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 A B S T R A C T

The accurate measurement of waves underpins marine energy resource characterization, device design, and 
project development. Datawell wave buoys are widely deployed and have long served as a trusted standard 
for wave measurements. We quantify the measurement performance, including wave elevation and energy 
flux estimation, of a Datawell DWR-MkIII buoy using prescribed monochromatic heave motions on a large-
amplitude six-degree-of-freedom motion platform at the National Laboratory of the Rockies, assuming the buoy 
behaves as an ideal wave follower. Commanded motions were validated with an optical motion tracking system 
while buoy elevation and raw acceleration were recorded. Wave elevations were propagated to wave energy 
flux estimation using four methods, including one frequency-domain method and three time-domain methods. 
The Bayesian optimization was applied for design of experiments, and records from three test sites were also 
applied and evaluated in the present study. Results show two error regions within the nominal period range 
of 1.6 s to 30 s. For wave periods between 5 s and 25 s, the buoy provides accurate wave height measurements. 
For short periods less than 5 s, the 1.28Hz sampling frequency induces sub-Nyquist artifacts that bias elevation 
and can drive maximum energy flux estimation errors above 100%. For long periods exceeding 25 s, the buoy 
reported elevation is underpredicted with error depending on period but relatively independent of wave height, 
with maximum wave height and wave energy flux errors reaching 64% and 87%, respectively. Furthermore, 
analysis of three field-derived cases shows that frequency-domain estimates at 1.28 Hz agree within 2% of 
the corresponding 100 Hz estimates, while larger method-dependent differences are observed for the Hilbert 
method.
. Introduction

Ocean wave energy is a renewable resource that is predictable 
p to several days in advance, available continuously throughout the 
ay, and characterized by a relatively high energy density compared 
ith other renewable sources (Lehmann et al., 2017). In the United 
tates, wave energy accounts for approximately 83% of the total ocean 
ydrokinetic energy resource (Kilcher et al., 2021). Wave resource 
haracterization is the first step in marine energy development, as it 
irectly informs wave energy converter (WEC) design and deployment 
Ahn et al., 2020). First, it specifies the environmental load inputs 
sed throughout the WEC design process, consistent with established 
cean engineering practice (Chen and Gilbert, 2021; Faltinsen, 1993). 
econd, accurate estimation of wave energy flux is critical for assessing 
EC performance and efficiency. Therefore, effective utilization of this 
esource depends on accurate characterization of wave energy flux in 
oth coastal and offshore environments (Ahn et al., 2020).
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Two main approaches are used to characterize the wave energy 
resource: numerical modeling and direct wave measurements. The first 
method employs numerical wave models, such as SWAN (Booij et al., 
1996) or WAVEWATCH III (Tolman et al., 2009), to simulate wave 
propagation and estimate wave energy flux across broad regions and 
long times. Researchers have generated multi-decade wave hindcasts 
using such models (Arinaga and Cheung, 2012; Gonçalves et al., 2018), 
and a scalable methodology for wave resource assessment has been 
developed to address previous limitations and improve the consistency 
of wave resource estimates (Kilcher et al., 2023). The second method 
relies on offshore wave buoys, which directly record wave height, 
period, and spectra at specific sites (Krogstad et al., 1999; Herbers 
et al., 2012; Pillai et al., 2021). Buoy observations provide high-
quality data for calculating local wave energy flux and are crucial for 
validating and calibrating numerical model predictions (Hasselmann 
et al., 1973). In practice, these approaches are complementary: buoy 
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data validate numerical models while model simulations fill spatial and 
temporal gaps between buoy locations, yielding a more accurate and 
comprehensive wave resource characterization.

Ensuring the accuracy and consistent application of these method-
ologies is essential to the marine energy community. The International 
Electrotechnical Commission (IEC) Technical Committee on Marine 
Energy has thus issued technical specifications governing site-focused 
wave resource assessment, notably, IEC 62600-100 (IEC, 2024a) and 
IEC 62600-101 (IEC, 2024b). These technical specifications provide 
internationally accepted guidance on model configuration and valida-
tion procedures and have been applied in studies worldwide (Ramos 
and Ringwood, 2016; Hemer et al., 2017; Lokuliyana et al., 2020; 
García-Medina et al., 2021).

While these technical specifications establish frameworks for wave 
resource assessment, the practical accuracy of the resulting energy 
estimates is fundamentally limited by the fidelity of the buoy mea-
surement. In wave energy applications, the sensitivity of the resource 
characterization is particularly high because wave energy flux is pro-
portional to the square of the wave height (IEC, 2024a). Consequently, 
even a small systematic bias in the buoy can lead to a large uncertainty 
in the power capture and economic viability of a WEC project. This 
critical dependency necessitates a validation of the buoy’s performance, 
moving beyond classic ocean engineering safety requirements to meet 
the high demands of the marine energy sector. 

Accelerometer-based offshore wave measurement buoys, such as 
the Datawell Directional Waverider MkIII (DWR-MkIII), are widely 
considered the industry standard for wave measurements and serve 
as indispensable ground truth in wave energy studies (O’Reilly et al., 
1996; Andrews and Peach, 2019). The IEC technical specifications 
require calibrated buoys, and the DWR-MkIII is among the few commer-
cially available instruments that meet this requirement (IEC, 2024a). 
The Waverider series buoys have also been used as the standard for 
validating next-generation buoys such as the Spotter buoy (De Vries 
et al., 2003; Colbert, 2010; Liu et al., 2015; Raghukumar et al., 2019; 
Beckman and Long, 2022; Jangir et al., 2023a,b). While previous 
studies have explored sources of measurement uncertainty, most have 
focused on external influences, such as mooring configuration and the 
hydrodynamic response associated with the mooring system (Draycott 
et al., 2022) or biofouling effects that can dampen buoy motion and 
distort wave spectra over long-term deployments (Thomson et al., 
2015).

Before ocean deployment, buoys are typically calibrated and veri-
fied using dry tests on a Ferris-wheel-like apparatus (Gerritzen, 1993) 
as shown in Fig.  1, in which the buoy is fixed and driven along a 
circular trajectory that is treated as an ideal wave follower. However, 
such Ferris-wheel setups can provide only a limited set of prescribed 
motions with fixed heave amplitude and thus do not fully character-
ize buoy performance over the broader range of motions relevant to 
field deployment, which is still used in the present buoy engineering 
practice. The marine energy field demands higher accuracy in wave 
measurements than many traditional ocean engineering applications, 
particularly for wave energy estimation. Therefore, buoy performance 
should be evaluated over a wider range of prescribed motions. As an 
early effort, van Essen et al. (2018) evaluated the dynamic response of 
a DWR-MkIII buoy under prescribed motions using a motion-simulator 
platform at the Maritime Research Institute Netherlands, and reported 
potential errors in long-wave conditions, such as swell or bound second-
order waves in shallow water (Ashton and Johanning, 2015). However, 
the study was limited to a narrow range of wave periods and did not 
examine potential energy flux estimation performance degradation at 
the bounds of the buoy operational range.

