
Introduction

The study region of Qingdao is situated in the 
southeastern part of Shandong Province, featuring 
numerous bays and a highly indented coastline with a total 

length of 905.2 kilometers. The region is characterized 
by a distinct temperate monsoon climate: summers are 
influenced by southeasterly monsoons, while winters are 
dominated by northwesterly monsoons. Additionally, 
the region is frequently impacted by extreme weather 
events such as typhoons and cold surges. In the context 
of increasing anthropogenic activities and climate 
variability, recent comprehensive assessments have 
emphasized the increasing variability and regional 
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Abstract

Statistical and spectral analyses of wave characteristics in the offshore region of Qingdao are 
presented based on one year of continuous field observations. The intra-annual variations of significant 
wave height (Hs) and wave period, together with their probabilistic distributions and spectral structures, 
are systematically examined. Hs ranges from 0.11 to 2.78 m, with an annual mean of 0.51 m, exhibiting 
pronounced seasonal variability. Both wave height and wave period distributions are well represented 
by a two-parameter Weibull model. Spectral analysis indicates that monthly averaged wave spectra 
are predominantly unimodal, with peak frequencies concentrated between 0.1 and 0.2 Hz, reflecting 
wind-sea-dominated conditions. Bimodal spectra, indicative of mixed swell and wind-sea systems, 
are observed in February, August, and September. Regression analysis among characteristic wave 
parameters and spectral moments reveals strong correlations, while empirical ratios deviate from 
classical deep-water theoretical values due to shallow-water influences and mixed sea states. During 
Typhoon Bavi, wave spectra were predominantly single-peaked, and the wave field was dominated 
by low-frequency swells around 0.09 Hz. These findings provide region-specific insight into the local 
wave climate and offer a scientific basis for offshore engineering design and coastal hazard mitigation 
in the Qingdao waters.
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differentiation of tropical cyclone activity and associated 
ocean wave extremes under climate change [1-3]. Wave-
induced coastal erosion, infrastructure vulnerability, 
and ecological consequences have therefore drawn 
considerable scientific attention. A comprehensive 
understanding of wave characteristics based on 
field observations is essential for effective coastal 
management, marine hazard mitigation, and offshore 
engineering design in this region.

Recent advancements in marine observational 
technologies and third-generation numerical spectral 
wave models, such as the Simulating Waves Nearshore 
(SWAN) [4-6] and WAVEWATCH III models [7-9], 
have significantly enhanced our capacity to analyse 
wave behaviours in global and regional coastal systems. 
Long-term spectral hindcast simulations have provided 
improved insight into regional wave climate variability 
and spectral evolution characteristics in the South 
China Sea and adjacent marginal seas. Numerous 
studies have contributed to the understanding of wave 
characteristics across different climatic and geographic 
settings. Vandever et al. [10] examined relationships 
between wave height parameters and spectral width (ν) 
based on multi-station observations in coastal-estuarine 
systems. Recent updates in design-wave estimation 
systems based on long-term numerical model data 
have improved engineering-oriented wave statistics 
along the Korean coast [11]. In monsoon-dominated 
basins, recent basin-scale analyses have demonstrated 
that seasonal variability of wave spectra is closely 
linked to large-scale climate modes such as the Indian 
Ocean Dipole, while spectral partitioning techniques 
further highlight systematic differences between wind-
sea and swell components across the Indian Ocean 
[12, 13]. Measurements and spectral reconstructions 
in the Arabian Sea and Bay of Bengal indicate that 
wave spectra frequently exhibit unimodal or bimodal 
structures, depending on the relative dominance and 
directional alignment of wind-sea and swell components 
under varying forcing conditions [14, 15]. Process-
oriented analyses further demonstrate that strong 
monsoonal winds and tropical cyclones can substantially 
enhance significant wave height and redistribute 
spectral energy, leading to pronounced shifts in spectral 
shape and peak characteristics. For typhoon conditions, 
spectral analyses of northwest Pacific typhoon waves 
have demonstrated clear coexistence of wind-sea and 
swell systems, with spectral characteristics strongly 
dependent on storm track, intensity, and evolution 
stage [16-18]. These findings highlight the importance 
of spectral-based approaches for diagnosing mixed sea 
states under extreme weather systems.

