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Abstract 

In this study, an alternative approach for recording water level fluctuation in a two-dimensional 

wave flume based on using pressure transducers is investigated. Two sets of simultaneous 

measurements were carried out at the same place using a water level meter and a pressure 

sensor. Spectral analysis is applied to find conversion coefficient between these sets of data. 

The conversion coefficients attained by this method are found to be considerably different from 

those obtained from linear wave theory.  It is also concluded that the deployed sensors are 

accurate to record the oscillation amplitude of harmonics with maximum 2 Hz frequencies. 

These sensors can record the simulated natural young seas with periods greater than 3s in full 

scale, supposing a length scale of 25 would be applied. It is revealed that the maximum 

frequencies dependent to depth attenuation correction were greater than theoretical values. In 

the accomplished laboratory data acquisition, the resulted relative error was diminished from 

approximately from 20% to about 1.5% by using the proposed method. 

 

Keywords: Wave recording; Pressure conversion; Laboratory observations; Transducer; 
Spectral analysis. 

 

1. Introduction 

Accurate study of wave behavior in deep and 

shallow waters requires access to precise field and 

laboratory measurement tools. Measurement of 

wave-induced water level fluctuations can provide 

invaluable information about wave field 

characteristics. The traditional methods of wave 

measurement in seas and oceans is the use of floating 

buoys, but the safe anchorage of equipment and 

problem about collision of anchors, hooks and 

vessels with these sensors are always source of 

concern (Grace, 1978). Therefore, engineers prefer to 

use subsurface and submerged wave recording 
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equipment and the most straightforward way to 

measure water level variations and fluctuations is to 

measure the pressure. 

Nowadays, piezoelectric pressure sensors have 

been utilized not only in field campaign but also for 

laboratory measurements. In a typical piezoelectric 

pressure sensor, the pressure pulse is turned to 

electrical current, directly. In this study, the pressure 

in water wave field is measured by a simple pressure 

sensor known as variable resistance transducer. This 

article presents a method by which water level 

variations can be determined directly from pressure 

measurements. Simultaneous water level and 

pressure measurements are carried out at the same 

place to obtain a data base used to find conversion 

coefficients between these two parameters. The main 

problem of using pressure sensors for water level 

fluctuation measurement is that pressure variation 

pertaining to wave oscillation is not constant beneath 

water surface and differs with the depth where the 

pressure sensor is located (Svendsen, 2006). This 

difference is more significant for higher frequency 

waves. Some researchers believe that pressure 

sensors filter the sensible effects of high frequency 

waves and do not record their energy (Benassai, 

2006). 

According to the airy wave theory, the elevation 

changes of a linear wave can be expressed by 

)cos(
2

kxt
H

      (1) 

and the derivative of wave velocity potential 

function with respect to time: 

)cos(
cosh

)(cosh

2
kxt

kh

hzk
g

H
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    (2) 

where H is the height,  is the angular velocity, k 

is the linear wave number, g is the gravitational 

acceleration, h is the water depth (a positive 

number), z is the sensor level from water surface (a 

negative number), and x and t are the space and time 

variables, respectively. With the above assumptions, 

the pressure at a given water level (depth) will be: 

tgzp        (3) 

where,  is the sea water density. Subtracting the 

hydrostatic pressure from the above equation results 

the pressure due to fluctuation in water level, which 

is called the hydrodynamic pressure )( Dp  and is 

expressed as follows: 
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Thus, it could be deduced as follows: 
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hzk
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     (5) 

Therefore, the recorded hydrodynamic pressure must 

be multiplied by the factor as 
)(cosh

cosh

hzk

kh


, which is 

greater than 1 for all z values. For regular waves, 

pressure data can be easily corrected by calculating 

this fraction based on principles of airy wave theory, 

but the same process cannot be as easily followed for 

irregular waves. Apparently, the pressure values 

corresponding to irregular waves should be corrected 

in a similar method, but the correction coefficient 

calculations and the frequency range which must be 

corrected is diverse and different depending on field 

or laboratory applications. One such difference is the 

method of calculating the wavenumber (k). Some 

researchers believe that for irregular waves in field 

applications, the wavenumber given by the linear 

wave theory based on the peak frequency is 

sufficiently accurate (Svendsen, 2006). This 

hypothesis provides accurate results for many cases, 

particularly for narrow banded long waves and 

swells appearing in the nature (Holthuijsen, 2007). 
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But, this method is questionable for laboratory 