Despite these research efforts, several critical gaps remain in char-
acterizing buoy-intrinsic uncertainties, particularly regarding the ex-
tended period range where sensor sensitivity may degrade and the 
systematic propagation of these measurement errors to wave energy 
2 
Fig. 1. Ferris-wheel buoy calibration device. The buoy is fixed in the appara-
tus and forced to move through a circular trajectory, simulating its response.

flux. To address these gaps, the present study introduces a comprehen-
sive performance evaluation of the DWR-MkIII wave buoy using the 
National Laboratory of the Rockies’s (NLR’s) Large-Amplitude Motion 
Platform (LAMP). Compared with traditional calibration procedures, 
LAMP can generate a much wider range of prescribed motion cases 
than a Ferris-wheel apparatus, which can cover all the buoy operational 
period range (Datawell, 2025), with heave amplitudes up to 0.9m
(Friedman et al., 2025). The performance evaluation is conducted 
based on DWR-MkIII buoy with the prescribed monochromatic heave 
motion experiment. The buoy is also assumed to be a perfect wave 
follower here, and commanded motions were validated with the Qual-
isys optical system. Buoy elevation was recorded at 1.28Hz using the 
Wave5 software, and raw acceleration was recorded by the buoy at 
1.28Hz using the Buoy Tester software to quantify the wave height 
measurement error. The test periods fall within the buoy’s operational 
limits. We propagated these errors to wave energy flux estimations 
using four methods: a frequency-domain method, a small-amplitude 
time-domain method, a Hilbert transform-based method, and a wavelet-
based method. Finally, three Coastal Data Information Program (CDIP) 
field records were reprocessed to examine practical implications. This 
study presents a potential experimental approach for developing a 
new wave buoy calibration method and identifies key uncertainty 
sources affecting wave energy estimation, with the longer-term aim 
of informing future IEC technical specifications for marine energy 
development.

2. Experimental setup

2.1. Experimental apparatus

The experiment was conducted on LAMP at the National Labora-
tory of the Rockies. This motion platform can perform six degrees-
of-freedom (6-DOFs) motion and is capable of translational strokes of 
up to ±1.25 m in surge, ±1.15 m in sway, and ±0.9 m in heave, and 
rotational strokes of up to ±25.5◦ in roll, ±30.0◦ in pitch, and ±26◦ in 
yaw (Friedman et al., 2025).

Fig.  2 shows the experimental apparatus. A DWR-MkIII buoy (serial 
number 73005) was mounted at the center of the platform and the 
platform coordinate origin via a hexagonal support frame. The mea-
surable heave period range is 1.6 s to 30 s. The buoy’s hull diameter is 
approximately 0.9m and it has a mass of 216 kg. The buoy provided 
wave elevation measurements at 1.28Hz (Datawell, 2025).

The six DOFs are defined in Table  1 based on the LAMP and 
buoy coordinates shown in Fig.  2. There are two opposite directional 
descriptions in the Datawell system: positive heave motion is defined 
as −𝑍′ and positive vertical motion is defined as 𝑍′. The elevation 𝜂
in the present study is defined as the same as vertical DOF.
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Fig. 2. Experimental setup: (a) Diagram of experimental system and coordinate definition. Two different coordinates are used in the present study with 𝑂−𝑋𝑌𝑍
as LAMP motion coordinate and 𝑂′−𝑋′𝑌 ′𝑍′ as buoy motion coordinate. (b) Overview of experimental setup. Buoy is fixed in LAMP system through a hex support 
frame.
Table 1
Definition of six degrees of freedom based on LAMP and buoy coordinate 
shown in Fig.  2. The positive rotation is defined by the right-hand rule.
 DOF LAMP coordinate Buoy coordinate 
 Surge −𝑋 𝑋′  
 Sway 𝑌 𝑌 ′  
 Heave 𝑍 −𝑍′  
 Vertical/Elevation −𝑍 𝑍′  
 Roll −𝜃𝑋 𝜃𝑋′  
 Pitch 𝜃𝑌 𝜃𝑌 ′  
 Yaw 𝜃𝑍 −𝜃𝑍′  

Three signal pipelines were used: (1) the buoy radio chain, (2) the 
buoy internal chain, and (3) the LAMP optical motion chain. In the 
buoy radio chain, the Datawell Wave5 system communicated with the 
buoy via the HF link through Waverider Receiver RX-C4 and recorded 
the processed buoy output at 1.28Hz. In the buoy internal chain, the 
Buoy Tester software interfaced with the buoy over an RS-232 port 
to record the raw accelerometer signal at 1.28Hz. Within the buoy, 
acceleration is double-integrated and further processed to yield the 
elevation signal, which is recorded through Wave5. Finally, in the 
LAMP optical motion chain, a Qualisys optical motion tracking system 
recorded the prescribed motion at 100Hz.

2.2. Experiment matrix determination

The prescribed motion is defined as 

𝜂𝑚(𝑡) = 𝐴𝑚 sin
(

2𝜋𝑡
𝑇𝑚

)

, (1)

where 𝐴𝑚 is the wave amplitude and 𝑇𝑚 is the wave period. The 
commanded motion 𝜂𝑚 is recorded with a Qualisys optical motion 
tracking system. 𝜂𝑏 denotes the corresponding buoy output signal from 
the Wave5 software. The prescribed motion is applied in the vertical 
direction.

The wave height measurement error is defined as 

𝜎 =
𝜂𝑚,rms − 𝜂𝑏,rms

𝜂𝑚,rms
, (2)

where 𝜂(−),𝑟𝑚𝑠 represents the root-mean-square value of the correspond-
ing measurement signal.

The test matrix is constructed from four groups of test cases. 
The first is a uniformly sampled set of period–amplitude pairs with 
3 
𝑇𝑚 ∈ {5, 10, 15, 20, 25, 30} s and 𝐴𝑚 ∈ {0.125, 0.25, 0.5, 0.75}m. Second, 
Bayesian optimization is used to automatically select five additional 
test cases via the Adaptive Computing framework (Griffin et al., 2025). 
The third part comprises 15 additional cases with a fixed amplitude 
𝐴𝑚 = 0.25m and varying periods 𝑇𝑚 ∈ {1.6, 2, 4, 12, 22, 24, 25.5 ∶
0.5 ∶ 29.5} s, designed to cover the buoy’s measurable period range. In 
addition, three DWR-MkIII buoy datasets from real sea conditions, each 
spanning 30min, were reprocessed and replayed as prescribed motion 
inputs to evaluate the wave energy flux estimation error. The datasets 
were collected at three wave energy test sites: the U.S. Navy Wave 
Energy Test Site (WETS), PacWave, and Jennette’s Pier. All datasets 
are hosted by CDIP. In total, 44 harmonic prescribed motion tests were 
conducted, and three field tests were reprocessed, yielding 47 cases in 
the present study.