Long-term in situ observations combined with 
numerical simulations have substantially advanced 
regional assessments of wave climate and extreme sea 
states in the Chinese marginal seas. Recent analyses 
based on multi-year measurements in the Bohai Sea 
reveal pronounced spatial heterogeneity and increasing 
variability of storm-driven wave conditions along the 

nearshore zone [19]. Field observations in semi-enclosed 
bays further demonstrate that local bathymetry and 
wind alignment strongly influence wave statistics and 
spectral distribution patterns [20]. Process-oriented 
investigations indicate that wave–current interactions 
can significantly modify wave parameters and spectral 
characteristics, particularly in coastal environments 
influenced by complex circulation systems [21]. In 
the Qingdao coastal region, coupled tide–surge–wave 
simulations show that extreme wave conditions are 
highly sensitive to typhoon intensity and background 
sea-level variations, with marked differences between 
open coasts and bay areas [22]. In the South Yellow 
Sea, numerical modeling suggests that radial sand ridge 
systems can amplify significant wave heights and alter 
wave evolution under extreme weather events [23]. 
High-resolution simulations further provide regional 
contrasts of mean and extreme wave climates across 
the Bohai, Yellow, and East China seas, highlighting 
spatially differentiated responses to climate forcing 
[24]. Observational and modeling studies indicate that 
tropical cyclone dynamics strongly modulate spectral 
peak characteristics and wave energy redistribution, 
with spatial contrasts between swell-dominated regions 
away from the storm core and wind-sea-dominated 
areas near the maximum wind zone [25, 26]. In semi-
enclosed coastal environments, tidal modulation, local 
bathymetry, and limited swell penetration collectively 
shape wave energy distribution and spectral structure, 
emphasizing the importance of explicitly accounting for 
mixed sea states in coastal hazard assessment and wave 
prediction [27, 28].

Despite these advances, in situ observational data 
describing wave distribution, spectral characteristics, 
and typhoon-affected processes in the offshore region of 
Qingdao remain limited. This scarcity poses a barrier to 
the development of a comprehensive and region-specific 
understanding of local wave dynamics. Based on one 
full year of continuous wave measurements, this study 
focuses on: (1) intra-annual variations in significant 
wave height and wave period; (2) parametric modeling 
of the joint statistical distribution of wave height and 
period; (3) empirical characterization of relationships 
among key spectral parameters; and (4) wave processes 
during typhoon events. By integrating temporal 
wave behaviour with underlying spectral evolution 
mechanisms, this study establishes region-specific wave 
climate benchmarks that are essential for enhancing 
the predictive accuracy of extreme wave events and 
supporting the development of more resilient coastal 
infrastructure in the offshore environment of Qingdao.

Materials and Methods

Data

Wave parameters and spectra were measured 
using an Aanderaa Motus wave sensor mounted on 
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a 1.75-meter diameter buoy. The sensor operated at 
a 4 Hz sampling frequency with spectral resolution 
covering wave periods of 1.42-30 s. The observation 
site was located in the Qingdao coastal waters  
(Fig. 1), approximately 2 km offshore at a water depth  
of 25 m. Continuous measurements were recorded  
at 30-min intervals from March 1, 2020, to February 28, 
2021, yielding a complete annual dataset. Wind speed 
was measured at 10 m above the sea surface by a co-
located meteorological buoy positioned approximately 
50 m north of the wave buoy, and the sampling 
frequency was 1 hour. 

Data quality control was conducted according to 
the Technical Specification for Delayed-Mode Ocean 
Observation Data Quality Control and Check (HY/T 
0315-2021) [29], including range checks, correlation 
verification, temporal continuity analysis, and 3σ-based 
outlier detection. Records with Hs <0.1 m (attributed 
to non-physical wave states or instrument noise) were 
systematically excluded to ensure dataset robustness for 
statistical modeling.

Methods

The statistical analysis of wave data employed the 
zero up-crossing method to derive key parameters, 
including significant wave height (Hs), significant 
wave period (Ts), maximum wave height (Hmax) with 
corresponding period (Tmax), as well as mean wave height 
(H̅ ) and period (T̅). 