applications. Some researchers believe that each 

harmonic must be corrected according to the 

frequency and wave number of the same harmonic 

using Equation 5 (Carter, 2013). Following this 

approach, there will be a large amount of correction 

factor values to be obtained, especially for high 

frequencies, which makes it impractical. Therefore, 

the values of correction factors must be limited. For 

example, in the method proposed by Tucker and Pitt 

(2001), the maximum correction coefficient value is 

limited to 5. On the other hand, some researchers 

have argued that dynamic pressure correction should 

be bounded by an upper frequency limit (Oliveras et 

al., 2012). They believe that the pressure effects of 

frequencies above this bound should not be recorded 

by the sensor. Therefore, correction of frequencies 

higher than this bound is unnecessary. Accordingly, 

it is assumed that a sensor at depth z can record the 

effects of those frequencies for which deep water 

condition hold true at that depth. In the other words: 

z
k

L
z




2
     (6) 

where, L is the wavelength corresponding to the 

same frequency. As a result, the maximum frequency 

to which pressure correction is applicable is given by 

Equation 7: 






2

tanh

max,











z

h

z
g

f correction

   (7) 

It seems that the best method to convert the 

dynamic pressure to water level is using Eq. 5 for 

each frequency and considering the upper limit of 

corrected frequency according to Eq. 7 (Oliveras et 

al., 2012). In this study, this method is regarded as 

the basis of comparisons between the observed 

results and theoretical values.  

Today, modern equipment with exquisite 

ultrasound, infrared and laser technologies can 

accurately perform water level measurements but at a 

cost tens of times higher than the cost of pressure 

transducers. The reasonable price and convenience of 

pressure transducers are so appealing that over the 

past three decades, improving the accuracy of 

subsurface pressure recording in laboratory 

measurements has remained an interestingly studied 

topic in this field (Grace, 1978; Cavaleri, 1980; 

Bishop and Donelan, 1987; Raubenheimer et al., 

1998; Tsai et al., 2005; Escher and Schlurmann, 

2008; Tsai and Tsai, 2009). Also, the use of pressure 

transducers seems inevitable in applications where 

the wave or pressure measurement is necessary on a 

permeable surface or a porous structure. 

However, improving the utility of pressure 

transducers still remains a relevant objective worthy 

of research. For example, Stagonas et al. (2016) have 

recently introduced a new pressure gauging 

configuration for laboratory applications, which 

allows the profile of a wave colliding against a 

vertical wall to be accurately studied. Such 

innovations are not limited to pressure gauging 

techniques but also include theory-oriented 

contributions, such as the formulations proposed by 

Clamond and Constantin (2013) for accurate 

recording of singular waves based on pressure 

transducers installed on the flume bed. 

2. Material and Methods 

As mentioned in the introduction section, in this 

study, the accuracy and operational limits of resistive 

pressure transducers are investigated based on 

laboratory observations made on irregular waves. 

The required data were collected by generation of 

irregular waves in the two-dimensional laboratory 

wave flume at the School of Civil Engineering, 

College of Engineering, University of Tehran, which 
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has a length of 24m, operational depth of 1.10m, and 

width of 1m. Both of regular and irregular waves 

could be generated, at the upstream end of flume, by 

a piston type paddle. The wave maker is equipped 

with active wave absorber to control and compensate 

the reflected wave from structure at the paddle 

position and avoid the wave re-reflection into the 

flume. The measurements were made by resistive 

diaphragm pressure transducers with standard 

outputs ranging from 4 to 20 mA. The accuracy of 

transducers was verified by a calibrated resistive 

level-meter recording the water level at the same 

position, simultaneously. 

Prior to data collection, the output of resistive 

pressure transducers is calibrated statically for water 

level. After recording the pressure data (in 

centimeters of water), hydrostatic pressure is 

removed from the pressure data and the amplitude 

spectra of both data series is obtained by spectral 

analysis of simultaneous level and pressure data. 

Each irregular wave is replicated 5 times with 

random phases and the resulting measurements are 

averaged. Pressure and level measurements are  

made at 50 Hz frequency over a period of 10 

minutes, and spectral analysis is conducted on the 

data pertaining to the middle 8 minutes. Ultimately, 

the primary spectrum with 12000 frequency bands 

was obtained. Naturally, the resulting spectra were 

very noisy, so level and pressure spectra were 

smoothed with the same degrees of freedom (d.o.f). 