In the experiment, the longest case ran for more than 30min. A 
densely and uniformly sampled test matrix would therefore have re-
sulted in a prohibitively long total measurement time. To increase test 
efficiency, i.e., to reduce the total test time, we employ a computer-
assisted selection of test cases based on Bayesian optimization. The 
quantity of interest is the normalized error 𝜎, which is modeled as a 
function of the two test matrix parameters (𝑇𝑚, 𝐴𝑚) using a Gaussian 
process: 
𝜎
(

𝑇𝑚, 𝐴𝑚
)

∼ 
(

𝑚
(

𝑇𝑚, 𝐴𝑚
)

, 𝑘
((

𝑇𝑚, 𝐴𝑚
)

,
(

𝑇 ′
𝑚, 𝐴

′
𝑚
)))

, (3)

where 𝑚(⋅) and 𝑘(⋅, ⋅) are the mean and kernel (covariance) func-
tions, respectively. Here, (𝑇 ′

𝑚, 𝐴
′
𝑚
) denotes an independent input from 

(

𝑇𝑚, 𝐴𝑚
)

.
Given 𝑛 observations, the inputs 𝐗 and outputs 𝐘 are defined as 

𝐗 =
[ (

𝑇 (1)
𝑚 , 𝐴(1)

𝑚
)

, … ,
(

𝑇 (𝑛)
𝑚 , 𝐴(𝑛)

𝑚
) ]⊤ , 𝐘 =

[

𝜎(1), … , 𝜎(𝑛)
]⊤ . (4)

Let the covariance matrix 𝐊 ∈ R𝑛×𝑛 be 
𝐾𝑖𝑗 = 𝑘

((

𝑇 (𝑖)
𝑚 , 𝐴(𝑖)

𝑚
)

,
(

𝑇 (𝑗)
𝑚 , 𝐴(𝑗)

𝑚
))

, (5)

and for a new condition (𝑇 ∗
𝑚 , 𝐴

∗
𝑚
) we define 

𝐤∗ =
[

𝑘
((

𝑇 ∗
𝑚 , 𝐴

∗
𝑚
)

,
(

𝑇 (1)
𝑚 , 𝐴(1)

𝑚
))

, … , 𝑘
((

𝑇 ∗
𝑚 , 𝐴

∗
𝑚
)

,
(

𝑇 (𝑛)
𝑚 , 𝐴(𝑛)

𝑚
)) ]⊤ . (6)

Assuming measurement noise with variance 𝜎2𝑛 , the  posterior at 
(

𝑇 ∗
𝑚 , 𝐴

∗
𝑚
) is Gaussian with mean and variance 

𝜇∗
(

𝑇 ∗
𝑚 , 𝐴

∗
𝑚
)

= 𝑚
(

𝑇 ∗
𝑚 , 𝐴

∗
𝑚
)

+ 𝐤⊤∗
(

𝐊 + 𝜎2𝑛𝐈
)−1 (𝐘 − 𝑚(𝐗)) , (7)

𝑠2
(

𝑇 ∗, 𝐴∗ ) = 𝑘
((

𝑇 ∗, 𝐴∗ ) ,
(

𝑇 ∗, 𝐴∗ )) − 𝐤⊤
(

𝐊 + 𝜎2𝐈
)−1 𝐤 . (8)
∗ 𝑚 𝑚 𝑚 𝑚 𝑚 𝑚 ∗ 𝑛 ∗
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Fig. 3. Definition of wave parameters. ℎ is the water depth, 𝐿 is the wave 
length, 𝐻 is the wave height, and 𝜂(𝑥, 𝑡) is the wave elevation.

The hyperparameters of 𝑚 and 𝑘 (and 𝜎2𝑛 ) are obtained by maximizing 
the marginal likelihood. We adopt the maximum variance as the target 
for the next experiment by 
(𝑇𝑚, 𝐴𝑚)𝑛𝑒𝑥𝑡 = argmax

(𝑇𝑚 ,𝐴𝑚)
𝑠∗(𝑇𝑚, 𝐴𝑚), (9)

which represents the most uncertain region of the current  model 
and efficiently refines the response surface 𝜎(𝑇𝑚, 𝐴𝑚) with minimal 
trials. Additionally, the constraint 𝑇𝑚 > 20 s was also imposed to 
target the high-period error region in the present study. The detailed 
iterations in the present study are shown in Appendix.

3. Wave energy flux estimation method

For the marine energy community, wave energy flux is the primary 
quantity of interest, not significant wave height 𝐻𝑠, which is often used 
in the physical oceanographic field. Several methods can be used to 
estimate wave energy from the time-domain wave elevation signal. We 
consider four methods in this section and note that only Eq.  (10) in 
Section 3.1, is included in the IEC 62600 technical specifications.

3.1. Frequency-domain method

In the IEC 62600-100 technical specification, the omnidirectional 
wave energy flux 𝐽𝑓  is defined as: 

𝐽𝑓 = 𝜌𝑔
∑

𝑖
𝑆𝑖𝑐𝑔𝑖𝛥𝑓𝑖, (10)

where 𝐽𝑓  represents the energy flux (W∕m) estimated from a wave 
spectrum 𝑆𝑖, the 𝑖th component of the wave spectrum density (m2∕Hz), 
𝑐𝑔𝑖 is the corresponding group speed, and 𝛥𝑓𝑖 is the 𝑖th frequency 
width. 𝑆 is the power spectral density (PSD) calculated from the wave 
elevation. The IEC 62600 technical specification does not specify a PSD 
estimation method, so the Welch PSD estimation method is applied 
as shown in Algorithm 1. This method differs from that stated in the 
Datawell manual (Datawell, 2025), which involves additional smooth-
ing procedures in the processing and is only designed for data with 
a sampling frequency of 1.28Hz. Any systematic differences between 
these two methods will be explored in future work. The PSD estimation 
method described in Algorithm 1 with 50% overlap and 𝑁𝐹𝐹𝑇 = 𝐿𝑤 =
256 is applied. 𝑐𝑔𝑖 is the group velocity defined as 

𝑐𝑔𝑖 =
1
2
𝑐𝑝𝑖

[

1 +
2𝑘𝑖ℎ

sinh(2𝑘𝑖ℎ)

]

, (11)

where the phase velocity 𝑐𝑝𝑖  is 

𝑐𝑝𝑖 =
√

𝑔
𝑘𝑖

tanh(𝑘𝑖ℎ), (12)

where 𝑔 = 9.8m∕s2 is the gravitational acceleration, 𝑘𝑖 is the wavenum-
ber, and ℎ is the water depth, which is chosen as 70m in the present 
4 
study because it is the water depth at the PacWave wave energy testing 
site, as shown in Fig.  3. The wavenumber 𝑘𝑖 is obtained by solving the 
linear dispersion relation by the Newton–Raphson method: 
𝜔2
𝑖 = 𝑔𝑘𝑖 tanh(𝑘𝑖ℎ), (13)

where 𝜔𝑖 = 2𝜋𝑓𝑖 is the angular frequency of the corresponding bin. 
Then, the energy flux can be estimated through the frequency-domain 
method based on Eq.  (10).
Algorithm 1: Welch method for power spectral density estima-
tion

Input: Wave elevation 𝑥[1∶𝐿𝑥], sampling rate 𝑓𝑠, window 
length 𝐿𝑤, overlap 𝑁overlap, and even FFT length 𝑁FFT.

