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Estimates of the typical wave approach angle from
wave-induced water velocity directions in the nearshore
of the Gulf of Riga, eastern Baltic Sea
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Abstract
The intensity of coastal processes and particularly wave-driven sediment transport crucially depends on the approach
angle of wind waves to the shore. While this angle is usually only a few degrees on the open ocean shore, it is often
much larger on the shores of smaller water bodies. We present results of an experiment in the nearshore of the Gulf
of Riga, eastern Baltic Sea, over 5 weeks in August–September 2022 using one Acoustic Doppler Velocity (ADV)
recorder and nine hydromasts mounted on a rigid frame of 20× 20 m and deployed about 400 m from the shore at
a depth of about 4 m. Waves that generated near-bottom velocities ≥0.15 m/s approached this location mostly
from west-north-west, from a narrow range of directions from 270° to 320° clockwise from the North. They typically
approach the shore at an angle of 30°± 15° with respect to the shore normal and generate much stronger alongshore
transport than waves with the same height and period but approaching at smaller angles. We also demonstrate that
hydromasts are suitable for the recording of wave directions.
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1. Introduction1

The evolution of sedimentary shores crucially depends on2

several properties of waves that approach these shores3

(Carter, 2002). It is customary to attribute the course4

of coastal processes, more generally, the development of5

the shore, to the orientation of the shoreline, properties6

of waves, particularly the prevailing storm wave direc-7

tion (Kilar et al., 2025), the morphology of the nearshore8

(shoreface slope, presence or absence of bars), and water-9

level fluctuations. However, this course substantially de-10

pends on all three core properties of wave fields – wave11

height, period and direction. The dependence on wave12

height and direction is explicit. The intensity of wave-13

driven alongshore sediment transport has been shown14

to be proportional to the approaching wave height 𝐻 to15

the power of at least 2 (Kamphuis, 1991; USACE, 2002).16

Therefore, an increase in the wave height by 10%would17

lead to intensification of transport by at least 21%. Trans-18

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

port intensity has also been shown to depend on the ap- 19

proach angle 𝜃, that is, the angle between the wave prop- 20

agation direction and shore normal. The transport has 21

been shown to be proportional to sin2𝜃 (USACE, 2002) or 22

even sin0.6(2𝜃) (Kamphuis, 1991). This property under- 23

lines the role of the wind and wave direction for coastal 24

processes. In particular, it implies that even a seeminglymi- 25

nor uncertainty in the specification of the wave approach 26

direction may lead to significant over- or underestimation 27

of the intensity of wave-driven alongshore transport. The 28

particular values of wave period usually have a smaller 29

impact on this transport. The wave period enters only into 30

the direction-dependent expression for the CERC (Coastal 31

Engineering Research Council) coefficient where one of 32

the terms contains the maximum orbital velocity at the 33

breaker line (USACE, 2002) while the Kamphuis (1991) 34

formula contains the peak wave period to the power of 1.5. 35

However, shoaling and refraction, which both depend on 36

wave period may significantly influence the magnitude of 37

wave-driven transport. These processes may considerably 38

redirect the wave field and increase the wave height and 39
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thus also properties of breaking and the location of the40

