the residual data were validat-
ed with data from MWG. Since the HOBO device 
has a higher sampling rate than the ADCP, result-
ing in a greater quantity of data.

Method

In general, the MWG configuration comprises 
four principal components such as the ESP32 mi-
crocontroller, the ADXL335 sensor, the GY-271 

sensor for direction, and the circuit for supplying 
the data battery. The MWG is equipped with two 
principal sensors for the measurement of waves, 
namely the ADXL335 sensor, which serves as an 
accelerometer for the estimation of wave height. 
The accelerometer has three axes, namely x, y, and 
z. The difference in the z-axis is then converted 
into the height of the ocean waves (Shonting et al., 
1996). The working principle of the accelerometer 
is to record the horizontal and vertical movements 
of the instrument (Elwany and Mahr, 2003). 

Moreover, most methods for measuring wave 
direction typically employ ADCP, radar, and oth-
er sophisticated instruments (Dally, 2018). In this 
study, the MWG was equipped with a low-cost 
sensor utilising the GY-271, which is specifi-
cally designed for measuring wave direction. The 
operational principle of the GY-271 sensor is to 
ascertain the angular position and subsequently 
transform this into angular data (Mon, 2015). In 
addition, the two principal sensors for measuring 
waves are linked to the ESP32 microcontroller, 
which serves as the primary processing unit for 
data. The ESP32 microcontroller is equipped with 

Figure 3. Implementation of acoustic doppler current profiler comparing wave measurement 
from mini wage gauge

Figure 4. HOBO water level data logger type U20L-04



192

Ecological Engineering & Environmental Technology 2025, 26(1), 187–200

Wi-Fi, enabling further transmission of data to the 
user via a laptop or computer. To ensure a reliable 
power supply, the circuit employs four batteries 
each capacity 7.4 Volt.

Validation is employed to ascertain the extent 
of any errors, biases, and misalignments present 
in the sensor (Hassan and Bao, 2020). The cal-
culation of deterministic errors in wave height 
and direction based on data recorded by MWG 
employs the MAE (Hodson, 2022), and the mean 
absolute percentage error (MAPE) (Rao & Shub-
hanga, 2018) with the formulas are represented in 
Equation 1 and 2, respectively.

 𝑀𝑀𝑀𝑀𝑀𝑀 = ∑ |𝑦𝑦−𝑦𝑦′|
𝑛𝑛   (1) 

 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1

𝑛𝑛∑ |
𝑦𝑦−𝑦𝑦′
𝑦𝑦 |𝑥𝑥100%   (2) 

 

 (1)

 

𝑀𝑀𝑀𝑀𝑀𝑀 = ∑ |𝑦𝑦−𝑦𝑦′|
𝑛𝑛   (1) 

 
 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1

𝑛𝑛∑ |
𝑦𝑦−𝑦𝑦′
𝑦𝑦 |𝑥𝑥100%   (2) 

 
 (2)

where: MAE – mean absolute error; MAPE – 
mean absolute percentage error (%); y – 
actual data (ADCP; HOBO), y’ – model 
data (MWG); n – quantity of data.

Moreover, the wave types were analyzed 
based on field measurement data obtained from 
the MWG and HOBO devices. The subsequent 
compilation of the wave data was then decom-
posed using the FFT. The FFT method is an ef-
fective tool for differentiating between various 
wave types based on their respective wave pe-
riods, ranging from ordinary gravity waves to 
trans-tidal waves (Adiningsih et al., 2022). Fur-
thermore, the FFT allows for the decomposition 
of ocean wave types into various classifications, 
enabling the assessment of diverse types of data, 
including real-time recordings such as ultrasonic 
and acoustic, as well as radar images (Wei et al., 
2016). By employing the wave decomposition 
mechanism, the distinctive characteristics of the 

waves in the Tambakrejo and Teluk Awur waters 
can be identified.

RESULTS AND DISCUSSION 

Validation mini wage gauge to acoustic 
doppler current profiler

The results of the data recording on the height 
and direction of waves from the MWG and ADCP 
in Tambakrejo Waters on November 10th, 2023, 
between the hours of 16:00 and 18:00 WIB, are 
presented in Figure 5. The ADCP type Sontek 
XR-750 kHz was constrained by a limited record-
ing period of at least 10 minutes per sample, in a 
total recording duration of 2 hours, resulting in 12 
data points, as illustrated in Figure 5. The time-
sampling capability of an ADCP is dependent on 
its specifications. For instance, the 75-kHz Long 
Ranger ADCP can record data per 30 seconds, 
while the majority of wave-period exceeding one 
minute may be captured, smaller waves with peri-
ods of less than one minute may be excluded from 
the data set (Chang et al., 2011).