Output: Frequencies 𝑓 [1∶𝑀] and PSD[1∶𝑀] in [m2∕Hz].
1 𝑁step ← 𝐿𝑤 −𝑁overlap;

2 𝑤[𝑘] ← 0.5
[

1 − cos
(

2𝜋(𝑘 − 1)
𝐿𝑤 − 1

)]

, 𝑘 = 1∶𝐿𝑤

3 𝑤̄ ←
1
𝐿𝑤

∑𝐿𝑤
𝑘=1𝑤[𝑘]; 𝑤[𝑘] ← 𝑤[𝑘]∕𝑤̄, 𝑘 = 1∶𝐿𝑤;

4 𝑁seg ←

⌊𝐿𝑥 −𝑁overlap

𝑁step

⌋

;

5 𝐏[1∶𝑁FFT] ← 0;
6 for 𝑠← 1 to 𝑁seg do
7 𝑖start ← (𝑠 − 1)𝑁step + 1;
8 𝑥𝑠[𝑗] ← 𝑥[𝑖start + 𝑗 − 1], 𝑗 = 1∶𝐿𝑤;

9 𝑥̄𝑠 ←
1
𝐿𝑤

∑𝐿𝑤
𝑗=1 𝑥𝑠[𝑗];

10 𝑥𝑠[𝑗] ←
(

𝑥𝑠[𝑗] − 𝑥̄𝑠
)

𝑤[𝑗], 𝑗 = 1∶𝐿𝑤;
11 𝑋𝑠 ← FFT(𝑥𝑠, 𝑁FFT) ; // Fast Fourier transform
12 for 𝑚 ← 1 to 𝑁FFT do
13 𝐏[𝑚] ← 𝐏[𝑚] + |𝑋𝑠[𝑚]|2;
14 end 
15 end 
16 𝐏[1∶𝑁FFT] ← 𝐏[1∶𝑁FFT]∕𝑁seg;
17 𝑀 ← 𝑁FFT∕2 + 1;
18 𝐏1s[1] ← 𝐏[1];
19 𝐏1s[𝑚] ← 2𝐏[𝑚], 𝑚 = 2∶𝑀 − 1
20 𝐏1s[𝑀] ← 𝐏[𝑀]

21 PSD[𝑚] ←
𝐏1s[𝑚]

𝑓𝑠
∑𝐿𝑤
𝑘=1𝑤[𝑘]

2
, 𝑚 = 1∶𝑀 ;

22 𝑓 [𝑚] ← 𝑚 − 1
𝑁FFT

𝑓𝑠, 𝑚 = 1∶𝑀 ;

3.2. Time-domain method based on small-amplitude wave theory

The velocity potential function in small-amplitude wave theory (also 
Airy wave theory or linear wave theory) is: 

𝛷 =
𝑔𝐻
2𝜔

cosh 𝑘(𝑧 + ℎ)
cosh 𝑘ℎ

sin(𝑘𝑥 − 𝜔𝑡), (14)

and the wave energy over one wavelength in one period contains 
kinetic energy 𝐸𝑘 and potential energy 𝐸𝑝: 

𝐸𝑘 = ∫

𝐿

0 ∫

𝜂

−ℎ

1
2
𝜌(𝑢2𝑥 + 𝑢

2
𝑧)d𝑥𝑑𝑧 =

1
16
𝜌𝑔𝐻2𝐿,

𝐸𝑝 = ∫

𝐿

0

1
2
𝜌𝑔

[

(ℎ + 𝜂)2 − ℎ2
]

𝑑𝑥 = 1
16
𝜌𝑔𝐻2𝐿.

(15)

The mean total energy per unit wave length is then 𝐸 = 1
8
𝜌𝑔𝐻2 with 

units of [J∕m2]. The mean energy transfer within one period is 

𝐸̄ = 1
𝑇 ∫

𝑇

0 ∫

𝜂

−ℎ
𝑝𝑢𝑥𝑑𝑧𝑑𝑡 = 𝐸𝑐𝑔 , (16)

where 𝑐𝑔 is the group velocity shown in Eq.  (11). Then, the energy flux 
based on small-amplitude wave theory 𝐽𝑠 can be estimated as 

𝐽𝑠 =
∑𝑁
𝑖=1 𝐸̄𝑖 ⋅ 𝑇𝑖
∑𝑁 . (17)

𝑖=1 𝑇𝑖
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3.3. Time-domain method based on Hilbert transform

The envelope of the wave elevation 𝐴(𝑡) can be expressed as (Hwang 
et al., 2002) 
𝐿(𝑡) = 𝜂(𝑡) + 𝑖[𝜂(𝑡)] = 𝐴(𝑡)𝑒𝑖𝜙(𝑡),

𝐴(𝑡) =
√

𝜂(𝑡)2 + ([𝜂(𝑡)])2,
(18)

where [−] is the Hilbert transform and 𝐿(𝑡) is the analytic signal. 
For wave elevation signals with multi-frequency components, empirical 
mode decomposition can be used to extract intrinsic mode functions. 
Applying the Hilbert transform to the intrinsic mode functions yields 
the Hilbert–Huang transform. However, since monochromatic wave 
motion is used in the present study, only the Hilbert transform is 
employed. The instantaneous wave energy can be expressed as 

𝐸(𝑡) = 1
2
𝜌𝑔𝐴2(𝑡), (19)

and the wave energy flux based on the Hilbert transform can be 
expressed as 

𝐽ℎ = 1
𝑡𝑚𝑎𝑥 ∫

𝑡𝑚𝑎𝑥

0

1
2
𝜌𝑔𝐴2(𝑡)𝑐𝑔𝑑𝑡, (20)

where 𝑐𝑔 is the group velocity given in Eq.  (11).

3.4. Time-domain method based on wavelet transform

Wavelet analysis (Lueck et al., 2000) can be expressed in the 
frequency domain based on Parseval’s theorem as 

 (𝜏, 𝑠) = ∫

∞

−∞
𝜂(𝑡)𝜓∗

𝜏,𝑠 (𝑡) 𝑑𝑡 =
1
√

𝑠 ∫

∞

−∞
𝜂(𝑡)𝜓∗

( 𝑡 − 𝜏
𝑠

)

𝑑𝑡

= 1
2𝜋 ∫

∞

−∞
𝜂(𝜔)𝛹∗

𝜏,𝑠(𝜔)𝑑𝜔,
(21)

where (−)∗ denotes a complex conjugate, and 

𝜓𝜏,𝑠(𝑡) =
1
√

𝑠
𝜓
( 𝑡 − 𝜏

𝑠

)

(22)

are the wavelet atoms constructed by a time translation 𝜏, scale dilation 
𝑠, and the mother wavelet function 𝜓(𝑡). The Fourier transform of 
wavelet atoms is: 

𝛹𝜏,𝑠(𝜔) = ∫

∞

−∞
𝜓𝜏,𝑠(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡 =

√

𝑠𝑒−𝑖𝜔𝜏𝛹 (𝑠𝜔). (23)

Considering the convolution theorem, the Fourier transform of the 
wavelet transform  (𝜏, 𝑠) can be expressed as (Huang, 2004): 


[

 (𝜏, 𝑠)
]

= 

[

1
√

𝑠 ∫

∞

−∞
𝜂(𝑡)𝜓∗

( 𝑡 − 𝜏
𝑠

)

𝑑𝑡

]

= 𝜂(𝜔)
√

𝑠𝛹∗(𝑠𝜔), (24)

where  [−] is the Fourier transform. The wavelet transform is then 
computed as 

 (𝜏, 𝑠) = −1
[

𝜂(𝜔)
√

𝑠𝛹∗(𝑠𝜔)
]

, (25)

and the wavelet power spectrum is defined as: 
𝑃 (𝑡, 𝑠) = | (𝜏, 𝑠)|2. (26)

The Morlet wavelet is chosen as the mother wavelet: 

𝜓(𝑡) = exp(−𝑡
2

2
)exp(𝑖𝑐𝑡), (27)

𝑐 is set as 6.00 (Huang, 2004), and the admissibility coefficient is 

𝐶𝜓 = ∫

∞

0

|𝛹 (𝜔)|2

𝜔
𝑑𝜔 = 1.883. (28)

Then, the wave energy spectrum can be expressed as 

𝑆(𝑡, 𝑓 ) = 2
| (𝜏, 𝑠)|2, (29)
𝐶𝜓𝑠𝑓
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the boundary spectrum is 

𝐸(𝑡) = ∫ 𝑆(𝑡, 𝑓 )𝑑𝑓 , (30)

and the energy flux based on the wavelet transform can be expressed 
as 

𝐽𝑤 = 1
𝑡𝑚𝑎𝑥 ∫

𝑡𝑚𝑎𝑥

0 ∫ 𝜌𝑔 𝑆(𝑡, 𝑓 ) 𝑐𝑔(𝑓 ) 𝑑𝑓 𝑑𝑡. (31)

MATLAB Wavelet Toolbox versions released after 2017 provide 
only L1-normalized wavelets and do not return normalized coefficients. 
Consequently, they cannot be directly applied for wave energy flux 
estimation in the present study, necessitating the implementation of the 
procedure detailed above.