breaker line.41

The strong dependence of wave-driven transport on42

the wave approach angle is among the main reasons why43

about 50% of the world’s coastline is at risk from wave44

climate change (Morim et al., 2019). This is also one of the45

reasons why storms with anomalous wave directions may46

cause severe coastal erosion (Harley et al., 2017; Mortlock47

et al., 2017) in many locations. The impact of waves on48

the coast may drastically change even when the approach49

direction of storm waves varies (or is misinterpreted) as50

little as 5° compared to the usual direction (Flor-Blanco51

et al., 2021). Thus, adequate specification of the wave52

approach direction is critical for quantification of wave-53

driven impact on seabed and sediment transport. Even54

small inaccuracies in the estimation of wave approach di-55

rections may lead to larger predicted impacts than, for56

example, sea level rise (Pereira and Coelho, 2013), and57

may have comparable effect to that of wave height change58

(Rajasree and Deo, 2018).59

The increase in wave heights has been moderate even60

under rapid climate change in the World Ocean (Young et61

al., 2011; Young andRibal, 2019; Timmermans et al., 2020).62

There has been almost no increase in wave heights in some63

basins, such as the Baltic Sea (Sokolov and Chubarenko,64

2024). On the contrary, major changes in the wind direc-65

tions (Bierstedt et al., 2015), directions of air flow and as-66

sociated properties of potential sediment transport along67

the eastern Baltic Sea shores (Soomere et al., 2015) and68

directional structure of wave energy flux (Eelsalu et al.,69

2024) have occurred in the Baltic Sea basin.70

More generally, on many occasions, the mean wave71

direction is the metric most closely linked to changes in72

the shoreline (Xu et al., 2024). Zacharioudaki and Reeve73

(2011) even conclude that “material shoreline changes are74

generally linked to significant changes in future wave di-75

rection rather than wave height”. Even subtle changes in76

wave direction have been found responsible for the rever-77

sal in the net alongshore sediment transport direction and78

opposing patterns of morphology change (Stevens et al.,79

2024). The associated changes towave properties substan-80

tially depend on the seabed morphology that is commonly81

fairly complex in the Baltic Sea. The related effects are82

often the strongest for shorelines whose orientation ex-83

tensively varies (Sanuy and Jiménez, 2019) and in areas84

where an increase in the wave energy flux is combined85

with a rotation of wave approach direction (Ghanavati et86

al., 2024).87

Changes to the prevailing wave approach direction88

seem to be an intrinsic feature of the long-term course89

of wave properties in many areas of the World Ocean over90

millennia (Silva et al., 2020). Seasonal variations in the pre-91

dominant wave direction in a bi-directional wave climate92

(Wiggins et al., 2019; Elshinnawy andAntolı́nez, 2023) and93

associated variations of impacted beaches (e.g., Dolphin94

et al., 2011) are characteristic oft many regions, such as 95

the Yellow Sea and the East China Sea (Woo et al., 2023), 96

the Bohai Sea (Ren et al., 2017) or Indonesia (Wiguna and 97

Dompeipen, 2025). Multi-annual variations often occur in 98

regions impacted by large-scale weather patterns, such as 99

El Niño (McSweeney, 2020) or the North Atlantic Oscilla- 100

tion (Thomas et al., 2011), Pacific-South American modes 101

(Echevarria et al., 2020) or the Pacific Decadal Oscillation 102

(Stevens et al., 2024). Systematic changes inwave propaga- 103

tion or approach direction, attributable to climate changes, 104

have been identified in many regions of the World Ocean, 105

both in different parts of the open ocean (Chile, Gómez et 106

al., 2024; Arctic Ocean, Casas-Prat and Wang, 2020; Bay 107

of Biscay, Charles et al., 2012a,b) and in inland seas, such 108

as the Mediterranean Sea (Casas-Prat and Sierra, 2010). 109

The most pronounced changes over the last 140 years – an 110

anticlockwise rotation in wave direction of up 5° – have 111

been projected for the Southern Hemisphere (Hemer et al., 112

2010; Meucci et al., 2023). 113

The examples presented above call for enhanced atten- 114

tion to the analysis of wave directions in the nearshore. 115

While the direction of regular swells can be easily deter- 116

mined, the specification of the wave propagation direction 117

for wind-seas is a challenge (Mi et al., 2025). Wave direc- 118

tion is customarily evaluated from spectral models or from 119

directional waveriders. There are very few attempts to di- 120

rectly quantify wave approach directions in the nearshore 121

in locations where wave properties are not necessarily 122

properly resolved by contemporary wave models. It is 123

traditional to apply various approximations to evaluate 124

the wave propagation direction at the breaker line (that is 125

used in the CERC formula for wave-driven transport) from 126

the modelled or measured data at some distance from the 127

shoreline (Larson et al., 2010; Soomere et al., 2013). 128

In this paper we describe the results of direct measure- 129

ments of directions of wave-driven near-bottom velocities. 130

These directions are interpreted as wave propagation di- 131

rections based on the understanding that water velocities 132

in surface waves are collinear with the wave propagation 133

direction. We employ for this purpose high-resolutionmea- 134

surements of near-bottom velocities in the nearshore of 135

the eastern shore of the Gulf of Riga. The main features of 136

this experiment and an analysis of non-directional proper- 137

ties of near-bottom velocities are provided by Eelsalu et 138

al. (2025). The focus is on directional properties of waves 139

that provide most of the wave energy flux in this location. 140

Our goal is to physically measure wave approach direc- 141

tions in the nearshore in a location where wave proper- 142

ties are only roughly reflected by wave models but where 143

waves are not yet breaking. This task is solved by means 144

of accurately measuring the direction of wave-driven near- 145

bed water velocities. As we are specifically interested in 146

quantification of the approach direction of waves of appre- 147

ciable height (that produce most of alongshore sediment 148

transport), we use for this purpose one Acoustic Doppler 149
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Velocimeter (ADV) and an array of nine hydromasts. These150