Furthermore, the result of the wave data re-
cording by MWG in Tambakrejo Waters on No-
vember 10th, 2023, between 16:00 and 18:00 WIB, 
is illustrated in Figure 6. The wave height is rep-
resented by a black line, while the wave direction 
is indicated by a blue dot. The MWG sampling 
rate is 0.1 seconds (or 100 milliseconds), which 
allows for the generation of dense wave data and 
the capture of data from smaller waves.

The raw data from MWG, henceforth re-
ferred to as the data, was selected concurrently 
with the ADCP recording for the purposes of de-
termining the wave height and direction, as il-
lustrated in Figure 7. 

Figure 5. Wave measurement from acoustic doppler current profiler in Tambakrejo Waters, November 10th, 
2023, 14:00–16:00 WIB (a) wave heights; and (b) wave direction
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Moreover, the MWG data was subjected to a 
validation process in comparison with the ADCP 
data (Figure 8). The validation results between 
MWG and ADCP for wave height demonstrated 
a high degree of similarity in the values obtained, 
however there was still a need for improvement 
in the accuracy of the data for wave direction. 
The mean absolute error (MAE) and the mean 
absolute percentage error (MAPE) calculations 
yielded values of 0.04 cm and 0.46% for wave 
height, respectively, while for wave direction, the 
values reached 83.30 and 36.76%. The present 
experiment demonstrates the performance of the 
MWG in measuring wave properties, specifically 
wave height and direction. The MWG, which is 
equipped with the accelerometer ADXL335, ex-
hibited high accuracy and suitability for measur-
ing wave height. This is supported by the fact that 
the ADXL335 can detect small movements with 
precision down to the millimeter (Ma et al., 2025).

Nevertheless, the wave direction source from 
sensor GY-271 still exhibits a lack of accuracy. 
The sensor was designed to record the angular 
position; however, field experiments revealed a 
lack of precision due to a drifting phenomenon 
that resulted in a discrepancy between actual 
conditions and sensor readings (Mangkusasmi-
to et al., 2020). Furthermore, the design of the 
MWG buoy was found to contribute to drift, as 
it was unable to accommodate the direction of 
wave arrival. As a result, modifications to the 
MWG buoy design are necessary for future stud-
ies. Additionally, the error in wave direction can 
be improved by implementing a filter in the algo-
rithm (Bachtiar et al., 2023).

Validation mini wage gauge to HOBO

The validation of wave measurements ob-
tained using MWG in comparison to ADCP 

Figure 6. Wave measurement from mini wave gauge in Tambakrejo Waters, November 10th, 2023, 14:00–16:00 
WIB, for wave heights (black), and wave direction (blue)

Figure 7. Wave measurement from mini wave gauge in Tambakrejo Waters, November 10th, 2023, 
with similar time with ADCP for (a) wave heights; and (b) wave direction
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demonstrated excellent performance. Howev-
er, due to the limited availability of wave data 
from ADCP, it was necessary to employ an ad-
ditional instrument capable of providing com-
pact wave data for validation purposes. More-
over, the wave data from MWG were validated 
against data from HOBO, which is a water level 
measuring instrument. Although HOBO is pri-
marily utilized as a water level logger, it can 
be employed for wave validation through the 
decomposition of wave constituents, which 
include tidal, wind, density, and other factors. 
The validation of MWG to HOBO wave data 
was limited to a comparison of available wave 
height, as the wave direction was not applica-
ble since HOBO was unable to record this data. 
The raw data from HOBO (black) and MWG 
(blue) in the Waters of Teluk Awur Jepara on 

November 25th, 2023, between 12:00 and 13:25 
WIB, is shown in Figure 9.

Generally, water level data has a similar pat-
tern with tidal data, as appointed main function 
of HOBO. To obtain wave data from water level 
data, additional processes were required to de-
compose the water level data into its constitu-
ent components using the FFT. Furthermore, 
the water level data was distinguished from the 
tidal wave data, and the residual waves data 
were retained. These residual waves are subse-
quently compared to MWG data, as illustrated 
in Figure 10. There were differences in the time 
sampling rate of MWG and HOBO, which were 
0.1 seconds and 1 second, respectively. Conse-
quently, the MWG data followed the amount 
and sampling rate of HOBO data. Given that the 
sampling rate was in seconds, it was possible to 

Figure 8. Comparison of wave height (left) and wave direction (right) between mini wave gauge (red) 
and ADCP (blue)

Figure 9. Wave measurement from mini wave gauge n Teluk Awur Waters, November 25th, 2023, 12:00–13:25 
WIB for HOBO (black), and mini wave gauge (blue)
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capture the small wave periods that were visible 
in the rapid fluctuating pattern.