The Fast Fourier Transform (FFT) method was used 
to estimate the wave energy spectrum, from which 
spectral parameters such as the significant wave height, 
the mean wave periods T01 and T02, the spectral moments 
mn (n = 0, 1, 2, …), and the spectral width parameters ε 
and ν were derived. Definitions of the wave parameters 
are as follows:

	 	 (1)

	 	 (2)

	 	 (3)

	 	 (4)

	 	 (5)

	 	 (6)

where mn is the n-th order spectral moment, f is the 
frequency, and S(f) is the spectral energy density 
corresponding to f.

Fig. 1. Location of wave observation station (white dot, indicated by the arrow).
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Results and Discussion

Characteristics of Wave Distribution

In deep-water conditions, wave heights theoretically 
follow the Rayleigh distribution [30]:

	 	 (7)

where H denotes individual wave height, and H̅   
represents the averaged wave height. While effective for 
linear waves with narrow-band spectra in deep water, 
this distribution deviates from observed patterns in 
shallow-water regimes.

Forristall [31] demonstrated the superiority of the 
two-parameter Weibull distribution through Gulf of 
Mexico observations:

Fig. 2. Distribution of H1/10 in different levels and different directions.

Table 1. Ranges and averages of various wave characteristic parameters from March 2020 to February 2021.

Month
Hmax/m Hs/m H̅ /s

Range Avg Std Range Avg Std Range Avg Std

1 0.17~2.46 0.82 0.48 0.13~1.37 0.48 0.28 2.23~5.33 3.72 0.63

2 0.29~2.83 1.11 0.47 0.18~1.36 0.64 0.27 2.28~6.48 4.03 0.76

3 0.18~3.00 0.89 0.50 0.12~1.53 0.51 0.28 1.96~5.24 3.62 0.65

4 0.21~2.74 0.77 0.45 0.12~1.52 0.44 0.26 1.87~5.91 3.43 0.70

5 0.31~4.04 1.07 0.55 0.19~2.35 0.62 0.32 2.28~6.89 4.11 0.76

6 0.31~3.88 0.98 0.52 0.19~2.33 0.55 0.31 2.42~6.71 4.13 0.78

7 0.25~4.90 1.00 0.72 0.15~2.78 0.58 0.43 2.32~6.50 3.99 0.83

8 0.28~3.48 1.20 0.48 0.17~1.88 0.70 0.28 2.52~8.58 4.35 0.97

9 0.19~2.32 0.86 0.36 0.12~1.39 0.50 0.20 2.18~8.60 3.88 0.84

10 0.21~2.09 0.64 0.32 0.13~1.12 0.37 0.19 2.19~5.64 3.54 0.55

11 0.18~3.78 0.73 0.52 0.12~2.20 0.42 0.30 2.18~6.66 3.70 0.68

12 0.17~2.46 0.57 0.38 0.11~1.44 0.33 0.22 2.17~4.83 3.49 0.51

Total 0.17~4.90 0.88 0.52 0.11~2.78 0.51 0.31 1.87~8.60 3.83 0.79
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the best fitting performance, effectively reflecting both 
the distribution pattern and numerical characteristics  
of wave height probability density in the Qingdao 
offshore area. The fitted parameters α and β are 2.32 and 
1.32, respectively. Similar findings have been reported 
based on field observations in the Northern Yellow Sea, 
where Weibull distribution provides a more accurate 
representation of wave height probability characteristics 
compared with traditional Rayleigh assumptions [33].

Beyond probabilistic distributions of wave 
height, engineering applications frequently employ 
characteristic wave heights (Table 2), including the 
significant wave height (Hs), the averaged wave height 
(H̅ ), and the maximum wave height (Hmax). Establishing 
empirical relationships among these parameters enables 
mutual estimation, which holds both theoretical and 
operational importance for coastal engineering.

Using least squares regression on wave observations, 
we derived the following linear relationships (Fig. 4). 
Statistical results demonstrate strong correlations 
between H̅  and Hs (correlation coefficient: 0.99),  
and between Hs and Hmax (correlation coefficient: 
0.98). The observed Hs/H̅  ratio of 1.523 deviates from 
Longuet-Higgins’ reported value of 1.598, and is 
lower than Yang’s reported value of 1.58 in the central 
Hangzhou Bay. Similarly, the measured Hmax/Hs ratio 
of 1.719 exceeds Longuet-Higgins’ reported value of 
1.628, but remains below Goda’s [34] proposed value of 
1.8 for vertical breakwater design. These discrepancies 
arise because the theoretical relationships are derived 
from deep-water wind-wave data, whereas the study 
area exhibits mixed wave conditions (containing both 
wind-generated waves and swells) typical of a coastal 
environment, thereby altering characteristic parameter 
ratios compared to theoretical expectations.