4. Results and discussion

In this section, we present the direct measurement errors, wave 
height errors, and the corresponding errors in wave energy flux es-
timation. The wave height errors are obtained from the experiment 
described in Section 2, and the energy flux is further estimated using 
the methods described in Section 3.

4.1. Wave height measurement error

Figs.  4 and 5 show the results of testing over 𝑇𝑚 and 𝐴𝑚 with the 
difference between the platform heave motion and the buoy output cal-
culated based on Eq.  (2). Fig.  4 plots the error for each case as separate 
points where the color of the points indicates the magnitude of error. In 
Fig.  5(a), a colormap is created by interpolating the grid of wave height 
errors where the color indicates the value of 𝜎. Subfigure(b) plots the 
error for fixed amplitudes 𝐴𝑚. The acceleration limits of the motion 
platform precluded the combinations of high 𝐴𝑚 and low 𝑇𝑚, which 
resulted in inconsistencies in the error contours at short periods across 
different 𝐴𝑚 in Fig.  5(a). The error is below 5% for most test cases. The 
error rapidly increases at short (low) period waves (𝑇𝑚 < 5 s) and long 
(high) period waves (𝑇𝑚 > 25 s), which are the measurement limits of 
the wave buoy. The maximum error in the long-period range and short-
period range is greater than 60%. There is a consistent relationship 
between the error 𝜎 and 𝑇𝑚 across different 𝐴𝑚. In the long-period 
region, the error is essentially independent of 𝐴𝑚. In the short-period 
region, the error is evaluated at the fixed amplitude 𝐴𝑚 = 0.25m, as 
shown in Fig.  5(b). Overall, the buoy measurements are accurate for 
wave periods between 5 s and 25 s, which spans the range typically 
relevant to wave energy converters. 

The time series of the buoy output and prescribed motion are shown 
in Fig.  6, where the prescribed platform motion and the measured wave 
elevation signals are overlaid for two representative cases at the fixed 
amplitude 𝐴𝑚 = 0.25m and periods 𝑇𝑚 = 30 s and 4 s, respectively. 
For the long-period case, the buoy output elevation 𝜂𝑏 is consistently 
lower in amplitude than the prescribed motion 𝜂𝑚 by an approximately 
constant factor, as Fig.  6(a) shows. There are two possible reasons for 
this: one is underestimation in the raw acceleration measurement, and 
the other is additional postprocessing, such as analog or digital filters, 
applied during the double-integration procedure.

Fig.  7 compares the acceleration signals of the prescribed and mea-
sured motions. The red markers denote the acceleration obtained by 
twice differentiating in time the displacement measured by the Qualisys 
motion-tracking system. The black dots represent the raw acceleration 
signal from the buoy. The results show that the buoy acceleration 
tracks the prescribed motion but slightly overshoots the prescribed 
peaks and troughs in acceleration, indicating the consistency of the ac-
celeration measurement. Consequently, any deviation in the elevation 
signal arises from additional internal postprocessing performed in the 
double-integration procedure.

For the short-wave-period case, the buoy output elevation matches 
the prescribed motion amplitude, as shown in Fig.  6(b). However, the 



X. Fu et al.

Fig. 4. Distribution of the wave height measurement error 𝜎 over the amplitudes 𝐴𝑚 and periods 𝑇𝑚. Each dot corresponds to one test condition, and the color 
indicates the value of 𝜎 shown in the colorbar.

Fig. 5. Contour and scatter results of the wave height measurement error 𝜎: (a) Contour distribution of wave height measurement 𝜎 over 𝑇𝑚 and 𝐴𝑚; (b) variation 
of 𝜎 with 𝑇𝑚 for several amplitudes 𝐴𝑚. The error increases in both short- and long-period ranges, consistent with the discrete results shown in Fig.  4.

Fig. 6. Comparison of prescribed and measured elevation time series for two representative cases at fixed 𝐴𝑚 = 0.25m and different 𝑇𝑚: (a) Long-period case 
with 𝑇𝑚 = 30 s; (b) short-period case with 𝑇𝑚 = 4 s. The red line denotes the prescribed motion 𝜂𝑚 with sampling frequency of 100Hz, and the black dots denote 
the buoy output signal 𝜂𝑏 with sampling frequency of 1.28Hz.
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Fig. 7. Comparison of prescribed and measured acceleration time series for the case of 𝐴𝑚 = 0.25m, 𝑇𝑚 = 30 s. Raw acceleration from the Buoy Tester software 
is shown as black dots, and red dots represent the Qualisys acceleration.
signal 𝜂𝑏 exhibits apparent amplitude beating. The Nyquist frequency of 
the buoy is 0.64Hz, and the prescribed motion in this case is at 0.25Hz. 
The beating phenomenon is observed despite the motion frequency 
being below the Nyquist limit, which is known as a sub-Nyquist artifact 
(Amidror, 2015). Consequently, the wave height measurement error 
in the short-period region arises from a sub-Nyquist artifact associated 
with the relatively low sampling frequency of 1.28Hz.

In conclusion, there are two error regions, one at either limit 
of the specified wave buoy measurement range (1.6 s to 30 s). For 
the long-period region, 𝑇𝑚 > 25 s, the maximum wave height error 
reaches approximately 65%, attributable to additional internal post-
processing applied in the double-integration procedure. And for the 
short-period region, 𝑇𝑚 < 5 s, a sub-Nyquist artifact arises, producing 
measurement error. The error depends primarily on period rather than 
amplitude and remains less than 5% across the remaining period range 
for monochromatic waves.

4.2. Wave energy flux estimation error

Wave energy error is analyzed using the wave energy flux estima-
tion methods that were introduced in Section 3.

4.2.1. Short-period wave energy flux estimation
For short-period waves, 𝑇𝑚 < 5 s, the sub-Nyquist artifact occurs 

and influences the wave height measurement accuracy. To identify 
the influence of wave height measurement errors on the estimated 
wave energy flux, we further investigate the theoretical energy flux 𝐽
computed using the four methods described in Section 3. 𝛯 is defined 
as the energy flux error: 

𝛯 =
𝐽𝑚 − 𝐽𝑏
𝐽𝑚

, (32)

where 𝐽𝑚 is the wave energy flux computed from the prescribed plat-
form motion sampled at 100Hz, and 𝐽𝑏 is the wave energy flux com-
puted from the buoy output sampled at 1.28Hz.

