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Abstract. Lakes, as invaluable natural resources, serve multifaceted roles en-

compassing flood prevention, water supply, and ecological balance. How-

ever,Wind-induced waves within lake regions exert a pronounced influence on 

shoreline development and the proliferation of aquatic vegetation. Wind-induced 

waves seriously affects the safety of levee projects and the benefit of lakes. This 

study delves into wind-wave dynamics in lakes using the mathematical model—

the mild-slope equation. It aims to unveil the characteristics and distribution of 

wind and wave patterns across manifold embankment sections under diverse wa-

ter levels and wind directions. These findings are instrumental in refining shore-

line designs, selecting appropriate aquatic flora, and providing robust data sup-

port for constructing flood control systems and managing the ecological environ-

ment along lake perimeters. 

Keywords: Hongze Lake; Waves; Wind speed; Characteristics; Mild-slope 

model. 

1 Introduction 

Lakes embrace a multitude of functions and benefits, functioning as pivotal natural re-

sources and strategic economic resources [1]. Jiangsu Province is among the regions in 

China where freshwater lakes are notably concentrated, racking up a cumulative area 

of 6260 square kilometers and a combined storage capacity equivalent to 13.11 billion 

cubic meters. The lake-to-land ratio in this province yields 6%, leading the nation in 

terms of lake coverage. These lakes, as exceptional natural assets, play a crucial role in 

various aspects, including flood control, water supply, navigation, tourism, aquaculture, 

biodiversity preservation, and water purification [2]. Their contributions significantly 

safeguard the local economic and social development. 

The lakes harbor abundant aquatic resources and have historically been revered for 

their rich fish, shrimp, crab, and shellfish reserves, often acclaimed as sites for raking 

in the dough. However, driven by economic interests, agricultural development, urban  
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construction along the lakes, and aquaculture practices have led to a worsening shrink-

age of the lakes. This trend is accompanied by unregulated exploitation of resources 

such as lakeshores, water bodies, biota, and landscapes, resulting in a severe decline in 

their functions related to flood control, ecological balance, and scenic beauty. In recent 

years, Jiangsu Province has significantly doubled efforts to protect the ecological bal-

ance of its lakes. Initiatives such as “returning polders to lakes” and “returning fishing 

zones to wetlands” have been implemented, effectively restoring the lake surface area. 

Additionally, flood prevention and ecological restoration projects have been enacted, 

reinforcing flood embankments and conducting ecological restoration activities. These 

efforts aim not only to enhance regional flood control capabilities but also to further 

restore lake capacity and improve the overall ecological environment of the lakes. 

Wind-induced waves represent a highly variable environmental factor that exerts 

profound and intricate influences on the construction of flood embankments around 

lakes and the ecosystem [3]. Therefore, this study investigates the characteristics of 

wind-induced waves in lake regions to comprehend the distribution of waves across 

various lake sections. The findings contribute valuable data support for establishing 

flood prevention systems within lakes and governing the ecological environment along 

their shores. Ultimately, this endeavor ensures the secure and sustainable development 

of the region. 

1.1 Basic information on the lake 

Hongze Lake stands as the fourth-largest freshwater lake in China and is the foremost 

lake within the Huai River Basin. It serves as a crucial reservoir for the South-to-North 

Water Diversion Project and holds multifaceted functions encompassing flood control, 

water supply, ecology, cultural significance, navigation, and fisheries. Spanning 65 kil-

ometers in length with an average width of 24.4 kilometers, the lake covers an area of 

2,069 square kilometers, reaches a maximum depth of 5.5 meters, and has a flood con-

trol capacity of 13.5 billion cubic meters. Characterized as a large, shallow lake, 

Hongze Lake exhibits a shallow saucer-shaped basin, gentle sloping shorelines, a grad-

ual incline from the shores towards the center, and a relatively flat lakebed, typically 

situated between elevations of 10 to 11 meters [4]. Hongze Lake demonstrates distinct 

features such as extensive fetch, limited shoreline vegetation during winter-spring sea-

sons, and a high storage level. Concurrently, efforts involving actions on “returning 

polders to lakes” and “reinforcing embankments to mitigate flooding” are ongoing. 