The validation of wave height measure-
ments obtained using the MWG device dem-
onstrated a high degree of correlation with 
data obtained from the HOBO instrument. The 
error estimation employed the MAE and the 
mean percentage error (MAPE) from MWG to 
HOBO, yielding values of 4.04 cm and 23.30%, 
respectively. The level error is higher than that 
achieved by ADCP, which operates on the prin-
ciple of the HOBO device, which is based on a 
pressure sensor and subsequently converts the 
data to water level information. Even though 
previous studies have employed HOBO for 
wave measurements, it has been demonstrated 
to be more appropriate for long wave periods, 
such as sea and swell, than for small waves (Ri-
sandi et al., 2022). Furthermore, the occurrence 
of bias issues can be associated to the dynamics 
of the relative motion effect, which is sourced 
from water particles and is predominantly ob-
served in surface water (Cavaleri, 1980).

Overall, the MWG exhibits high accuracy 
comparable to that of commercial instruments 

such as ADCP and HOBO during field tests, 
as illustrated in Table 1. The accuracy test of 
wave height is higher than that of wave direc-
tion. The latter is influenced by the sensors se-
lected, whereas the accelerator of ADXL 335 
is suitable for various applications requiring 
precise measurements. Furthermore, it has high 
sensitivity to various movements and is com-
patible with a large range of frequencies (Ma et 
al., 2025). In the case of wave direction, how-
ever, further processing is necessary to account 
for the influence of the Earth’s magnetic field, 
which can be addressed using algorithms or the 
optimization of the buoy design (Barstow et al., 
1991; Steele, 2003).

Wave characteristic based on wave 
decomposing using FFT 

The characteristics of waves are of high im-
portance in the planning of coastal areas, par-
ticularly in the case of the waters in Tambakrejo 
and Teluk Awur. Since, in these areas are used 
extensively by productive zones, including 
ports, settlements, industrial areas, fishponds 

Figure 10. Comparison of wave height between HOBO (black) and mini wave gauge (blue)

Table 1. Validation of MWG to ADCP and HOBO based on MAE and MAPE

Error measurement
Wave height Wave direction

MAE (cm) MAPE (%) MAE (°) MAPE (%)

MWG vs ADCP 0.04 0.46 83.36 36.76

MWG vs HOBO 4.04 23.30 N/A N/A
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and others. The characteristics of waves can be 
obtained by wave decomposition using the FFT 
method. This demonstrates that frequency do-
main approaches are more effective than time 
domain methods in identifying the characteris-
tics of waves (De-gan et al., 2000).

In general, the various types of waves can be 
classified into seven categories based on their re-
spective periods. These include capillary waves 
(0.1 seconds), ultra gravity waves (1 second), 

ordinary gravity waves (30 seconds), infra grav-
ity waves (5 minutes), and ordinary tides waves 
(12–24 hours). The results of the FFT decom-
position of the data from Tambakrejo Waters on 
November 10th, 2023, between 16:00 and 18:00 
(WIB), have identified three distinct wave types: 
ordinary gravity waves, infra-gravity waves, and 
long-period waves (Figure 11).

Moreover, the wave characteristics ob-
served in Teluk Awur Waters, derived from 

Figure 11. Wave decomposition from mini wave gauge (MWG) using fast fourier transform (FFT) in 
Tambakrejo Waters, November 10th, 2023, 16:00–18:00 WIB

Figure 12. Wave decomposition from mini wave gauge using fast fourier transform in Teluk Awur Waters, 
November 25th, 2023, 12:00–13:25 WIB
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MWG and HOBO data, are illustrated in Fig-
ures 12 and 13, respectively. The wave char-
acteristics observed in Teluk Awur Waters ex-
hibited a comparable pattern to those observed 
in Tambakrejo Waters, with the emergence of 
three distinct types of waves. In both the Waters 
of Tambakrejo and Teluk Awur, ordinary grav-
ity waves were identified as the most dominant 
type of wave. These waves were found to be in-
duced by a range of activities, including grav-
ity, inertia, wind, shipping, and coastal build-
ings (Dhanak and Xiros, 2016). Additionally, 
the pattern of wave decompositions sourced 
from HOBO exhibited a resemblance to tidal 
waves generally.

CONCLUSIONS 

The accuracy of the MWG for measuring 
wave height and direction has been demonstrat-
ed through a process of validation. This has in-
volved a comparison with the ADCP and HOBO 
instruments, which have been shown to pro-
vide comparable results. The deployment of the 
MWG presents a potential tool for the broader 
utilisation of cost-effective instrumentation for 
wave measurement, with indications of efficacy 
in efficient data acquisition and the use of low-
cost materials. Furthermore, the accelerometer 
ADXL335 demonstrates excellent fidelity in 

real-time wave height measurement due to its 
sensitivity to minute movements. However, the 
wave direction indicated by the GY-271 sen-
sor exhibits a tendency towards bias, and thus 
remains a subject of ongoing development. 
In future studies, it would be beneficial to ap-
ply the aforementioned validation in long-term 
measurements. Additionally, parameters such 
as battery life and data acquisition via internet 
connection should be considered. Furthermore, 
the buoy design should be given due attention to 
prevent leakage and to allow for a more optimal 
direction of the incoming wave.
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