To smooth the spectra, the value of each frequency 

was replaced by the average of 25 frequencies 

around the same frequency point, symmetrically (12 

points at each direction). This procedure was 

repeated for 5 time-series with random phases, so 

smoothing was carried out with 250 degrees of 

freedom. The same procedure was followed for both 

groups of data gathered from level meter and 

pressure transducers. 

Finally, the correction coefficient of each 

frequency was assumed as the proportion of level 

amplitude to pressure amplitude for that frequency: 

ip

il

if a

a
c

,

,
      (8) 

In the above equation, 
if

c is the correction 

coefficient of frequency i, ila ,  and ipa , are the 

amplitudes of level and pressure in that frequency, 

respectively. 

Figure 1 shows the station instrumentation, 

pressure transducers setup, and the bed slope applied 

at two-dimensional wave flume of Civil Engineering 

School of Tehran University. In all experiments, 

Station 1 was located just before the start of the 

slope, Station 2 was located at the end of the slope, 

and Stations 3 and 4 were located 1.8 and 3.6 meters 

away from Station 2. The applied slope was 1:16 and 

resulted in a 45cm reduction in water depth. The sole 

purpose of this slope was to provide two different 

water depths in each experiment and gradual wave 

transformation. The irregular waves were generated 

by paddle in three different initial water depths  

(dep0 = h = 65, 75 and 85). For each water depth, 12 

different waves with four peak periods of 1.4, 1.6, 

2.0 and 2.4sec and three significant wave heights of 

12, 15 and 18 cm are generated. In all experiments, 

Station 1 was located just before the start of the 

slope, Station 2 was located at the end of the slope, 

and Stations 3 and 4 were located 1.8 and 3.6 meters 

away from Station 2. The applied slope was 1:16 and 

resulted in a 45cm reduction in water depth. The sole 

purpose of this slope was to provide two different 

water depths in each experiment and gradual wave 

transformation. The irregular waves were generated 

by paddle in three different initial water depths  

(dep0 = h = 65, 75 and 85). For each water depth, 12 

different waves with four peak periods of 1.4, 1.6, 

2.0 and 2.4sec and three significant wave heights of 

12, 15 and 18 cm are generated. 
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Figure 1: The stations, instrumentations, sensor setup and bed slope of flume applied in the stud 

 

In Station 1, pressure transducer was placed 40 cm 

above the flume bed, but in other stations, this 

distance was 5 cm. A total of 180 waves were 

generated and measured. All waves were generated 

according to JONSWAP spectrum and recommended 

coefficients (Kahma and Calkoen, 1992). In each 

experiment, a target station was defined and 

equipped with a level meter to record water level 

data at the same position, simultaneously. 

The raw and corrected pressure data were 

compared against the water level data in terms of 

error criteria RMSE, NRMSE, Bias and NBias with 

the well-known definitions. 

n

p)(

=RMSE

n

=i

 
1

2

    (9) 

0mH

RMSE
=NRMSE

    (10) 

n

p)(

=Bias

n

=i

 
1



    (11) 

0mH

Bias
=NB

     (12) 

Where  denotes the water level, and p stands for 

raw or corrected pressure. 

3. Results and Discussions 

Figure 2 shows the water level and pressure 

variations observed at Station 4 over a 50-second 

period corresponding to the wave generated with a 

significant height of 18cm and peak period of 2.4sec 

in 65cm water depth. In Tables 1 to 3, the recorded 

pressure and water level data at Station1 for depths 

of 65, 75 and 85 cm are compared by introduced 

statistical criteria. 

As expected, a significant difference is observed 

between pressure and water level data, and the 

corresponding averaged NRMSE is about 20%. 