	 	 (8)

where α and β are empirical coefficients determined 
from field data.

Incorporating bathymetric effects, Gluhovskiy [32] 
proposed a depth-modified formulation:

	 		

	 	 (9)

where the shallow-water parameter H* = H̅ /d (with d 
being the water depth) quantifies depth-limited wave 
transformation.

This study conducted a statistical analysis using 
one-year wave observation data (Table 1), obtaining 
probability histograms of wave height distribution and 
plotting probability density curves of the theoretical 
distributions mentioned above, as shown in Fig. 3.  
The results indicate that most wave heights are 
concentrated within twice the averaged wave height 
(H̅ ), with the highest probability of occurrence observed 
at 0.8 to 0.9 times H̅ . Discrepancies exist between 
the Rayleigh distribution, Gluhovskiy distribution, 
and the measured histogram: both theoretical models 
overestimate the probability density in low wave 
height ratios (H/H̅ <0.6), underestimate probabilities 
near the peak region (0.6<H/H̅ <1.5), and overestimate 
probabilities in high wave height ratios (H/H̅ >1.5).  
The two-parameter Weibull distribution demonstrates 

Fig. 3. Histogram and theoretical distributions of wave heights.
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Systematic studies on wave period distributions 
emerged in the 1950s, yielding semi-empirical 
formulations. Gluhovskiy established a depth-
independent period distribution for shallow waters:

	 	 (10)

where T denotes the individual wave period and T̅  
represents the averaged period.

Sun [35] proposed another period distribution based 
on linear wave theory:

	 		

Fig. 4. Linear regressions between a) H and Hs, b) dimensionless Hs and Hmax.

Table 2. Occurrence frequency of Hs categories.

Hs/m
Month

Total
1 2 3 4 5 6 7 8 9 10 11 12

0.1~0.5 65.7 34.6 57.9 70.1 42.1 54.0 62.1 22.8 55.9 83.1 77.7 82.1 59.0
0.5~1.0 27.1 53.3 35.8 24.7 45.9 37.8 25.7 66.8 42.6 15.7 17.7 16.1 34.1
1.0~1.5 7.1 12.1 6.1 5.1 9.7 6.8 6.7 8.2 1.5 1.2 2.5 1.8 5.7

>1.5 0 0 0.2 0.1 2.2 1.5 5.6 2.2 0 0 2.1 0 1.2

Table 3. Distribution of H1/10 in different directions and different levels.

H1/10 range 

(m)

Wave direction
N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW Total

0.0~0.6 - 0.07 0.13 0.33 1.09 7.11 19.35 16.04 6.56 3.33 1.56 0.86 0.41 0.11 0.13 0.02 57.10
0.6~0.8 - 0.01 -   0.02 0.41 2.20 4.29 5.10 1.56 1.05 0.33 0.10 0.21 0.16 0.09 0.01 15.54
0.8~1.0 - -   -   0.01 0.24 1.86 2.71 4.41 1.40 1.10 0.17 0.03 0.04 0.02 0.01 -   12.00
1.0~1.2 - -   -   0.01 0.21 1.64 1.12 2.28 1.44 0.51 0.03 0.01 0.01 -   -   -   7.26
1.2~1.5 - -   -   -   0.19 1.12 0.94 1.34 0.66 0.49 0.02 -   -   -   -   -   4.76
1.5~2.0 - -   -   -   0.03 0.42 0.82 0.91 0.14 0.05 -   -   -   -   -   -   2.37
2.0~3.0 - -   -   -   -   0.21 0.50 0.18 -   -   -   -   -   -   -   -   0.89

≥3.0 - -   -   -   -   0.05 0.01 -   -   -   -   -   -   -   -   -   0.06
Total (%) - 0.08 0.13 0.37 2.17 14.61 29.74 30.26 11.76 6.53 2.11 1.00 0.67 0.29 0.23 0.03 99.98
Average - 0.44 0.39 0.41 0.68 0.72 0.59 0.65 0.64 0.65 0.50 0.46 0.56 0.60 0.55 0.46 0.64