devices have been developed for hydrological applications,151

primarily for continuous measurements of flow proper-152

ties (Ristolainen et al., 2016, 2019; Egerer et al., 2024).153

These and similar instruments are also used in marine154

wave-dominated oscillatory conditions to evaluate proper-155

ties of relatively intense water flows, with the main goal156

to quantify the properties of distributions of large water157

speeds (Eelsalu et al., 2025).158

The paper is structured as follows. We start from a de-159

scription of the study area, the experimental site, the con-160

figuration and set-up of the campaign, the deployed de-161

vices, and data preprocessing procedures. This informa-162

tion is complemented with local hydrometeorological con-163

ditions at the study site, including properties of incoming164

wave fields recorded by a nearby surface device and simu-165

lated using a multi-nested SWANwave model during the166

experiment and in 1990–2022 in Section 2. Section 3 pro-167

vides an insight into probability density distributions of168

directions of water motions recorded by different devices169

and provides a comparison of the outcome from different170

recordings. The main results are formulated in Section 4.171

2. Study area, experiment set-up, recording
devices and data preprocessing172

2.1 Location173

To quantify the typical wave approach direction in the174

immediate vicinity of the surf zone, a dedicated experi-175

ment was conducted near the Port of Skulte in the south-176

eastern nearshore of the Gulf of Riga (Figure 1). This semi-177

shelteredwater bodywith an oval-like shape in the eastern178

Baltic Sea has dimensions of approximately 130× 140 km,179

a surface area of 17,913 km2, and the average and max-180

imum depths of 26 m and 66 m, respectively (Stiebrins181

and Väling, 1996; Skudra and Lips, 2017). The largest sin-182

gle notable features are the island of Ruhnu and an area183

of seabed elevation, Gretagrund, near the geometric cen-184

tre of the gulf. The bathymetry is generally regular: the185

isobaths down to about 20 m are mostly parallel to the186

shore and the bottom of the deeper part is largely even.187

Only the northern and north-eastern (NE) parts of the gulf188

have numerous small bays, islands and islets, and there189

is a>60 m deep Mersrags Trench in the south-west (SW)190

of the gulf (Tsyrulnikov et al., 2008). These features are191

located>50 km from the experiment site.192

The experiment site is open to the two most frequent193

directions of moderate and strong winds in the region: SW194

and north-north-western (NNW) winds (Soomere, 2003;195

Eelsalu and Soomere, 2026). Waves excited by thesewinds196

are responsible formost of thewave-driven sediment trans-197

port along the entire eastern shore of the Gulf of Riga (Eel-198

salu et al., 2024; Soomere et al., 2025). It is thus likely199

that the experiment site adequately reflects the typical200

wave conditions that contribute to the alongshore sedi-201

ment transport and that waves in the nearshore of this site 202

reflect well wave properties that exist farther offshore. 203

Measurements of near-bottom velocities were per- 204

formed about 500 m from the shore in about 4 m deep 205

water. This location at 57°19′16.6′′N, 24°23′33.8′′E (Fig- 206

ure 1)was located near the seaward end of a gently sloping 207

nearshore area. The closure depth (down to which wind 208

waves effectively shape the coastal profile) is about 4.5m in 209

this area (Soomere et al., 2017). As wave heights were rel- 210

atively modest during the experiment (see below), waves 211

were generally not yet breaking at the measurement site. 212

As mentioned above, isobaths down to the depth of about 213

20 m were generally parallel to the shoreline. The 10 m 214

isobath was located approximately 2 km from the shore 215

(1.5 km from the experiment site). It is therefore likely 216

that wave refraction occurredmore or less homogeneously 217

along the shoreline and thus the wave properties at any 218

point of the nearshore directly reflect the offshore wave 219

parameters, with possible modifications via refraction and 220

shoaling in a plane geometry. As the average of both ve- 221

locity components recorded by the ADV over the entire 222

duration of the experiment was very small (−0.0030m/s 223

and 0.0028 m/s; Eelsalu et al., 2025), it is likely that the 224

recorded velocities were mostly wave-driven. 225

2.2 Devices 226

The experiment was performed in this location over a pe- 227

riod of about five weeks from 2 August to 8 September 228

2022. As detailed properties of the devices used, the mea- 229

surement routine, the data sets and the data preprocess- 230

ing are provided by Eelsalu et al. (2025), we refer to that 231

source for more detailed information than is presented 232

here. Two types of devices were mounted to the seabed 233

andemployed tomeasurenear-bottomvelocities in a slight- 234

ly different manner. We use the notion “velocity” for the 235

velocity vector and “speed” for the associated scalar prop- 236

erty. 237

Nine hydromasts (Ristolainen et al., 2016, 2019) were 238

mounted at a distance of 10 m from each other on a rigid 239

aluminium frame with the dimensions of 20×20 m (Fig- 240

ure 2). The average water depth at the location of devices 241

(referred to as H01–H09) varied from 4.03 to 4.064 m. An 242

Acoustic Doppler Velocimeter (ADV) (Nortek Vector) was 243

mounted at the centre of this configuration adjacent toH05 244

(Figure 2). The raw data was stored locally in the devices 245

for the entire experiment period. 246

Hydromasts are designed to measure flow speed in 247

the range of 0.15–1.0 m/s with an accuracy better than 248

10° (Egerer et al., 2024). However, the analysis by Eel- 249

salu et al. (2025) showed that the devices provided reli- 250

able recordings starting from about 0.11–0.12 m/s. Even 251

though the flow direction may be reliably recorded at even 252

lower flow speeds, we only use the data that correspond to 253

flow speeds above the thresholds of reliability for each de- 254

vice as presented in Eelsalu et al. (2025). The hydromasts 255
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Figure 1. Location scheme of the Gulf of Riga in the eastern Baltic Sea (upper panels) and schematic of the experiment

site, location of the wave buoy, the closest grid cell of the SWAN wave model and configuration of the Port of Skulte

(lower panels).

recorded pressure fluctuations and a proxy of water speed256

and direction continuously during the entire experiment257

period at the rate of 50 Hz. The directional resolution was258

1°. The devices were equipped with a real time clock, an259

absolute pressure sensor, a polycarbonate hollowvibrating260

mast and a Hall sensor for the detection of flow speed and261

direction, and an onboard compass for orientation. The262

measuring points of water velocity and pressure were at263

the height of 0.45 m and 0.05 m, respectively, above the264

seabed.265

The ADV recorded all three velocity components at266

8 Hz. Its sampling volume was approximately 0.4 m above267

the seabed, that is, almost equal to themeasurement points268

of the hydromasts. The data were sampled in two-minute269

bursts (960 samples) every half hour during the entire 270

experiment. The devices were deployed on 2 August and 271

retrieved on 8 September 2022. In the analysis below we 272

use the data from full days 3 August to 6 September. 273

2.3 Preprocessing 274

The internal clocks of the hydromasts developed differ- 275

ences of a few seconds over six weeks from their set-up 276

until the data was read. As we are interested in statistical 277

properties of wave propagation directions, these differ- 278

ences are immaterial for the analysis below. However, the 279

time stamps of the devices were aligned using an electro- 280

magnetic synchronisation coil before and after the deploy- 281

ment. 282
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Figure 2. Schematic of mounting of the devices (A, B) and orientation of the frame (C). The orientation of the frame from

H07 to H01, H08 to H02 and H09 to H03 is 60° to the east of the direction to the North. The small system of coordinate

axes near H05 reflects the orientation of the ADV coordinate system. Amended from (Eelsalu et al., 2025) by Laura Piho.

The proxy data of velocities recorded by the hydro-283

masts were converted into physical units using the pro-284

cedure described in Egerer et al. (2024). The data were285

filtered using a median filter that removes spurious peaks.286

The relevant analysis is provided by Eelsalu et al. (2025).287

The hydromasts are designed to reliably record velocities288

from 0.15 m/s (Ristolainen et al., 2016, 2019; Egerer et289

al., 2024). This threshold was exceeded only in about 5%290

of single recordings at this experiment site (Eelsalu et al.,291

2025). However, the output of the hydromasts in terms292

of velocity was adequate starting from water speeds of293

0.1025–0.1175 m/s (Eelsalu et al., 2025). The share of294

velocities that are detected reliably is about 10% of the295

entire pool of recordings. (Eelsalu et al., 2025). It is likely296

that the range of reliability of the detection of flow direc-297

tion is even wider; however, we limit our analysis to these298

thresholds.299

The recordings of directions of water motion were con-300

verted into physical directions using simple rotation based301

on the readings of the internal compass devices. Following302

the standard notion in wave measurement and modelling,303

these directions showed to where water was flowing. Di-304

rections were recorded anticlockwise in degrees from the305

east (0°) in both the positive direction to the North (90°)306

and then to the west until 180° and in the negative direc-307

tion to the south (−90°) and to the west until−180° (Fig-308

ure 3). Hydromast H03 recorded directions from the west,309

and this was corrected in the preprocessing stage. The310

recordings contained a small number (less than 0.01%)311

of invalid entries (replaced by NaN, not-a-number, in the312

retrieved time series) of velocity, direction, or both. These313

entries are ignored in the analysis. The valid recordings of314

directions were converted to the standard hydrometeoro-315

logical frame (degrees clockwise from the North (0°)) via 316

a linear transformation. 317

The ADV data (1826 bursts in total) were first visu- 318

ally checked for spurious data spikes. Four early bursts 319

and the last 46 bursts, representing the time before de- 320

ployment and after recovery, were discarded. Also, five 321

bursts that contain ahigh velocity peak∼1 m/son theback- 322

ground of motions∼0.05 m/s were also excluded from the 323

analysis. The analysis of water velocities, their variability 324

and intermittency (Eelsalu et al., 2025) in the remaining 325

1771bursts revealed that the background currentwas very 326

weak, empirical distributions of velocity components and 327

water speeds generally followed an exponential (rather 328

than Rayleigh or Forristall) distribution, and that speed 329

recordings by hydromasts were reliable to some extent 330

beyond their validated measurement range (Eelsalu et al., 331

2025). 332

The ADV device produced output of flow components 333

in the right-hand (𝑥, 𝑦, 𝑧) coordinates. The probe was ori- 334

ented so that the 𝑥-axis was directed at 60° clockwise to 335

the East from themagnetic North direction. Magnetic decli- 336

nation (the angle betweenmagnetic North and true North) 337

in Skulte, Latvia, around August 2023, was approximately 338

+7.5° east (meaning thatmagnetic North is 7.5° east of true 339

North). Therefore, the 𝑥-axis of the probe was directed at 340

52.5° to the east from true North (Figure 2). 341

The recordings of flow velocity components were first 342

converted into the West-East (𝑢) and South-North (𝑣) ve- 343

locity components using a simple rotation. The 𝑥-axis in 344

this coordinate frame was directed to the true East and 345

the 𝑦-axis to the true North. The directions of water ve- 346

locity were calculated in degrees. As with the hydromast 347

data, we used the standard notion of meteorology that as- 348
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Figure 3. Recorded and modelled significant wave height and peak period, and modelled wave approach direction in the

vicinity of the experiment site during the field campaign (light blue shading) in 2022.