Similar results (with average NRMSE of about 16%) 

are obtained for measurement made at Stations 2, 3 

and 4 with depths of 20, 30 and 40cm. Closer 

examination of Figure 2 indicates that the mentioned 

difference (error) is more significant in higher 

frequency ranges. Also, as the majority of Bias 

values have a negative sign, it can be concluded that 

most of the differences between level and pressure 

data arise from the wave troughs.     
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Figure 2: Comparison between water level and recorded raw pressure at St1 for irregular wave 

with trinary of (Hm0=18 cm, Tp=2.4 s, dep0 = 65 cm) 

 

Table 1: statistical comparison between recorded water level and raw pressure at St1 in dep0 = 65 cm 

2.4 2.0 1.6 1.4 

0m

p

H

T
 RMSE NRMSE RMSE NRMSE RMSE NRMSE RMSE NRMSE 

Bias NBias Bias NBias Bias NBias Bias NBias 

1.93 0.16 2.08 0.17 2.25 0.19 2.47 0.21 
12 

-0.018 -0.0015 -0.021 -0.0017 -0.024 -0.002 -0.029 -0.0024 

2.26 0.15 2.39 0.16 2.55 0.17 2.89 0.19 
15 

-0.026 -0.0017 -0.038 -0.0025 -0.046 -0.0031 -0.062 -0.0041 

2.69 0.15 2.79 0.16 2.99 0.17 3.24 0.18 
18 

-0.012 -0.0007 -0.018 -0.001 -0.033 -0.0018 -0.042 -0.0023 

 

Table 2: Statistical comparison between recorded water level and raw pressure at St1 in dep0 = 75 cm 

2.4 2.0 1.6 1.4 

0m

p

H

T
 RMSE NRMSE RMSE NRMSE RMSE NRMSE RMSE NRMSE 

Bias NBias Bias NBias Bias NBias Bias NBias 

2.20 0.18 2.36 0.20 2.51 0.21 2.71 0.23 
12 

-0.025 -0.0021 -0.028 -0.0023 -0.029 -0.0024 -0.033 -0.0027 

2.34 0.16 2.59 0.17 2.79 0.19 2.98 0.20 
15 

0.029 0.0019 -0.033 -0.0022 -0.039 -0.0026 -0.052 -0.0035 

2.78 0.15 2.91 0.16 3.18 0.18 3.42 0.19 
18 

-0.015 -0.0008 -0.022 -0.0012 0.029 0.0016 -0.049 -0.0027 
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Table 3: statistical comparison between recorded water level and raw pressure at St1 in dep0 = 85 cm 

2.4 2.0 1.6 1.4 

0m

p

H

T
 RMSE NRMSE RMSE NRMSE RMSE NRMSE RMSE NRMSE 

Bias NBias Bias NBias Bias NBias Bias NBias 

2.32 0.19 2.48 0.21 2.59 0.22 2.83 0.24 
12 

-0.032 -0.0027 -0.031 -0.0026 -0.038 -0.0032 -0.041 -0.0034 

2.49 0.17 2.66 0.18 2.88 0.19 3.06 0.20 
15 

-0.035 -0.0023 -0.037 -0.0025 -0.036 -0.0024 -0.048 -0.0032 

2.83 0.16 3.05 0.17 3.29 0.18 3.59 0.20 
18 

0.025 0.0014 -0.028 -0.0016 -0.048 -0.0027 -0.042 -0.0023 

 

Figure 3 shows the smoothed amplitude spectra of 

water level and pressure data compared in Figure 2. 

As is evident, the difference of two spectra is low at 

low frequencies and gradually increases with the 

frequency. To correct the pressure data, the 

procedure described in section 2 is followed to attain 

the correction coefficient spectrum. 

 

 

Figure 3: Comparison of recorded water level and raw pressure spectra at St1, 

pertaining to irregular wave with trinary of (Hm0=18 cm, Tp=2.4 s, dep0 = 65 cm) 

 

A similar procedure is carried out for all 

measurements made in all stations. For example, 

Figure 3 shows the correction coefficient spectrum 

obtained from the measurements made in Station 1 in 

the experiment with 75cm deep water. Considering 

the large number of experiments, to save space, 

avoid confusion, and facilitate conclusion, Figures 5 

to 10 only display the average of correction 

coefficient spectra obtained from different 

experiments. As it is clear, in all spectra, behavior of 

correction coefficient is different in two frequency 

ranges. At frequencies of less than 2.0 Hz, behavior 

of correction coefficient is definite and meaningful, 

but at higher frequencies, this trend is uncontrolled 

and extremely complicated. According to the results, 

for water depths of 85, 75 and 65cm, the frequency 

bounds under which correction coefficient behave 

regularly and pressure correction seems valid and 

necessary are 1.55, 1.65 and 1.90 Hz, respectively. 

These values based on theoretical principles and 

Equation 7 is 1.32, 1.49 and 1.76Hz, respectively. 