However, these initiatives introduce challenges regarding embankment safety due to 

direct exposure to wind-induced waves within lakes. Additionally, the initiative of “re-

turning polders to lakes” might lead to difficulties in sustaining aquatic plant life and 

subsequent degradation of the aquatic ecosystem, causing a reduction in biodiversity. 

Addressing these issues requires prudent management. Against this backdrop, it be-

comes crucial to study the wind-induced wave characteristics using Hongze Lake as a 

case study, given its typicality and immediate relevance.  
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1.2 Research content and scenarios 

Drawing upon wind speed data obtained from engineering water bodies and their sur-

rounding areas, we estimate the design wind speeds for different directions and time 

periods within the lake region. We then proceed to select an optimal mathematical 

model for simulating waves, conducting computations using this chosen wave model. 

This involves integrating the topography of the lake region with meteorological data to 

perform mathematical model experiments under various combinations of directions and 

water levels. The outcome of these experiments furnishes information on the distribu-

tion of waves across different parts of the lake. These findings serve as crucial data 

support for the construction of embankments facing the lake and for ecological resto-

ration efforts in various sections [5-6].  

Hongze Lake presents characteristic water levels: the dead water level at 11.3 m, the 

flood-limited level at 12.5 m, the normal storage level during non-flood periods at 13.5 

m, the activation level for the flood detention zone at 14.5 m, and the design flood level 

at 16.0 m. Based on these characteristic water levels and engineering functionalities [7], 

the following research scenarios are proposed: (1) During periods of flood retention in 

the surrounding flood detention zones with an activated level of 14.5 m [8], correspond-

ing to the encounter of significant inflows during flood seasons, the research scenario 

will consider the design wind speeds for the flood season; (2) When the lake operates 

at the normal storage level of 13.5 meters and encounters water diversions from the 

East Route of the South-to-North Water Diversion Project [9], the research scenario will 

correspond to design wind speeds during winter-spring seasons.  

2 Wind speeds around the Lake 

2.1 Overview of regional wind speeds 

The Xuyi Meteorological Station and Sihong Meteorological Station are situated in the 

vicinity of Hongze Lake. A robust correlation emerges in the wake of comparing the 

wind rose diagrams and correlating wind speeds of the two stations. Both Xuyi and 

Sihong Meteorological Stations exhibit a strong correlation in wind direction and speed, 

boasting a noteworthy correlation coefficient (R) of 0.81. Notably, the Xuyi Meteoro-

logical Station, positioned at a relatively elevated location and closer to the lake, expe-

riences minimal influence from surface factors. Consequently, the measured wind 

speeds at Xuyi slightly surpass those recorded at Sihong Meteorological Station. As a 

safety measure, the wind speed data from the Xuyi Meteorological Station is utilized in 

the calculation of design wind speeds [10]. At the Xuyi Meteorological Station, the pre-

vailing wind direction aligns with east-southeast to east (ESE), occurring with a fre-

quency of occurrence at 12.1%, closely followed by east (E) at 11.5%. Both directions 

demonstrate roughly equivalent frequencies, notably higher than those of other wind 

directions. Wind rose diagram as follows Figure 1, Figure 2. 
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Fig. 1. Wind rose diagram of Xuyi Meteorological Station (2012 to 2019) 

 

Fig. 2. Wind rose diagram of Sihong Meteorological Station in 2020 

2.2 Research on design wind speeds 

The wind speed data from the Xuyi Meteorological Station, being land-based, requires 

adjustments for both height and land-water discrepancies to match the wind speed at a 

height of 10 meters above the water surface, utilizing data from 10-minute average wind 

speeds. Height adjustment and land-water corrections [11-12]for wind speed follow meth-

ods recommended in the Design of Dam Wave Protection and Slope Protection and the 

Hydrological Code for Ports and Waterways. The maximum wind speeds (10-minute 

average) from different directions during the flood season and winter-spring seasons 

over 30 years (1991 to 2020) at the Xuyi Meteorological Station were adjusted to the 

10-meter height above the lake surface and multiplied by a factor of 1.5. This process 

ultimately yields the design wind speeds for the flood season and winter-spring seasons 

in the Hongze Lake area, as illustrated in Table 1 and Table 2. 