Maximum - 0.67 0.59 1.00 1.70 3.52 3.23 2.72 1.85 1.62 1.39 1.05 1.07 0.85 0.82 0.62 3.52
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	 	 (11)

where τ = T/T̅ is the dimensionless period.
The probability histogram of wave period distribution 

and corresponding theoretical density curves are shown 
in Fig. 5. Measured periods predominantly fall within  
2.5 times the averaged period (T̅ ), with peak probabilities 
occurring at τ = 1.0-1.1. Both the Gluhovskiy and Sun 
models overestimate maximum probabilities compared 

to observations. The Weibull distribution shows better 
agreement with observations, though it underestimates 
probabilities in the long-period region (τ>2.0). The fitted 
parameters are α = 2.90 and β = 0.80.

Similar to the analysis of characteristic wave heights, 
practical applications commonly use characteristic 
wave periods such as the significant wave period Ts, the 
averaged wave period T̅, and the maximum wave period 
Tmax to describe the statistical characteristics of wave 
periods in the offshore area. Analyzing the relationships 
between these characteristic periods holds significant 
importance in engineering.

The least squares method was employed to perform 
linear fitting on the relationships among common 

Fig. 5. Histogram and theoretical distributions of wave periods.

Fig. 6. Linear regressions between a) T and Ts, b) Ts and Tmax.
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characteristic wave periods, as shown in Fig. 6. 
Statistical results indicate a strong correlation between 
 T̅  and Ts, with a correlation coefficient of 0.98, and  
Ts/T̅ is 1.284. In contrast, the correlation between Ts and 
Tmax is relatively weaker, with a correlation coefficient of 
0.65.

In addition to the individual distribution 
characteristics of wave height and period, researchers 
have conducted in-depth studies on the joint distribution 
of wave height and period. Currently, there exist several 
theoretically derived joint probability distribution 
functions for wave height and period. Sun [35] developed 
a joint distribution of wave height and period based 
on linear wave theory and wave ray theory. Building 
upon the aforementioned studies on wave height and 
period distributions, this work further analyses the joint 
distribution of wave height and period, with comparison 
against Sun’s theoretical joint distribution, as shown 
in Fig. 7. The results indicate that the high-probability 
regions of the measured joint distribution (probability 
density >0.9) lie within wave height ratios of 0.3-1.0 
and period ratios of 0.4-1.1. Overall, discrepancies 
exist between the measured joint distribution and 
Sun’s theoretical model: while their contour patterns 
show similarity in low wave height ratios and low 
period ratios, the high-probability density region of 
the measured distribution shifts leftward compared 
to Sun’s theoretical distribution, and the measured 
high-probability area covers a broader range than the 
theoretical prediction.

Characteristics of Wave Spectra

Wave spectra data corresponding to significant wave 
heights Hs ≥ 1 were selected for analysis. Fig. 8 presents 

the monthly and seasonal averaged wave spectra (this 
study adopts the oceanographic definition of seasons: 
spring as April-June, summer as July-September, 
autumn as October-December, and winter as January-
March).

Spectral analysis reveals that unimodal spectra 
dominate in most months. During spring and autumn, 
all monthly averaged spectra exhibit single peaks with 
spectral peak frequency concentrated between 0.1 and 
0.2 Hz, indicating wind-dominated wave regimes.  
In summer, typhoon-induced swells propagating from 
the open ocean southwest of the Shandong Peninsula 
result in more complex spectral patterns: July shows 
a unimodal spectrum with the highest energy density, 
while August and September exhibit bimodal spectra. 
The primary peak (0.05-0.1 Hz) and secondary peak 
(0.1-0.2 Hz) in these bimodal spectra are attributed to 
swell and wind-wave frequency bands, respectively, 
suggesting a mixed sea state dominated by swells. 
Winter spectra display contrasting behaviours: January 
and March retain unimodal structures, whereas 
February shows a bimodal spectrum. The primary peak 
in February (~0.2 Hz) corresponds to locally generated 
wind-waves, while the secondary peak (~0.1 Hz) 
likely represents limited swells from cold surges. The 
suppression of swells is attributed to northerly wind 
directions and the blocking effect of the Shandong 
Peninsula, restricting fetch for swell development in the 
Qingdao offshore area.