signs zero direction to the North and counts directions349

clockwise. The shoreline is oriented almost exactly in the350

South-North direction, that is, in the direction from 180° to351

0°/360° and the direction to the East (90°) is the landward352

direction of shore normal.353

2.4 Hydrometeorological conditions354

As the local hydrometeorological conditions during the355

experiment have been discussed in some detail by Eelsalu356

et al. (2025), we present here only a compendium of the357

overall wave climate and local marine weather at the site.358

Waves created in the Baltic proper may affect only the359

northern sector of the Gulf of Riga. Therefore, most of this360

gulf, including the vicinity of the experiment site, has its361

own wave regime – mostly locally generated waves – that362

is detached from wave properties in the Baltic proper. As363

a consequence, thewave climate in the Gulf of Riga (Eelsalu364

et al., 2014; Najafzadeh et al., 2024) is clearly milder than365

in the Baltic proper (Björkqvist et al., 2018). As waves are366

mostly locally generated, thewell-knownpredominationof367

western winds leads to a somewhat milder wave climate368

in the west and more intense waves in the eastern part369

of the gulf. Owing to the relatively small size of the gulf,370

waves are typically not only lower but also shorter than371

in the Baltic proper, and saturated wave fields often occur.372

The long-term average significant wave height is below 373

0.8 m and wave periods are usually 2–5 s. Still, very severe 374

wave conditions may occur in this gulf that has a strongly 375

intermittent wave climate similar to the rest of the Baltic 376

Sea. For example, it is likely that the significantwave height 377

exceeded 4 m in the eastern part of the gulf in the January 378

2005 storm and even 6 m in 1967 (Björkqvist et al., 2018; 379

Najafzadeh et al., 2024). 380

The properties of marine weather near the experiment 381

site were tracked using both measured and modelled data 382

sets. Properties of waves and currents were recorded 383

hourly by a SmartBuoy device operated by the Latvian 384

Institute of Aquatic Ecology (LHEI) near the experiment 385

site at 57°19.199′N, 24°21.813′E over the entire experi- 386

ment. The buoy was deployed in 15 m deep water about 387

1.5 km from the experiment site (Figure 1). In this analy- 388

sis we only use wave data estimated by a Wave and Tide 389

Sensor 5218 (Aanderaa, Norway, one of the instruments 390

on the SmartBuoy), based on pressure time series mea- 391

sured over 120 s. As this time interval is by an order of 392

magnitude shorter than intervals that are commonly used 393

to evaluate wave properties (15–30 min.), the time series 394

of wave properties may have relatively large scatter. 395

To provide an improved description of the marine 396

weather during the experiment, we also employed mod- 397
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Figure 4. Empirical probability density distribution (relative frequency) of propagation directions (to where waves

are propagating, clockwise from the North) of modelled waves in the grid cell closest to the experiment site (Figure 1)

1990–2022 (left panel) and during the experiment (right panel). Direction 90° thus means that waves propagate to the

shore exactly along the shore normal and direction 120° corresponds to the approach angle of 30°.

elled time series of wave properties. Thesewere generated398

using a nested SWANmodel (Booij et al., 1999) forced by399

ERA5 winds (Hersbach et al., 2020). This model was ap-400

plied for the entire Baltic Sea with a spatial resolution of401

about 3 nautical miles and then for the Gulf of Riga with a402

spatial resolution of 1 nautical mile (Giudici et al., 2023;403

Najafzadeh et al., 2024). Themodel was carefully tuned for404

Baltic Sea conditions and validated against recorded wave405

data from the Baltic proper and Gulf of Finland by Giudici406

et al. (2023) and for the Gulf of Riga by Najafzadeh et al.407

(2024). Wave parameters for this study were retrieved for408

a grid cell located in 8.6 m deep water about 600 m from409

the measurement location at 24°22′48′′E, 57°19′30′′N410

(Figure 1).411

The long-term average modelled significant wave412

height𝐻𝑆 at this location is 0.5 m. The hourly modelled𝐻𝑆413

fluctuated around this value in July (Eelsalu et al., 2025),414

wasmostly 0.2–0.3m on the first days of August, increased415

up to 0.8 m on 7 August (Figure 3) and decreased to 0.1–416

0.3 m in the rest of August, but was up to 0.4 m for a short417

time on 25 August. The end of August (27–31 August) and418

beginning of September (02 September) had 𝐻𝑆 between419

0.5 and 1 m. After this, 𝐻𝑆 was around 0.3–0.4 m on 1–6420

September but again reached 1 m at the very end of the421

experiment on 7 September. The course of estimates of422

𝐻𝑆 by the SmartBuoy qualitatively followed the modelled423

𝐻𝑆 (Figure 3). Frequent deviations of the 𝐻𝑆 values by the424

SmartBuoy from the modelled ones most likely stem from425

the short time interval used by the SmartBuoy to evalu-426

ate the wave height. Both modelled and recorded (by the427

SmartBuoy) peak wave periods were mostly 2–4 s. They428

generally followed the course of wave heights and reached429

6 s at the end of August. Such long wave periods are rel-430

atively uncommon in the Gulf of Riga (Najafzadeh et al.,431

2024) and were created by moderate to strong NWwinds 432

that have the longest fetch for the study area. 433

The SmartBuoy did not record wave directions. The 434

modelled waves predominantly arrived at the measure- 435

ment location from the west and west-north-west (WNW), 436

with a few short events with waves from the North (Fig- 437

ure 3). Recorded wind data from the meteorological sta- 438

tion at Skulte (57.300644°N, 24.412278°E) located next 439

to the Port of Skulte and operated by the Latvian Environ- 440

ment, Geology and Meteorology Centre (LEGCM) indicate 441

that south-eastern (SE) winds predominated during the 442

very calm time from 7 August until almost the end of the 443

month, on some occasions probably under rapidly rotating 444

wind directions between the south and east. Waves excited 445

by these winds were propagating in the offshore direction. 446

During stronger wave events at the end of August and in 447

September, waves arrived either from the west, WNW or 448

north-west (NW) (that is, from the direction of the longest 449

fetch for the experiment site). Waves from these directions 450

propagated to directions from 90° to 120° in the above- 451

described framework (counted clockwise from the North). 452

It is likely that thesewaves have already experienced signif- 453

icant refraction-driven rotation that seems to be common 454

for coastal areas of the Gulf of Finland (Männikus et al., 455

2022, 2024). 456

The directional distribution of modelled waves (1990– 457

2022) extracted from the simulations of Giudici et al. 458

(2023) and Najafzadeh et al. (2024) shows a strong depen- 459

dence on the wave heights (Figure 4, left). As the location 460

of the relevant wave model grid cell is only about 1 km 461

from the shore, it is natural that the proportion of waves 462

propagating to all western directions is very small and 463

these waves are also small. The directional distribution 464

of all waves that propagate towards the shore has a clear 465
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peak for WNWwaves (propagation direction about 120°)466