Short-period waves are prone to wave breaking under certain sea 
states because their larger steepness makes them dynamically unstable. 
Two wave breaking criteria are applied to identify the possible wave 
period and height combinations that are unrealistic in the real ocean:

1. Shallow water effect:

(a) Deep water (ℎ∕𝐿 > 0.5): flag if
𝐻
𝐿
> 0.142.

(b) Shallow water (ℎ∕𝐿 < 0.05): flag if
𝐻
ℎ
> 0.78.

2. Wave steepness effect (Perlin et al., 2013): flag if
𝑘𝐻

2

> 0.443.
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Fig. 8. Wave breaking region in the wave height and period plane. Black 
shaded area indicates combinations of wave height and period where breaking 
waves are likely.

Fig.  8 shows the wave breaking region across different wave height 
and period combinations; the black area indicates conditions under 
which wave breaking is likely in the ocean. Fig.  9 presents the theo-
retical wave energy flux estimation result based on different methods 
across combinations of wave periods and heights, with the wave break-
ing area shown in white. Fig.  9(a1) to (d1) present the wave energy 
flux colormaps computed from the prescribed wave elevation signal 
measured using the Qualisys system at 100Hz and calculated using the 
frequency-domain method, small-amplitude wave theory, the Hilbert 
transform, and the wavelet transform, respectively. Subfigure(a2) to 
(d2) present the corresponding wave energy flux calculated using the 
buoy’s measured wave elevation signal at 1.28Hz. Subfigures(a3) to 
(d3) present the wave energy flux errors as defined in Eq.  (32), for four 
methods: 𝛯𝑓  (frequency-domain method), 𝛯𝑠 (small amplitude wave 
theory), 𝛯ℎ (Hilbert transform), 𝛯𝑤 (wavelet transform).

As shown in Fig.  9(a1) to (d1), the wave energy flux 𝐽 increases 
markedly with increasing wave height 𝐻𝑚 and period 𝑇𝑚. For all 
methods, the high-energy region concentrates toward the upper right 
area of each panel (large 𝐻𝑚, long 𝑇𝑚) while the low-energy region lies 
near the lower-left (small 𝐻𝑚, short 𝑇𝑚). Energy flux 𝐽 contours are 
smooth and mutually consistent across methods, clearly delineating a 
monotonic growth of energy with 𝐻𝑚 and 𝑇𝑚. The wave energy flux 
estimates computed at the low sampling rate of 1.28Hz exhibit results 
similar to those obtained at the high sampling frequency, as Fig.  9(a2) 
to (d2) show. Fig.  9(a3) to (d3) present the wave energy flux estimation 
error for different methods based on Eq.  (32). For most combinations 
of period and amplitude with 𝑇𝑚 > 5 s, the error is below 2%, whereas 
larger errors occur in the short-period region. 

Fig.  10 presents the wave energy flux error in the short-period range 
𝑇𝑚 < 5 s zoomed in on the region of largest error. In all subplots, the 
wave energy flux estimation error increases rapidly when 𝑇𝑚 < 2 s. The 
error peak is above 100% near 𝑇 ≈ 1 s. These results indicate that 
𝑚
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Fig. 9. Comparison of wave energy flux and corresponding relative errors across different methods and sampling frequencies. Subfigures(a1) to (d1) show the 
energy flux calculated using each of the four estimation methods stated in Section 3 and using the prescribed elevation data as measured by the Qualisys motion 
capture system. Subfigures(a2) to (d2) show the corresponding values calculated using the buoy’s output elevation data. Subfigures(a3) to (d3) present the energy 
flux estimation error 𝛯 based on different methods by Eq.  (32). The white regions indicate wave breaking occurrence.
Fig. 10. Energy flux estimation error 𝛯 for cases with 𝑇𝑚 < 5 s, computed using different methods as defined in Eq.  (32): (a) frequency-domain method, (b) 
small-amplitude wave theory, (c) Hilbert transform, (d) wavelet transform. The white regions indicate wave breaking occurrence.
the low sampling frequency of 1.28Hz can introduce wave energy flux 
estimation errors exceeding 100% for wave periods shorter than 2 s, 
whereas the estimates become reliable for 𝑇𝑚 > 5 s.

Furthermore, we investigate the impact of a low sampling frequency 
of 1.28Hz on the estimation of wave energy flux. As a representative 
example, we evaluate a wave condition characterized by 𝐻𝑚 = 0.1m
and 𝑇𝑚 = 1.1 s over a duration of 100 wave periods. Fig.  11 presents a 
comprehensive comparison between the 100Hz reference signal and the 
1.28Hz resampled signal. As illustrated in Fig.  11(a), the 1.28Hz sam-
pling rate is insufficient to capture the rapid oscillations of this wave. 
Consequently, the signal is aliased to a significantly lower apparent 
frequency of approximately 0.37Hz, as evidenced in Fig.  11(b).
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The spectral distribution of the wave energy flux contribution, 
𝜌𝑔𝑆(𝑓 )𝑐𝑔(𝑓 ), is shown in Fig.  11(c). Although Parseval’s theorem en-
sures that the total spectral energy remains approximately conserved, 
the resulting energy flux differs significantly because the group veloc-
ity, 𝑐𝑔 , is frequency-dependent. Consequently, the artificial shift of the 
spectral peak from 0.91Hz to 0.37Hz causes the spectral energy to be 
weighted by a substantially larger group velocity.

For time-domain analysis methods such as the Hilbert and wavelet 
transforms, the impact of a low sampling frequency manifests primarily 
as the shift of the instantaneous frequency. As shown in the scalograms 
in Fig.  11(d, e), the energy density is erroneously localized within 
lower-frequency bands. This frequency misidentification leads to the 
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Fig. 11. Analysis of the influence of a 1.28Hz sampling frequency on a representative wave condition (𝐻𝑚 = 0.1m, 𝑇𝑚 = 1.1 s) over a duration of 100 wave periods: 
(a) time-domain comparison between the 100Hz reference signal (black line) and the 1.28Hz sampled signal (red line and markers), alongside the corresponding 
instantaneous frequencies derived via the Hilbert transform; (b) power spectral density for both signals; (c) wave energy flux contribution 𝜌𝑔𝑆(𝑓 )𝑐𝑔(𝑓 ) of two 
signals; (d, e) instantaneous frequencies obtained via wavelet transform for the 100Hz and 1.28Hz signals, respectively; and (f) a comparative summary of the 
final energy flux estimates.
substantial errors observed in the final energy flux estimates. Specifi-
cally, for methods relying on instantaneous parameters, the incorrectly 
identified lower frequency leads to an overestimation of the associated 
wave period which is also related to the group velocity.

As summarized in Fig.  11(f), all four methods consistently over-
estimate the energy flux, with absolute relative errors (|𝛯|) ranging 
from 88% to 149%. Although waves with such short periods are not 
dominant in typical sea states, they constitute a critical edge case. 
This analysis demonstrates that the presence of high-frequency spectral 
components can introduce biases for wave energy resource assessment. 
It should be noted that such wave conditions rarely occur in sea states 
and exceed the measurement capabilities of the Waverider MkIII buoy. 
Nevertheless, this extreme case is deliberately employed here to clearly 
illustrate the impact of sampling frequency on wave energy estimation. 

It should be noted that there is no established best practice for 
estimating wave energy flux in this range of wave periods and low 
sampling frequencies. This will be investigated in future studies. Here, 
we show that energy flux estimation errors are significant in the short-
period range at this sampling rate and should be carefully considered 
in corresponding wave resource characterization.