22             Y. Zhang et al.



Table 1. Design wind speed during the flood season in the Hongze Lake area 

Direc-

tion 
N~NNE NE~ENE E~ESE SE~SSE S~SSW SW~WSW W~WNW NW~NNW 

Wind 

speed 

m/s 

21.6 18.6 20.2 19.4 20.4 18.1 20.6 21.1 

Table 2. Design wind speed during winter-spring seasons in the Hongze Lake area 

Direction N~NNE NE~ENE E~ESE SE~SSE S~SSW SW~WSW W~WNW NW~NNW 

Wind 

speed 

m/s 

23.5 19.7 21.5 19.0 19.6 18.9 21.2 22.2 

It has come to light from the two tables that during the flood season, the highest 

design wind speed in the lake area occurs in the North to North-Northeast (N~NNE) 

direction, reaching 21.6 meters per second (m/s), followed by the Northwest to North-

Northwest (NW~NNW) direction at 21.1 m/s. Winds from the West to West-Northwest 

(W~ENW) direction have a speed of 20.6 m/s, slightly lower than those from the North-

west to North-Northwest (NW~NNW). The lowest design wind speed among these di-

rections is in the Southwest to West-Southwest (SW~WSW) direction, measuring 18.1 

m/s. In contrast, in winter-spring seasons, the design wind speed in the North to North-

Northeast (N~NNE) direction is slightly higher at 23.5 m/s compared to that in the flood 

season. The Northwest to North-Northwest (NW~NNW) direction has a design wind 

speed of 22.2 m/s, slightly higher than during the flood season. However, in the South-

east to South-Southeast (SE~SSE) and South to South-Southwest (S~SSW) directions, 

the design wind speeds are 19.0 m/s and 19.6 m/s, respectively, slightly lower than their 

counterparts in the flood season.  

2.3 Wind speed division and representative research sections 

The wind-induced wave characteristics are primarily contingent upon the design wind 

speed, wind zone length, and water depth within the area. Based on varying wind di-

rections facing the embankment in the lake area and the width of the water body in front 

of the embankment, wave elements are computed in segmented sections of the embank-

ment [13]. The guiding principle for embankment segmentation lies in maintaining sim-

ilar orientations of the embankment and consistent wind zone lengths and water depths 

along the embankment front. The following diagrams illustrate the schematic position-

ing for wave calculation segments under current operational conditions (Figure 3) and 

under conditions when the embanked area is restored to a lake (Figure 4). 
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Fig. 3. Schematic positioning for wave calculation segments under current operational condi-

tions 

 

Fig. 4. Schematic positioning for wave calculation segments under conditions of returning pol-

ders to lakes 
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3 Mathematical model of waves 

Different mathematical models for waves have their own characteristics and applicable 

ranges. Considering the topography of the lake area, meteorological data, and the ap-

plication scenarios of these models, we conducted trial calculations using the mathe-

matical model of the mild-slope equation, the mathematical model of the parabolic 

equation, and simulations of irregular waves. Finally, we opted for the mathematical 

model of the mild-slope equation, which comprehensively considers the effects of wave 

refraction, diffraction, reflection, and bottom friction [14]. 