and a wide plateau for waves from SSW to NW.Waves from467

the North are less frequent. This distribution changes con-468

siderably if only higher waves are considered. It becomes469

narrower for higher waves. The proportion of waves from470

SW rapidly decreases if the modelled 𝐻𝑠 > 1 m and be-471

comes negligible for modelled 𝐻𝑠 > 2m. Almost all such472

waves arrive from the northern direction. Interestingly, the473

most frequent propagation direction of waves for all wave474

heights varies in a narrow range from 117° to 120°. This475

distribution for the experiment period has the same gen-476

eral appearance but the most frequent waves propagate to477

the direction of 135° (and arrive from NW) and waves also478

frequently propagate to the NW, north or even ENE. These479

wave systems, however, have very small heights (Figure 3).480

Therefore, the most frequent waves among higher mod-481

elled waves arrive from the direction of about 300° and482

thus reach the experiment site at an angle of about 30°483

with respect to the shore normal.484

3. Results485

3.1 Wave directions from ADV recordings486

The directional distribution of all motions recorded by487

the ADV (Figure 5) is almost isotropic and contains three488

flat peaks for water flow to the following directions: (i)489

100° to 170° (to the SE and adjacent directions), (ii) 280°490

to 310° (to the WNW and adjacent directions), and (iii)491

from 340° to 10° (almost to the North). The maximum492

frequency of occurrence is 0.0042 at the peak atWNW and493

the minimum 0.0015 at about −150° (WSW) while the494

average is 1/360 = 0.00278.495

Even though the peaks have very moderate heights,496

this structurematches thewell-known bi-directional struc- 497

ture of moderate and strong winds in the area (Soomere 498

and Keevallik, 2001; Soomere, 2003). As the study site is 499

located near the eastern shore of the Gulf of Riga, conse- 500

quential waves may arrive at this location only from the 501

western directions. The peaks at SE and around the North 502

therefore reflect forward water velocities under the crests 503

of arriving waves and the peak at the WNW represents 504

reverse velocities under wave troughs (Figure 6). 505

The directional distribution of even very moderate 506

speeds, starting from values as low as 0.03 m/s, is much 507

more anisotropic. The smaller peaks at about 150° (SSE) 508

and 350° (N-NNE) become slightly more pronounced for 509

speeds above 0.03 m/s and 0.05 m/s but become much 510

lower for speeds above 0.1 m/s and disappear for speeds 511

>0.15 m/s. Therefore, only very low waves in which the 512

near-bottom flow speed does not exceed about 0.03 m/s 513

have arrived from the south-south-west (SSW) and adja- 514

cent directions during the study period. 515

The directional distribution of higher speeds 516

(>0.1 m/s) is strongly anisotropic. Waves that have ex- 517

cited such speeds have arrived only from a narrow range 518

of directions from 270° to 320° (from the West to NW) 519

and propagated to the directions from 90° to 140°. This 520

observation is consistent with the conjecture of Eelsalu 521

et al. (2024) that waves from a narrow range of ±15° 522

from one or two predominant directions create up to 90% 523

of the alongshore sediment transport. The share of such 524

waves is fairly small: only 8.22%of all recordings exceeded 525

0.15m/s, 2.09%were≥0.3 m/s and 0.36%were≥0.5 m/s 526

(Eelsalu et al., 2025). This pattern also matches the wave 527

data recorded near Skulte by the SmartBuoy and the mod- 528

Figure 5. Empirical probability density distributions (relative frequency of occurrence) of directions of water velocity

(=where water is moving) recorded by the ADVwith a directional resolution of 1° (360 bins). The directions are counted

clockwise from the North so that East= 90°, South= 180°, West= 270°, and North= 0°/360°.
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Figure 6. Time series of flow direction (upper panel) and speed (lower panel) measured using ADV (blue) and the

neighbouring hydromastH05 from00:00 to 00:02 (128 s, ADVburst 1367) on30August. Speed recordings byhydromasts

are smoothed over 8 subsequent values. The values of water speed<0.1025 m/s from this hydromast are not reliable

(Eelsalu et al., 2025) and not displayed. Onshore-directed water speed under wave crests is displayed as positive and

water speed under troughs as negative.

Figure 7. Empirical probability density distributions (relative frequency of occurrence) of water flow directions recorded

by hydromast H05 for water speeds exceeding a set of thresholds (see the legend), counted in degrees clockwise from the

North= 0°/360° and presented with a resolution of 1°. The slopes of curves for different speed thresholds in the range

of probabilities from 1/360 (the average level) to 3/360 (near the peak) were in the range from 0.00015 to 0.00022 for

the left-hand slope of the peak and from−0.00017 to−0.0025 for the right-hand slope. The right-hand slopes for each

threshold exceed the left-hand slopes by at least 10%.

elled data: wave directions during relatively high waves529

were predominantly from the west to WNW (Figure 3),530

whereas a relatively large number of low waves propa-531

gated to the NNW and adjacent directions (Figure 4).532

It is natural to associate the direction of water speed533

with the direction where the relevant wave is propagat- 534

ing. In this context, the described distributions match the 535

similar distributions for modelled waves directions. The 536

main difference compared to the directional distribution of 537

recordedwaves is thepresence of flowdirectionsunder the 538
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wave troughs opposite to the wave propagation direction,539