4.2.2. Long-period wave energy flux estimation
Fig.  12 shows the detailed distribution of error for the long-period 

wave range 25 s < 𝑇𝑚 < 30 s. The results confirm that the wave energy 
flux estimation error calculated between the four methods and the wave 
buoy measurements is less than 2%. Thus, the low sampling frequency 
of 1.28Hz does not impact the energy flux estimation for the period 
range 25 s < 𝑇𝑚 < 30 s. Therefore, the main source of error within this 
wave period range is the wave elevation error introduced by additional 
internal postprocessing shown in Fig.  6(a).

As stated in Fig.  12, for longer-period waves, 𝑇𝑚 > 25 s, there is no 
sub-Nyquist artifact, and the sampling frequency of 1.28Hz does not 
influence the energy flux, as Fig.  9 shows.

Considering small-amplitude wave theory, the wave energy flux 𝐽
scales with the square of wave height 
𝐽 ∝ 𝐻2 ∝ 𝜂2 . (33)
𝑚 (−),𝑟𝑚𝑠
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Revisiting Eq.  (32), the wave height measurement error 𝜎 can also 
be expressed as 𝜂𝑏,𝑟𝑚𝑠 = (1 − 𝜎)𝜂𝑚,𝑟𝑚𝑠; then, the relative energy error 
𝛯 ∶= (𝐽𝑚 − 𝐽𝑏)∕𝐽𝑚 can be expressed as 

𝛯 =
𝐽𝑚 − 𝐽𝑏
𝐽𝑚

=
𝐽𝑚 − (1 − 𝜎)2𝐽𝑚

𝐽𝑚
= 2𝜎 − 𝜎2. (34)

As shown in Fig.  13, both the wave height measurement error 𝜎 and 
the energy flux estimation error 𝛯 increase with increasing wave period 
𝑇𝑚 in the long-period region. In subfigure(a), the linear regression of 
100𝜎 yields 100𝜎 = 12.81𝑇𝑚 − 321.50, suggesting a nearly proportional 
relationship between wave measurement uncertainty and wave period. 
Subfigure(b) shows the corresponding energy flux estimation error 
computed by Eq.  (34), which follows a polynomial relation 100𝛯 =
−1.67𝑇 2

𝑚 + 109.34𝑇𝑚 − 1692.92. The nonlinear growth of 𝛯 with 𝑇𝑚
suggests that long-period waves contribute disproportionately to the 
overall energy estimation error. Together, these results demonstrate 
that long-period waves like swell, although energetically dominant, can 
cause energy estimation losses exceeding 80% when measured with a 
DWR-MkIII buoy. van Essen et al. (2018) reported buoy measurement 
errors in the long-period range, and the present study quantifies these 
errors for the first time. The impact of wave-height measurement errors 
on the energy flux estimates will be investigated in future work.

4.3. Wave energy testing site cases

In this section, we introduce the wave energy flux estimation error 
based on three testing site cases. The CDIP datasets are reprocessed to 
reconstruct the prescribed buoy motions, and the corresponding buoy 
outputs are subsequently analyzed. Three representative cases are as 
follows:

1. WETS (Cross, 2020): 30 min data from 19:00 to 19:30, Jan. 4,
2025, of 225pz buoy in CDIP system.1

2. PacWave (Dunkle et al., 2020): 30 min data from 21:00 to 21:30, 
June 28, 2024, of 277p1 buoy in CDIP system.2

1 https://cdip.ucsd.edu/m/products/?stn=225pz.
2 https://cdip.ucsd.edu/m/products/?stn=277p1.

https://cdip.ucsd.edu/m/products/?stn=225pz
https://cdip.ucsd.edu/m/products/?stn=277p1
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Fig. 12. Energy flux estimation error 𝛯 for cases with 𝑇𝑚 > 25 s, computed using different methods as defined in Eq.  (32): (a) frequency-domain method, (b) 
small-amplitude wave theory, (c) Hilbert transform, (d) wavelet transform.
Fig. 13. Regression analysis of the wave energy flux estimation error at long wave periods: (a) Linear fitting 𝑓 (𝑇𝑚) of wave height measurement error 𝜎 with 
respect to period 𝑇𝑚. The 100𝜎 is analyzed for better illustration with the formula 100𝜎 = 12.81𝑇𝑚 − 321.50; (b) energy estimation error 𝑓 (𝑇𝑚) calculated by Eq. 
(34) as 𝑓 ′(𝑇𝑚) = −1.67𝑇 2

𝑚 + 109.34𝑇𝑚 − 1692.92. The light blue area represents the 95% confidence interval.
Fig. 14. Comparison of the wave energy flux 𝐽 estimation at three wave energy testing sites based on different analysis methods: (a) Jennette’s Pier site, (b) 
WETS site, and (c) PacWave site. Each subfigure compares the prescribed reference wave energy flux and the buoy output flux obtained using four methods: 
frequency-domain method (Welch), small-amplitude wave theory (Small wave), Wavelet transform (Wavelet), and Hilbert transform (Hilbert). The prescribed 
motion is at 100Hz, and the buoy output motion is at 1.28Hz.
3. Jennette’s Pier (Dallman and Neary, 2015): 30 min data from 
19:00 to 19:30, Aug. 16, 2023, of 243p1 buoy in CDIP system.3

Fig.  14 shows the comparison results of wave energy flux estimation 
of three different wave energy testing sites. Four different methods are 
applied with prescribed motion at 100Hz and buoy output motion at 
1.28Hz. The wave energy flux calculated using the frequency-domain 
method based on Eq.  (10) at 100Hz is used as a baseline. To reconstruct 

3 https://cdip.ucsd.edu/m/products/?stn=243p1.
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these prescribed motions, the three-translational DOF buoy displace-
ment data at 1.28Hz are extracted from the CDIP public dataset. The 
1.28Hz data is then interpolated to 100Hz and replayed using LAMP.

Energy flux estimations obtained with this method at different 
sampling frequencies agree within 2% in these three cases. Among 
the four methods, the Hilbert transform method underestimates wave 
energy flux by 6.90%, 2.92%, and 14.40% for Jennette’s Pier, WETS, 
and PacWave, respectively. Since real ocean waves contain multiple-
frequency components, a pure Hilbert transform may not be sufficient, 
and the Hilbert-Huang transform will be analyzed in a future study. 
Compared with the frequency-domain method, small-amplitude wave 

https://cdip.ucsd.edu/m/products/?stn=243p1
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theory and the wavelet transform based on Eqs.  (17) and (31), overpre-
dict wave energy flux by a maximum 50W∕m (3.52%), 231W∕m (5.86%), 
and 238W∕m (5.42%) across the three datasets. In this study, it is shown 
that the frequency-domain method may introduce wave energy flux 
estimation error for real testing site resource characterization. Further 
uncertainty quantification analysis of energy flux estimation methods 
is needed. 

It should be noted, however, that this reconstruction represents 
an approximation of the actual buoy motion, as Waverider buoys do 
not output rotational DOF data. Consequently, the replayed motion 
focuses on translational effects, and the results are intended to highlight 
the inherent uncertainty across different energy flux estimation meth-
ods. A more comprehensive investigation incorporating 6-DOF motions 
will be conducted in future studies through physical tank tests with 
instrumented mooring systems. 