Due to various factors, ocean waves undergo multitudinous complex changes upon 

entering shallow coastal areas. Changes in the terrain lead to phenomena such as re-

fraction and deformation in shallow waters. When encountering obstacles like islands 

or breakwaters, waves can circumvent these barriers, propagating into sheltered areas 

behind them, causing wave diffraction. Along steep coastlines, breakwaters, docks, and 

protective structures, waves propagating forward can be reflected back, and the steep 

underwater terrain also significantly influences the incoming wave reflections. In order 

to capture these phenomena, it is essential to establish comprehensive mathematical 

models that factor in refraction, diffraction, and reflection of waves. The mathematical 

model of the mild-slope equation successfully integrates refraction and diffraction mod-

els. It converts to the refraction equation when neglecting diffraction effects, transforms 

into the diffraction equation when water depth remains constant, and aligns with the 

shallow-water long wave equation in very shallow waters. Therefore, this model is ap-

plicable for the combined calculation of wave refraction, diffraction, and reflection un-

der various water depths with small-amplitude waves [15-17].  

The extended form of the mild-slope equation considering wave energy dissipation 

and wind energy input is presented as follows: 

Steady state: 

 
( ) ( )2 0h g h gCC k CC i F    + +  =

 (1) 

Unsteady state: 
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where C  and gC
 represent wave velocity and wave group velocity,   denotes 

wave potential, k is the number of waves,   stands for the angular frequency, F

signifies the variation factor of wave energy, and 1−=i . 

Using the Alternating Direction Implicit (ADI) method with a relaxation factor, the 

discrete equation divides a time step t  into two steps. The resulting difference 

scheme is as follows: 
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There are two types of boundary conditions: 

(1) Incident wave boundary condition: 

 ( ) 


ikikik
n

iri −=−=



2  (6) 

where i


 denotes the incident wave potential, r


 means the reflected wave po-

tential, and n  refers to the incident wave direction. 

(2) Transmission and reflection boundary condition. 
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n
 (7) 

where  represents the angle between the wave direction and the boundary normal, 


is the reflection parameter calculated by the following equation: 
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where R denotes the amplitude attenuation factor (reflection coefficient), and  

stands for phase difference. When 
0=

, it signifies a total reflection boundary, 

whereas it denotes a total transmission boundary when
1=

. 

The abovementioned method is suitable for the combined calculation of wave re-

fraction, diffraction, and reflection, witnessing applications in various engineering pro-

jects [17-20]. 

26             Y. Zhang et al.



4 Analysis result 

4.1 Design wave elements for segments 

The model calculations have yielded the wave distribution across different areas of 

Hongze Lake under varying directions, water levels, existing conditions, and conditions 

of returning polders to lakes. This paper explicitly presents the wave characteristics of 

the least favorable representative section at a water level of 14.5 meters under the sig-

nificant wave height for each county or district. Table 3 demonstrates the wave charac-

teristics under the existing condition. Table 4 displays the wave characteristics under 

the condition of returning polders to lakes. A detailed comparison of the design wave 

characteristics between these two conditions at the 14.5-meter water level can be visu-

alized in Figure 5. 

Table 3. Statistical summary of design wave elements for segments under the existing condi-

tion 

Segment position 

Design water level for flood detention in flood dike: 14.5 m 

H1% 

(m) 

H4% 

(m) 

H5% 

(m) 

H13% 

(m) 
H  
(m) 

T  
(s) 

L 

(m) 

Wave di-

rection 

Sucheng 
District 

SC1 1.46  1.26  1.22  1.04  0.68  3.7  18.6  SSE 

Siyang 

County 
SY3 1.77  1.55  1.51  1.30  0.87  4.1  21.0  S 

Huaiyin 
District 

HY1 1.77  1.54  1.50  1.30  0.87  4.1  20.8  W 

Hongze 

District 
HZ3 2.15  1.89  1.84  1.60  1.09  4.5  24.7  N 

Xuyi 

County 
XY5 1.80* 1.77  1.73  1.53  1.08  4.4  21.6  N 

Sihong 

County 
SH6 1.81  1.59  1.55  1.35  0.92  4.2  20.8  ESE 

Table 4. Statistical summary of design wave elements for segments under the condition of re-

turning polders to lakes 

Segment position 

Design water level for flood detention in flood dike: 14.5 m 

H1% 

(m) 