which leads to an almost symmetric two-peak directional540

distribution of all ADV-measured velocities. The distribu-541

tions for larger flow speeds become gradually more simi-542

lar to the distributions of modelled wave directions for 𝐻𝑠543

larger than about 1 m. Thus, waves that create larger flow544

speed also most frequently arrive from the direction of545

about 300° and thus reach the experiment site at an angle546

of about 30° with respect to the shore normal. While it547

is often assumed that higher waves produce larger near-548

bottom water speed, this assumption is not true in many549

coastal segments, including themeasurement site. The rea-550

son is the strongly nonlinear dependence of wave-driven551

motions onwave periods for somewater depths. For exam-552

ple, the maximum near-bottom speed created at a depth553

of 4 m by a linear wave with a height of 0.5 m substantially554

depends on the wave period. This maximum speed is only555

0.019 m/s for a wave with a period of 2 s but 0.151 m/s556

for a wave with a period of 4 s and 0.302 m/s for a wave557

with a period of 6 s. The larger the threshold, the narrower558

the peaks are, signalling that such waves tend to arrive559

from a narrow range of directions. All these distributions560

have a steep slope for directions more to the North from561

NNW and a gentler slope for directions fromNW to further562

south.563

It is likely that a “blip” at 57° reflects ship wakes gen-564

erated in the entrance channel to the Port of Skulte and565

propagating to the ENE (Eelsalu et al., 2025). It is clearly566

present also in similar distributions retrieved from hydro-567

mast recordings. Notably, this blip is much lower in the568

distribution of backward flow distributions. This feature569

may represent the asymmetric nature of ship wakes that570

often have a steeper front side.571

3.2 Flow directions from the hydromast adjacent to572

the ADV573

Hydromast H05 was mounted immediately adjacent to the574

ADV (Figure 2). The recordings of flow speed and direc-575

tion contain 155,539,653 entries, sampled at 50 Hz over576

36 days from00:00 on 02 August until 24:00 on 07 Septem-577

ber. Flow directions retrieved from the ADV and from its578

closest hydromast show very good match (Figure 6). The579

recorded directions almost coincide in both the incoming580

and outgoing phase of each single wave crest. The mis-581

match in these directions is usually only a few degrees.582

A larger mismatch occurs during the short instants when583

the flow induced under wave crests stops and starts to re-584

verse. These instants are represented as zero-crossings of585

flow speed in Figure 6. This mismatch is natural because586

water speed is very small and the direction of the flow is587

poorly defined during this phase of the waves. Notably, wa-588

ter flow directions from the two devices also show a very589

good match in situations beyond the validated range of hy-590

dromasts 0.15–1.0 m/s (Egerer et al., 2024), down to flow591

speeds 0.1–0.11 m/s. This feature indicates that the range592

of validity of flow direction recordings by hydromasts is 593

wider than for water speed recordings. 594

The probability density distributions for directions of 595

these flow speeds that are reliably recorded by hydromast 596

H05 from 03 August to 07 September (Figure 7) match 597

all core features of these distributions of ADV-recorded 598

data (Figure 5). A characteristic high and narrow peak is 599

present in all relative probability density distributions of 600

water speeds of≥0.1 m/s at a direction of 120°. This peak 601

evidently reflects forward motions in waves approach- 602

ing from the WNW (and propagating to the ESE) and re- 603

flects forward water motions under crests of incoming 604

waves. A wider peak at directions 270°–300° reflects re- 605

verse (backward) water motions under wave troughs from 606

the ESE to the NNW. The peaks become gradually narrower 607

whenonly largerwater speeds (higher or longerwaves) are 608

considered. The maxima of both peaks are located exactly 609

at the same direction (forward motions at 120°, reverse 610

flow at 300°). All peaks are slightly asymmetric: the slope 611

is steeper for forward motions with a direction>120° and 612

reversemotionswith a direction>300°, and gentler for for- 613

ward motions with a direction<120° and reverse motions 614

with a direction<300°. Most importantly, both recordings 615

demonstrate that most of the waves of appreciable height 616

(generating near-bottom velocities≥0.1 m/s) approach at 617

an angle of about 30° with respect to the shore normal. 618

Interestingly, even a small a blip at 59° that may reflect 619

shipwakes generated by vessels calling at the Port of Skulte 620

is reflected in the directional distributions of hydromast 621

data. It is likely that the slightly different locations of these 622

blips between the hydromast and the ADV (57°) reflect 623

the uncertainty in specification of directions of the devices. 624

This blip is missing in hydromast-recorded reverse flow 625

data apparently because of the asymmetric shape of ship- 626

induced waves that often have a relatively steep front. It 627

may thus occur that only forward motion in these waves is 628

reliably recorded by the hydromasts. 629

3.3 Flow directions from the set of hydromasts 630

Theorientationofwave crests and thus thewave-generated 631

flow direction in short-crested wave systems may consid- 632

erably vary over even small distances. While horseshoe- 633

like patterns sporadically appear in deepwater (Annenkov 634

and Shrira, 1999), crescent wave patterns are common 635

at smaller depths (Su and Green, 1984; Kristiansen et al., 636

2005). The wave climate of the Baltic Sea and the Gulf 637

of Riga is dominated by locally generated wind-seas (Na- 638

jafzadeh et al., 2024) that often have short-crested appear- 639

ance, and the experiment site is located in relatively shal- 640

low water. To try to quantify spatial variations in the di- 641

rectional structure of wave-driven near-bottom velocities, 642

we compare empirical probability density distributions of 643

flow directions for four devices at the outer corners of the 644

frame. These devices are located 20 m from each other and 645

14 m from hydromast H05 and the ADV. For this compari- 646
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Figure 8. Empirical probability density distributions (relative frequency of occurrence) of water flow directions recorded

by hydromast H01 at the northernmost corner of the frame, H07 in thewesternmost corner, and H09 in the southernmost

corner of the frame (Figure 1). Recordings of water speed are reliable from 0.1075 m/s for H07 and H09, and from

0.1175 m/s for H01 (Eelsalu et al., 2025).



In
Pr
es
s

Estimates of the typical wave approach angle from wave-induced water velocity directions ... 12/17