Theoretically, the ratio of Hs to m0½ (square root 
of the zeroth spectral moment) is approximately 4.0. 
However, real-world ocean waves are not narrow-
banded. Fig. 9 illustrates the relationships between H̅ , 
Hs, and m0½. The ratios are 2.471 and 3.764, respectively, 
slightly lower than the theoretical values of 2.5 and 4.0, 

Fig. 7. Joint probability distributions of wave height and period.
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indicating wave deformation caused by shallow-water 
effects at the observation site.

As mentioned above, we present two commonly used 
formulas for calculating wave periods from spectral 
moments. The relationships between the averaged wave 
periods T01 and T02 derived from these formulas and 
the significant wave period Ts obtained via the zero-

crossing method are illustrated in Fig. 10. As shown, 
both T01 and T02 are smaller than Ts. The relationships 
between them are expressed as Ts = 1.178T01 and  
Ts = 1.293T02. Combined with the ratios between Ts 
and T̅ mentioned above, T̅ = 0.917T01 and T̅ = 1.007T02, 
which differ from the deep-water condition where  
T̅ ≈ T01.

Fig. 8. Monthly and seasonal averaged wave spectra, a) spring, b) summer, c) autumn, d) winter.

Fig. 9. Relationships between a) and H, b)  and Hs.
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The spectral width parameters ε and ν were 
calculated using the formulas mentioned above to 
reflect the degree of energy concentration within the 
wave spectrum. For deep-water narrow-band waves,  
Longuet-Higgins derived the theoretical relationship 
between these parameters as ε ≈ 2ν. However, real ocean 
wave spectra are often non-narrow-band. In this study, 
the least squares method was applied to analyze the 
relationship between the two spectral width parameters 
in the study area. As shown in Fig. 11, the fitted 
relationship is ε ≈ 1.07ν0.58.

Vandever [10] analyzed the relationship between  
ν and the dimensionless parameter Hs/m0½, proposing 
the relationship Hs/m0½ = 3.95 – 0.537ν. Under  
narrow-band conditions (ν = 0), this simplifies to  
Hs/m0½ = 3.95, which closely aligns with the theoretical 
deep-water narrow-band value of 4.0. For the study 
area, the least squares fitting of measured data yields  
Hs/m0½ = 4.14 – 0.727ν, shown in Fig. 10.

Wave Process during Typhoon Bavi

During 23-29 August 2020, Typhoon Bavi traversed 
the Yellow Sea and moved northward before landfall 
(Fig. 12), exerting a pronounced impact on wave 
conditions in Qingdao offshore waters. This study 

Fig. 10. Relationships between a) spectral T01 and Ts, b) spectral T02 and Ts.

Fig. 11. Relationships between a) spectral bandwidth parameters ε and ν, b) dimensionless Hs/and ν.

Fig. 12. Traveling path of Typhoon Bavi.
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focuses on the wave evolution process induced by 
Typhoon Bavi (202008), which provides valuable insight 
into coastal engineering design and hazard mitigation. 
The observed wave evolution characteristics are 
consistent with previous spectral analyses of typhoon-
induced wave systems in marginal seas [16, 25].

The dominant wind direction during Typhoon Bavi 
was northerly, rotating in accordance with the storm 
track (Fig. 13a)). Both the mean wave period (T̅ ) and 
spectral peak period (Tp) exhibited an initial increase 

followed by a decrease, with the spectral peak period 
stabilizing around 12 s between 25-26 August (Fig. 13b)). 
This indicates that long-period swells dominated the 
wave field during the mature stage of the typhoon.  
After 11:00 on 25 August, the one-tenth wave height 
(H1/10, Table 3) and wind increased significantly,  
and their temporal variations exhibited strong 
consistency (Fig. 13c)). This close correspondence 
reflects the dominant control of local wind forcing 
on nearshore wave growth during the peak stage of 

Fig. 13. Variations of wave parameters from 12:00 on 23 August to 12:00 on 29 August 2020 during Typhoon Bavi.
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the storm. Influenced by coastal topography, waves 
propagating from the southeast underwent refraction  
and diffraction before reaching the observation site, 
resulting in a strong positive correlation between 
wave height and wind speed, whereas wave direction 
exhibited partial decoupling from instantaneous wind 
direction.