H4% 

(m) 

H5% 

(m) 

H13% 

(m) 
H  
(m) 

T  
(s) 

L 

(m) 

Wave di-

rection 

Sucheng 

District 
SC1 1.50* 1.38  1.34  1.18  0.82  3.9  17.2  S 

Siyang 

County 
SY3 1.81  1.60  1.56  1.36  0.93  4.2  20.6  S 

Huaiyin 

District 
HY1 1.74* 1.54  1.51  1.32  0.91  4.1  19.5  W 

Hongze 

District 
HZ2 2.19  1.91  1.86  1.61  1.08  4.6  25.9  NNW 

Xuyi 

County 
XY7 1.80* 1.78  1.74  1.54  1.09  4.5  21.7  N 

Sihong 

County 
SH6 1.80* 1.69  1.65  1.45  1.01  4.3  20.9  ESE 
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Fig. 5. Comparison of design wave elements for segments under the existing condition and 

condition of returning polders to lakes (at a water level of 14.5 m) 

4.2 Contour maps of significant wave height  

Based on the results of wave elements calculated using the mathematical model, con-

tour maps of significant wave heights (H13%) for different directions in the engineering 

water area at 14.5 m and 13.5 m water levels are generated. This paper displays the 

wave element results under the existing condition and the condition of returning polders 

to lakes at the 14.5 m water level. The contour maps of significant wave heights (H13%) 

for the North and West directions in various segments are presented. Under different 

circumstances,distribution of significant wave heights as follows Figure 6,Figure 7, 

Figure 8, Figure 9. 

 

Fig. 6. Distribution of significant wave heights (H13%) in the N direction for engineering 

waters under the existing condition (14.5 m water level) 
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Fig. 7. Distribution of significant wave heights (H13%) in the W direction for engineering waters 

under the existing condition (14.5 m water level) 

 

Fig. 8. Distribution of significant wave heights (H13%) in the N direction for engineering 

waters under the condition of returning polders to lakes (14.5 m water level) 

 

Research on Wave Characteristics of Large-scale Lakes             29



 

Fig. 9. Distribution of significant wave heights (H13%) in the W direction for engineering waters 

under the condition of returning polders to lakes (14.5 m water level) 

5 Conclusion 

Based on model calculations, when the activation water level for flood detention in 

Hongze Lake reaches 14.5 m, the significant wave heights in the lake area range from 

1.0 to 1.6 m. During non-flood seasons, particularly when the South-North Water Di-

version Project maintains the storage level at 13.5 m, the significant wave heights in 

the lake area range from 0.6 to 1.5 m. The highest wave heights tend to occur under the 

impact of winds from the N to NNW directions, notably in the Hongze District. Despite 

the impact of land reclamation, which extends the wind zone and reduces shoreline 

protection, the effect on the highest waves remains minimal. However, there are spe-

cific segments where the direction of wave action might shift [20], resulting in an esca-

lation in wave height by approximately 0.2 m. Due to the lack of effective protection 

measures, the revetment in some sections of Hongze Lake will be directly hit by wind 

and waves after the promotion and implementation of the revetment project, and local 

protection should be optimized. 

These findings regarding wave elements indicate varying hydrodynamic effects 

across different lake sections due to wind and wave interactions. This information can 

be leveraged to optimize the design of bank protection structures and select suitable 

aquatic flora capable of withstanding diverse wave-induced stresses. Such efforts aim 

to bolster the protective capacities of the lake area and refine the ecological composition 

along its shoreline [5]. The vertical distribution characteristics of wind waves can be 

used to guide the design of lake beach elevation design, guide the protection range of 

30             Y. Zhang et al.



levee feet and the selection of vegetation height, and the horizontal distribution charac-

teristics of wind waves can be used to guide the design of beach width and vegetation 

density.Building upon these findings, physical model experiments on representative 

embankment sections can be conducted to devise suitable bank protection structures 

and curate a catalog of aquatic plants conducive to lake construction [21-23]. 
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