son, we only employed recordings in which the flow speed647

exceeded the reliability threshold evaluated by Eelsalu et648

al. (2025).649

As expected, the overall structure of all directional dis-650

tributions is the same as for the ADV and hydromast H05.651

This feature is true for flow speeds exceeding different652

thresholds from 0.11 m/s (0.12 m/s for H01) to 0.3 m/s653

(Figure 8).654

Recordings from all devices confirm that higher waves655

most frequently arrive from the direction of 300° (close656

to WNW), propagate in the direction of about 120° (to657

the ESE) while the backward flow goes most frequently in658

theWNW direction. A large portion of such motions arrive659

froma relatively narrowdirectional range of±15–20° from660

this most frequent direction.661

The probability density distributions of water veloc-662

ity directions have also certain specific features for some663

hydromasts (Figure 8). Unlike similar distributions in Fig-664

ures 5 and 7, the peaks at 120° have a steeper slope at di-665

rections<120° and a less steep slope at directions>120°666

in distributions constructed from the recordings of hydro-667

masts H01 and H09. This feature is evenmore pronounced668

for the peak representing the backflow at 300°. Moreover,669

lower flow speeds tend to be more frequently directed670

to 150°–180°, that is, to the ESE and almost to the South671

in recordings of H09. The peak for backward flow from672

recordings of H09 is lower than based on the data from673

other devices.674

On the contrary, the peak at 120° has a shape similar to675

the one based on the ADV and hydromast H05. The heights676

of both peaks for this device are close to those derived677

from the ADV measurements. They are clearly higher than678

those based on recordings of other devices. As a minor679

feature, the blip that apparently reflects ship-generated680

waves is missing in all recordings represented in Figure 8.681

This blip is visible in recordings of some other hydromasts,682

such as H02 and H06 (not shown).683

4. Discussion and conclusions684

A dedicated experiment near the eastern shore of the Gulf685

of Riga, the third largest subbasin of the Baltic Sea, was per-686

formed to evaluate the typical approach direction of waves687

of appreciable height. The modelled data for 1990–2022688

suggest that such waves most frequently arrive from the689

west-north-west (direction 300° clockwise from theNorth)690

and very infrequently from other directions. Such waves691

typically approach the shore at an angle of about 30° with692

respect to the shore normal.693

The experiment reveals that most waves of appreciable694

height (more specifically, waves that excited appreciable695

near-bottom speed) approached the shore at an angle of696

30± 15° with respect to the shore normal during the mea-697

surements. This property becomes evident in recordings698

of all used devices (ADV and hydromasts) starting from699

flow speeds about 0.1 m/s. The exact proportion of such700

waves and the probability density of occurrence of such 701

waves from different directions varies to some extent at 702

locations separated by 10–30 m from each other. 703

The relatively short measurement period – five weeks 704

in August–September 2022 – does not contain any strong 705

storms and is characterised by somewhat lower than long- 706

term average significant wave height and slightly atypical 707

directional structure of wave fields in the study site. The 708

presented results still suggest that higher or longer than 709

average wave fields tend to approach from a narrow range 710

of directions. The larger the wave-driven water speeds 711

are, the narrower is this range. Even though the measure- 712

ments only covered five weeks, the empirical probability 713

density distribution of the occurrence of waves from dif- 714

ferent directions during the experiment matches well the 715

similar distribution for modelled waves over >30 years 716

1990–2022. It is thus likely that the wave regime during 717

the experiment representswell the long-termwave climate 718

in the area. 719

This conjecture reinforces the core result of this study: 720

there is a clear predominant wave approach direction in 721

the study area such that higher waves approach the shore 722

at an angle of 30° with respect to the shore normal. Waves 723

that approach the shore at a large angle (but below about 724

45°, Ashton and Murray, 2006) with respect to the shore 725

normal at the breaker line generate alongshore sediment 726

transport that can be several times as intense as similar 727

transport created by waves that approach the shore at a 728

smaller angle. As the water depth in our experiment site is 729

such that the highest recorded waves are close to breaking, 730

the observed approach angle will not change much when 731

storm waves propagate from this site to the breaker line. 732

Even though refraction continues in the breaker zone, wave 733

properties at the breaker line are often used to evaluate the 734

properties of wave-driven transport (e.g., USACE, 2002). 735

This predominance of large wave approach angles, al- 736

beit established for a single location, seems to be char- 737

acteristic for many coastal segments of the eastern and 738

south-eastern Baltic Sea (Eelsalu et al., 2024; Soomere et 739

al., 2024) where the orientation of the coast with respect 740

to the predominant wind and wave directions resembles 741

the orientation at our measurement site. It explains why 742

sediment transport along several segments of the eastern 743

Baltic Sea is unusually intense (Knaps, 1966; Ulsts, 1998; 744

Soomere and Viška, 2014; Jankowski et al., 2024; Soomere 745

et al., 2025) even though the Baltic Seawave climate ismild 746

(Björkqvist et al., 2018) and the wave climate of its sub- 747

basins is evenmilder. It also carries a strongmessage to the 748

nearshore communities and coastal managers who should 749

expect unusually strong wave-driven sediment transport 750

in this and similar coastal areas, including in coastal seg- 751

ments that may experience large approach angles during 752

periods of strong waves owing to climate change as de- 753

scribed in the Introduction, with direct consequences in 754

terms of coastal exposedness and vulnerability. 755
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The match of predominant wave directions near the756

study site and directions of wave-driven water velocities757

retrieved from the measurements can be first interpreted758

as an argument for the validity of the experiments. How-759

ever, this match also signals that widely used wave models760

(SWAN in our study) with a moderate spatial resolution of761

about 1 nautical mile and forced by commonly available762

reanalysis wind products (ERA5 in our study) adequately763

replicatewave directions (and apparently otherwave prop-764

erties) almost until the breaker line. This conjecture to765

some extent questions efforts towards even better reso-766

lution wave simulations in coastal areas with relatively767

simple geometry and bathymetry.768

We also stress that wave heights, periods or largewave-769

driven water speeds alone are usually not the main driver770

of sediment transport or coastal evolution. More likely it771

is an important constituent of changes to the coast that772

depend on a variety of other factors and drivers, from the773

actual pattern of a storm and the presence of elevated774

water level (that are often supported by set-up of waves775

that arrive at the shore at a small angle) to the sediment776

composition and sand capacity near the waterline and in777

the foredunes.778

A question that remains open is what causes differ-779

ences in the empirical probability distributions of flow780

directions at different locations. On the one hand, it is781

most likely that part of it reflects natural variability of the782

near-bottom velocity field under short-crestedwave condi-783

tions and actual somewhat irregular seabed. Even though784

the seabed was generally flat, it contained several features785

with a height of 10–20 cm and several stones of the same786

size. Such features may easily give rise to systematic local787

variations in the velocity fields, including changes to the788

directional structure of near-bottommotions. On the other789

hand, we observed significant variations in the heights of790

the peaks of the empirical probability density distributions791

of directions of incoming waves and reverse flow for water792

speed over certain thresholds. The varying rate of this dif-793

ference for different hydromasts may stem from intrinsic794

features of devices of this kind that do not become evident795

in direct comparisons of single data points but may cu-796

mulate in terms of statistical distributions. For example,797

different level of skewness of themain peak of the probabil-798

ity density distributions for some hydromasts may reflect799

the tendency of the devices to slightly “prefer” some direc-800

tions. However, it is safe to say, based on the performed801

analysis, that hydromast devices can be successfully em-802

ployed to record the main properties of oscillatory flows.803

Even though their internal features may add small bias to804

the probability distribution of flow properties, the overall805

flow structure in terms of its speed and direction, and its806

main statistical features are captured reliably.807

The core value of hydromasts is that they are inexpen-808

sive relative to instruments like the ADV, easy to handle,809

synchronise and mount, and able to provide properties810

of the water flow at high temporal and spatial resolution. 811

For this reason, they were preferable for the analysis of 812

spatial variations in flow speeds (Eelsalu et al., 2025) and 813

for detection of the course and orientation of ship wakes in 814

shallow water (Rätsep et al., 2021). The presented results 815

demonstrate that the hydromasts can be reliably used to 816

study wave directions in such demanding conditions of 817

almost breaking waves even though there may be certain 818

quantitative differences between them in terms of proba- 819

bility distributions of recorded directions. Their use can 820

meet one of the biggest criticisms of using cheap pressure 821

sensors to measure wave properties (as many people do) 822

that there is no information about wave direction, and 823

we know that is particularly important in fetch limited 824

environments and in the nearshore zone. They can thus 825

provide inexpensive and largely reliable information about 826

wave directions in shallow water where other measure- 827

ment methods are either inappropriate or require at least 828

three synchronised pressure sensors (Howell, 1998; Fer- 829

nandes et al., 2000). Because they are cheap, wide spatial 830

coverage using many single-direction measuring devices 831

could be achieved for basically the same cost as a single 832

ADV. 833
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Suursaar, Ü., Soomere, T., 2023. A comparison of Baltic973