To further investigate the energy distribution during 
the typhoon event, the normalized wave spectral energy 
density in the frequency–time domain was analyzed  
(Fig. 14). The high-wave process lasted approximately 
two days, during which wave spectra were 
predominantly single-peaked. Fig. 14(b-e) illustrate 
representative spectral snapshots corresponding 
to selected time intervals marked in Fig. 14a). The 
dominant energy was concentrated at low frequencies 
around 0.09 Hz, indicating swell-dominated conditions. 
The maximum wave height is marked by the red line 
in Fig. 14a), corresponding to a peak spectral energy 
density of approximately 6 m²/Hz at 0.09 Hz (Fig. 14d)).

Portilla et al. [36] proposed an algorithm for 
identifying wind-sea and swell components based on 
spectral peak energy. The parameter γ* is defined as the 
ratio between the measured peak spectral energy and 
the energy of a Pierson–Moskowitz (PM) spectrum at 
the same peak frequency:

	 	 (12)

where S(f) is the energy spectrum, fp is the peak 
frequency, α is the Phillips constant fixed to its PM 
value, and g is gravitational acceleration.

Calculated results show that the PM spectral energy 
at 0.09 Hz is 24.22 m²/Hz, whereas at 0.20 Hz it  

is 0.45 m²/Hz. Comparing these theoretical values with 
the measured spectral energy (Fig. 14(b-e) indicates that 
γ*<1 in the low-frequency band (~0.09 Hz) and γ*>1 in 
the higher-frequency band (~0.20 Hz). Therefore, the 
wave field during Typhoon Bavi was predominantly 
swell-dominated, with locally generated wind waves 
contributing secondary energy at higher frequencies.

Conclusions

(1) Pronounced seasonal variability characterizes the 
wave climate in the Qingdao offshore area, with extreme 
wave events primarily modulated by summer typhoons 
and winter cold surges.

(2) The two-parameter Weibull distribution 
demonstrates superior applicability for both wave height 
(α = 2.32, β = 1.32) and wave period (α = 2.90, β = 0.80) 
statistics, exhibiting correlation coefficients exceeding 
0.98 for characteristic wave height relationships. The 
high-probability region of the measured joint wave 
height–period distribution occurs near normalized ratios 
of approximately 0.7 for both wave height and period, 
deviating from Sun’s theoretical joint distribution 
pattern.

(3) Spectral analysis reveals distinct seasonal 
regimes. Wave spectra are predominantly unimodal 
in most months, with peak frequencies concentrated 
between 0.1 and 0.2 Hz during spring and autumn, 
indicating wind-dominated wave conditions. Under 
episodic extreme events such as summer typhoons 
and winter cold surges, bimodal spectra are observed  
in February, August, and September, representing  
mixed sea states consisting of swell and wind-sea 
components.

Fig. 14. Time series plot of the normalized spectral energy density with frequency during Typhoon Bavi.
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(4) Most wave parameters exhibit strong correlations. 
Due to shallow-water effects and mixed sea conditions, 
the ratios of characteristic wave heights (H and Hs) 
relative to √m0 are smaller than classical deep-water 
theoretical values. The relationships among wave periods 
indicate Ts ≈ 1.18T01 and Ts ≈ 1.29T02, deviating from 
theoretical deep-water expectations. Strong correlations 
are observed between spectral width parameters ε and 
ν, with the fitted relationship ε ≈ 1.07ν0.58. A negative 
correlation exists between the dimensionless parameter 
Hs/√m0 and ν, expressed as Hs/m0½ = 4.14 – 0.727ν.

(5) Qingdao was affected by Typhoon Bavi for 
approximately two days. During the typhoon period, 
wave height exhibited a strong positive correlation with 
wind speed, whereas wave direction showed partial 
decoupling from instantaneous wind direction. The 
averaged wave direction primarily reflected long-period 
swells propagating from the open Yellow Sea. Spectral 
analyses indicate that wave spectra predominantly 
exhibited single-peaked structures with dominant low-
frequency energy, and wind-sea-swell identification 
confirms that swell components dominated the wave 
field during Typhoon Bavi.
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