Also, the average upper frequency necessary to 
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modify at three other stations with depths of 20, 30 

and 40cm are 2.58, 2.05 and 1.81 Hz respectively. 

While theoretical computations yield these values as 

2.28, 1.77 and 1.49, respectively. It is clear that the 

experimentally resulted upper frequency bounds 

necessary to correct are all greater than their 

theoretical values (please clarify the sentence, 

editor). On the other hand, the maximum absolute 

values of correction coefficients for low frequencies 

are different and can reach up to significant values 

such as ~ 12 at St2, St3 and St4 for dep0 = 85 cm 

(Figure 10). 

 

 

Figure 4: Resulted correction coefficient spectra at St1 for dep0 = 75 cm 

 

 

Figure 5: Mean correction coefficient spectrum at St1 for dep0 = 65 cm 

 

 

Figure 6: Mean correction coefficient spectrum at St1 for dep0 = 75 cm 
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Figure 7: Mean correction coefficient spectrum at St1 for dep0 = 85 cm 

 

 

Figure 8: Mean correction coefficient spectrum at St2, St3 and St4 for dep0 = 65 cm 

 

 

Figure 9: Mean correction coefficient spectrum at St2, St3 and St4 for dep0 = 75 cm 

 

 

Figure 10: Mean correction coefficient spectrum at St2, St3 and St4 for dep0 = 85 cm 
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Considering these outcomes, it can be generally 

concluded that the correction coefficient variations 

are controlled by harmonic frequencies. In the next 

step, the effect of relative depth of sensor mounting 

to the water level is investigated. For this purpose, an 

irregular wave with significant wave height of 18 cm 

and peak period of 2.4 sec was generated three times 

at the water depth of 85 cm. Measurements were 

carried out at Station 1 with the pressure transducer 

mounted at the depths of 20, 30 and 40cm below the 

water level. As shown in Figure 11, greater values of 

correction coefficients were resulted for deeper

sensor mounting levels. Therefore, correction 

coefficient variations may be compared with the 

results of the factor 
)(cosh

cosh

hzk

kh


 (i.e. modifying 

each harmonic by the obtained wavelength of the 

same harmonic using the linear wave theory). The 

results obtained from comparison of experimental 

correction coefficients with the results of 

)(cosh

cosh

hzk

kh


 for different depths and frequencies 

are presented in Figures 12-A to 12-F. 

 

 

Figure 11: The effect of transducer mounting depth on correction coefficient 

(mounting depth of 25, 35 and 45 cm) 

 

 

Figure 12-A: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St1 for dep0 = 65 cm 
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Figure 12-B: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St1 for dep0 = 75 cm 

 

 

Figure 12-C: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St1 for dep0 = 85 cm 

 

 

Figure 12-D: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St2, St3 and St4 for dep0 = 65 cm 
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Figure 12-E: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St2, St3 and St4 for dep0 = 75 cm 

 

 

Figure 12-F: Comparison of observational and theoretical values of depth 

attenuation correction coefficients at St2, St3 and St4 for dep0 = 75 cm 

 

In all stations, pressure correction coefficients 

obtained for low frequencies are linearly proportional 

to 
)(cosh

cosh

hzk

kh


 and R

2
 is very close to 1. But, the 

deviation of perfect fitted line tangent from 1 is 

noticeable and deserves attention in some cases. This 

deviation is more significant at Stations 2, 3 and 4 

for the incident waves generated in the water depth 

of 85 cm. In these experiments, the slope of fitted 

line is 0.79.  

In Figures 12-A-F, it is perceptible that the 

harmonics with frequencies lower than 1.5Hz (in 

laboratory scales) can be measured accurately and 

conveniently by means of pressure transducers. The 

typically used length scale for physical experiments 

in 2D wave flumes ranges between 15 up 35 and is 

averagely 25 (Hughes, 1993), since the appropriate 

time scale is the square root of length scale (Frostick 

et al., 2011), the waves with natural period of greater 

than 3.4 seconds modeled in wave flumes can be 

recorded using these pressure transducers. In the 

other words, according to wave classification based 

on period ranges (e.g. Brander et al., 2004), the 

natural waves range between young sea waves up to 

long swell waves can be reliably modelled in 2D 

flumes and measured by this type of sensors. But, 

note that it is essentially necessary to use at least one 

calibrated level meter along with pressure 
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transducers to be able to determine the correction 

coefficient spectrum based on water depth and 

mounting depth of transducers. 