Seawave properties simulated using twomodelledwind974

data sets. Estuar. Coast. Shelf S. 290, 108401.975

https://doi.org/10.1016/j.ecss.2023.108401976
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Stiebrins, O., Väling, P., 1996. Bottom sediments of the Gulf 1167

of Riga. Geological Survey of Latvia, 4 pp. 1168

Su, M.-Y., Green, A.W., 1984. Coupled two- and three-dimen- 1169

sional instabilities of surface gravity waves. Phys. Flu- 1170

ids 27 (11), 2595–2597. 1171

https://doi.org/10.1063/1.864556 1172

Timmermans, B.W., Gommenginger, C.P., Dodet, G., Bidlot, 1173

J.-R., 2020. Global wave height trends and variability 1174

from new multimission satellite altimeter products, re- 1175

analyses, and wave buoys. Geophys. Res. Lett. 47, 1176

e2019GL086880. 1177

https://doi.org/10.1029/2019GL086880 1178

Thomas, T., Phillips, M.R., Williams, A.T., Jenkins, R.E., 2011. 1179

Short-term beach rotation, wave climate and the North 1180

Atlantic Oscillation (NAO). Progr. Phys. Geogr. 35 (3), 1181

333–352. 1182

https://doi.org/10.1177/03091333103974 1183

https://doi.org/10.3390/w9020121
https://doi.org/10.1016/j.oceano.2023.11.001
https://doi.org/10.1007/s11069-013-0748-1
https://doi.org/10.1002/ldr.3074
https://doi.org/10.1016/j.oceaneng.2021.109156
https://doi.org/10.2112/JCOASTRES-D-15-00209.1
https://doi.org/10.1007/9783319424170_55
https://doi.org/10.1109/JSEN.2019.2937954
https://doi.org/10.3390/w11040747
https://doi.org/10.1038/s41598-020-75265-5
https://doi.org/10.1016/j.oceano.2016.07.004
https://doi.org/10.1016/j.oceaneng.2024.117088
https://doi.org/10.1016/S1385-1101(03)00034-0
https://doi.org/10.3354/cr01269
https://doi.org/10.5194/os-21-619-2025
https://doi.org/10.3176/eng.2001.1.04
https://doi.org/10.1007/s00367-016-0471-5
https://doi.org/10.5194/nhess-13-3049-2013
https://doi.org/10.1016/j.jmarsys.2013.02.001
https://doi.org/10.1016/j.coastaleng.2024.104617
https://doi.org/10.1063/1.864556
https://doi.org/10.1029/2019GL086880
https://doi.org/10.1177/03091333103974


In
Pr
es
s

Estimates of the typical wave approach angle from wave-induced water velocity directions ... 17/17

Tsyrulnikov, A., Tuuling, I., Hang, T., 2008. Streamlined1184

topographical features in and around the Gulf of Riga1185

as evidence of Late Weichselian glacial dynamics. Geol.1186

Q. 52, 81–89.1187

Ulsts, V., 1998. Latvian coastal zone of the Baltic Sea. Atlas.1188

State Geological Survey of Latvia.1189

USACE, 2002. Coastal Engineering Manual. Manual No.1190

1110-2-1100. Department of theArmy, USArmyCorps1191

of Engineers.1192

https://www.publications.usace.army.mil/USACE-P1193

ublications/Engineer-Manuals/u43544q/636F617371194

4616C20656E67696E656572696E67206D616E7561195

16C/ (last access: 16 January 2025)1196

Wiggins, M., Scott, T., Masselink, G., Russell, P., McCarroll,1197

R.J., 2019. Coastal embayment rotation: Response to1198

extreme events and climate control, using full embay-1199

ment surveys. Geomorphology 327, 385–403.1200

https://doi.org/10.1016/j.geomorph.2018.11.0141201

Wiguna, T., Dompeipen, A.C., 2025. Historical analysis of1202

ocean climate hazard indicators and sea level projec-1203

tion in the Karawang region, Indonesia. B. Geophys.1204

Oceanogr. 66 (3), 331–350.1205

https://doi.org/10.4430/bgo004971206

Woo, H.J., Park, K.A., Jeong, K.Y., Byun, D.S., Oh, H.J., 2023.1207

Spatial and temporal variability of significant wave1208

height and wave direction in the Yellow Sea and East1209

China Sea. J. Korean Earth Sci. Soc. 44 (1), 1–12.1210

https://doi.org/10.5467/JKESS.2023.44.1.11211

Xu, W., Chen, S.L., Ji, H.Y., Hu, T.H., Zhong, X.J., Li, P., 2024.1212

Dynamics of sandy shorelines and their response to1213

wave climate change in the east of Hainan Island, China.1214

J. Mar. Sci. Eng. 12 (11), 1921.1215

https://doi.org/10.3390/jmse121119211216

Young, I.R., Ribal, A., 2019. Multiplatform evaluation of1217

global trends in wind speed and wave height. Science1218

364, 548–552.1219

https://doi.org/10.1126/science.aav95271220

Young, I.R., Zieger, S., Babanin, A.V., 2011. Global trends1221

in wind speed and wave height. Science 332 (6028),1222

451–455.1223

https://doi.org/10.1126/science.11972191224

Zacharioudaki, A., Reeve, D.E., 2011. Shoreline evolution1225

under climate change wave scenarios. Climatic Change1226

108 (1–2), 73–105.1227

https://doi.org/10.1007/s10584-010-0011-71228

https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://www.publications.usace.army.mil/USACE-Publications/Engineer-Manuals/u43544q/636F617374616C20656E67696E656572696E67206D616E75616C/
https://doi.org/10.1016/j.geomorph.2018.11.014
https://doi.org/10.4430/bgo00497
https://doi.org/10.5467/JKESS.2023.44.1.1
https://doi.org/10.3390/jmse12111921
https://doi.org/10.1126/science.aav9527
https://doi.org/10.1126/science.1197219
https://doi.org/10.1007/s10584-010-0011-7

	Introduction
	Study area, experiment set-up, recording devices and data preprocessing
	Location
	Devices
	Preprocessing
	Hydrometeorological conditions

	Results
	Wave directions from ADV recordings
	Flow directions from the hydromast adjacent to the ADV
	Flow directions from the set of hydromasts

	Discussion and conclusions