5. Conclusion and future work

Prescribed motion experiments were conducted on a large-
amplitude motion platform facility at the National Laboratory of the 
Rockies to quantify the heave measurement performance of a Datawell 
Waverider MkIII buoy and the resulting impact on wave energy flux. 
This work extends existing dry buoy calibration from a single fixed 
motion setting to the full operational range of wave periods. Forced 
motions were validated with the Qualisys optical system while buoy 
elevation and raw acceleration were recorded. The elevation errors 
were propagated to wave energy flux using four different calculations: 
a frequency-domain method, an approach based on small-amplitude 
wave theory, a Hilbert transform approach, and a wavelet transform ap-
proach. Three CDIP field records (Jennette’s Pier, WETS, and PacWave) 
were recreated to test practical performance. The main findings are:

(1) The buoy measurements are accurate for wave periods between 
5 s and 25 s, which spans the range typically relevant to wave energy 
converters. However, measurement errors can still occur outside this 
period range, even when the conditions remain within the buoy’s 
operational limits.

(2) The experiments reveal two error regions within the Waverider 
MkIII specification wave period range of 1.6 to 30 s (Datawell, 2025). 
For short periods at 𝑇𝑚 < 5 s, the 1.28Hz sampling induces sub-Nyquist 
artifacts, biasing elevation and thus energy flux, and errors exceed 
100% for 𝑇𝑚 < 2 s. A higher output sampling frequency would be 
expected to reduce these sampling-related artifacts. For long periods 
at 𝑇𝑚 > 25 s, the buoy elevation is attenuated relative to the com-
manded motion; simultaneous agreement of raw acceleration with the 
prescribed motion points to internal double-integration postprocessing 
as the dominant source. The wave height error can reach ∼65% and is 
largely independent of amplitude in this region.

(3) Sampling rate sensitivity is modest for 5 s < 𝑇𝑚 < 25 s: across all 
four methods, energy flux calculations agree within about 2% between 
100Hz and 1.28Hz. In the long-period region, the sampling rate itself is 
not the main driver, but the elevation amplitude bias dominates. Using 
the small-amplitude scaling 𝐽 ∝ 𝜂2𝑟𝑚𝑠 and the definition of 𝜎, the relative 
energy error obeys 𝛯 = 2𝜎 − 𝜎2. A regression over the long-period tests 
gave 100𝜎 ≈ 12.81𝑇𝑚 − 321.50 and 100𝛯 ≈ −1.67𝑇 2

𝑚 + 109.34𝑇𝑚 − 1692.92
for 𝑇𝑚 ∈ [25 s, 30 s], implying that uncorrected swell can lead to large 
underestimation of wave energy flux 𝐽 . Fig.  15 presents a schematic 
overview of the error regimes across various wave periods investigated 
in this study.

(4) For the three field cases, frequency-domain estimates obtained 
at 1.28Hz agree within 2% of the corresponding 100Hz estimates. 
Relative to the 100Hz frequency-domain baseline, the small-amplitude 
and wavelet estimates differ by less than approximately 6%, whereas 
the Hilbert estimates differ by up to 14.40%. These results demonstrate 
method-dependent uncertainty in wave energy flux estimation.

Overall, the present study shows that the DWR-MkIII buoy exhibits 
two primary error branches at short and long wave periods, with 
11 
Fig. 15. Schematic of error regimes across period: Sub-Nyquist artifacts for 
short periods (𝑇𝑚 < 5 s), an accuracy region (error < 5%), and internal 
processing limitations for long periods (𝑇𝑚 > 25 s).

the maximum energy flux error exceeding 80%. Moreover, the choice 
of wave energy flux estimation method introduces methodological 
uncertainty into wave energy estimation.

The present study isolates vertical heave in a controlled environ-
ment, and real seas introduce multi-frequency and directional content 
and mooring dynamics. Building on these findings, future work is 
planned: (1) Conduct ocean basin experiments under multi-frequency 
and directional sea states to quantify additional wave measurement un-
certainties arising from hydrodynamic responses and mooring dynam-
ics, particularly investigating their coupling with the intrinsic uncer-
tainties identified in the present study; (2) Investigate the high-period 
measurement error propagation to the frequency domain wave energy 
flux estimate and propose a corresponding correction method; (3) The 
results indicate that wave energy flux estimates differ across meth-
ods. A more detailed methodological uncertainty analysis is needed 
to quantify method-dependent biases and to identify an appropriate 
approach. The long-term goal of this research is to identify uncertainty 
sources that can inform the development of marine-energy-related IEC 
standards contributing to the marine energy development.
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Appendix. Test matrix iteration based on Bayesian optimization

Five Bayesian optimization iterations are performed using the Adap-
tive Computing framework (Griffin et al., 2025). The acquisition
12 
function employed as the selection criterion is the maximum predictive 

variance, as defined in Eq.  (9). Additionally, the constraint 𝑇𝑚 > 20 s

was also imposed to target the high-period error region
Fig. A.16. Bayesian optimization iteration results for test matrix selection. From left to right: scatter test results,  regression result, Variance of  results 
based on Eq.  (9). (a) Maximum variance location: 𝐴𝑚 = 0.384m, 𝑇𝑚 = 27.5 s; (b) maximum variance location: 𝐴𝑚 = 0.750m, 𝑇𝑚 = 22.4 s; (c) maximum variance 
location: 𝐴𝑚 = 0.125m, 𝑇𝑚 = 22.4 s; (d) maximum variance location: 𝐴𝑚 = 0.750m, 𝑇𝑚 = 28.0 s; (e) maximum variance location: 𝐴𝑚 = 0.125m, 𝑇𝑚 = 28.2 s.
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(𝑇𝑚, 𝐴𝑚)𝑛𝑒𝑥𝑡 = argmax
(𝑇𝑚 ,𝐴𝑚)

𝑠∗(𝑇𝑚, 𝐴𝑚)

s.t. 𝑇𝑚 > 20 s.
(A.1)

Fig.  A.16 presents the five sequential Bayesian optimization it-
erations used to choose the additional test cases. In each row, the 
left subfigure shows the previous tests at that iteration (circles), the 
middle subfigure shows the  posterior mean 𝜇∗(𝑇𝑚, 𝐴𝑚) of the error 
surface 𝜎(𝑇𝑚, 𝐴𝑚), and the right subfigure shows the predictive variance 
𝑠2∗(𝑇𝑚, 𝐴𝑚) based on Eq.  (9). The selected subsequent experimental 
conditions, i.e., at the location of maximum predictive variance based 
on Eq.  (A.1), are indicated with a red ‘‘x’’.

With the constraint 𝑇𝑚 > 20 s, the variance field forms an obvious 
ridge in the long-period region that is nearly insensitive to amplitude, 
consistent with our finding that 𝜎 depends primarily on 𝑇𝑚 and only 
weakly on 𝐴𝑚. The five selected points are (𝐴𝑚, 𝑇𝑚) = (0.384m, 27.5 s), 
(0.750m, 22.4 s), (0.125m, 22.4 s), (0.750m, 28.0 s), and (0.125m, 28.2 s).

Incorporating each new observation progressively collapses the 
long-period uncertainty ridge while preserving the weak sensitivity 
to amplitude, thereby efficiently refining 𝜎(𝑇𝑚, 𝐴𝑚) where errors are 
most consequential. This method will be applied in future multi-DOF 
experiments to improve the experimental efficiency.
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