The proposed approach is validated with the water 

level fluctuations due to waves with different peak 

periods and significant wave heights and the same 

depths and sensor mounting depth. As an example, 

the comparison between raw pressure, corrected 

pressure based on proposed method and recorded 

level due to wave with trinary of (Hm0=14.0 cm, 

Tp=2.1 s, Dep0=65 cm) in time span of 290 to 305 

seconds is depicted in Figure 13. In this comparison, 

the correction coefficient spectrum pertaining to 

depth of 65 cm (Figure 5) in range of up to 1.5 Hz is 

implemented to correct the raw pressure data. As 

shown in Figure 5, the corrected pressure results are 

so close to recorded water level data and these two 

time series are almost indistinguishable. Similar 

validation process is repeated for two other waves 

with trinary of (Hm0=15.0 cm, Tp=1.95 s, Dep0=75 

cm) and (Hm0=16.0 cm, Tp=1.75 s, Dep0=85 cm). 

The quantitative results of comparison of corrected 

pressure data and water level measurements for  

these three aforementioned waves are presented in 

Table 4. As can be seen, the average relative error 

(NRMSE) achieved by the introduced method is 

about 1.5%. 

 

 

Figure 13: Comparison between water level, recorded raw pressure and corrected pressure according 

to proposed approach for wave with (Hm0=14.0 cm, Tp=2.1 s, Dep0=65 cm) 

 

 

Table 4: Statistical results of recorded pressure correction according to proposed approach  

NBias Bias NRMSE RMSE  

-0.00014 -0.002 0.013 0.19 (Hm0=14.0 cm, Tp=2.1 s, Dep0=65 cm) 

-0.00047 -0.007 0.015 0.22 (Hm0=15.0 cm, Tp=1.95 s, Dep0=75 cm) 

-0.00038 -0.006 0.016 0.25 (Hm0=16.0 cm, Tp=1.75 s, Dep0=85 cm) 

 

 

Overall, the results indicate that variable 

resistance diaphragm pressure transducers (simplest 

type of pressure transducers) can serve as 

inexpensive yet reliable tools for measuring irregular 

modeled wind waves in laboratory in frequency 

ranges of less than 1.5 Hz for traditional flume, water 
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depth and wave dimensions. It should however be 

remembered that the validity of this method depends 

on the use of at least one level gauge along with the 

transducers. 

4. Conclusions 

In this study, the performance and accuracy of 

resistive diaphragm pressure transducers in 

measurements involving irregular waves in two-

dimensional wave flumes were investigated based on 

laboratory observations. Also, the frequency range in 

which their outputs are valid was determined. 

Furthermore, the results show that for every wave, 

correction coefficients show two different patterns in 

two frequency ranges. It was also found that the 

correction coefficients have a significant relationship 

with the mounting depth of transducer. In general, 

resulted correction coefficients for low frequencies 

(less than 1.5 Hz) showed a significantly regular 

behavior consistent and correlated with the results of 

fraction
)(cosh

cosh

hzk

kh


 for each frequency. However, 

experimental results pertaining to this frequency 

range showed some noticeable deviations from the 

results of the aforementioned fraction. Meanwhile, 

the correction factors obtained for frequencies higher 

than 2.0Hz showed a complex or erratic behavior. 

The corrected pressure time series corresponding to 

water level is obtained by applying correction 

coefficient spectrum on the amplitude spectrum of 

pressure data and linear and sinusoidal combination 

of Fourier harmonics including the initial phase of 

each harmonic. Assuming an averaged length scale 

of 25 for physical modelling in 2D flumes and 

considering that the appropriate time scale is the 

square root of length scale, the waves with 

frequencies less than 1.5 Hz in the laboratory scales 

can be considered roughly equivalent to the waves 

with periods of greater than 3.4 seconds in nature. 

This outcome implies that the proposed approach can 

be safely utilized to model and measure the natural 

young sea waves with period of 3.4 s to long swell 

waves in 2D wave flumes.  

The corrected pressure time series was then 

compared with water level measurements for 

irregular waves with different characteristics at 

similar water and sensor mounting depths, and the 

proposed method was found capable of reducing the 

averaged NRMSE of water column pressure from 

about 20% to about 1.5% (It is suggested this section 

be removed and highlighted in the discussion 

section), editor). 
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