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Abstract: Most empirical equations used for wave runup predictions have been developed from
measurements at straight sandy beaches in unlimited fetch environments. While there are empirical
equations to predict wave runup on gravel beaches, they have not been tested for prediction of
wave runup on pocket gravel beaches, in limited-fetch environment, which can be found around
Mediterranean. This paper addresses this lack of measurements on this type of beaches and examines
the alongshore variability of wave runup. Wave runup measurements were made using video
observations along 3 cross-sectional profiles on the pocket beach of Ploče, Croatia. The measurements
have shown that the wave runup can vary for about 71% even around the centerline of the pocket
beach. This variability is due to beach orientation and alignment of beach profiles to the prevailing
wave direction, as well as difference in beach slope. Comparison of wave runup predictions from five
well-known empirical equations and field measurements showed significant underprediction (up to
NBIAS = −0.33) for energetic wave events, and overall high scatter (up to NRMSE = 0.38). The best
performing wave runup equation was used for further refinement outside the original parameter
space by including the Goda wave peakedness parameter (Qp). The newly developed empirical
equation for wave runup reduced the NBIAS to 0 and the NRMSE by 31% compared to the original
equation (developed equation metrics: R = 0.91, NBIAS = 0, NRMSE = 0.2, HH = 0.2 on the study site).
This empirical equation can potentially be used for design of coastal structures and artificial beaches
in similar environments, but further measurements are needed to test its applicability to a range of
forcing and environmental conditions.

Keywords: swash; wave runup; alongshore wave runup variability; video monitoring; gravel beach;
fetch-limited beach; wave

1. Introduction

Wave runup prediction is of great interest to coastal engineers and managers for the
design of coastal structures. Wave runup is defined as the maximum elevation of the water
uprush on the shoreline. However, most engineering applications commonly refer to the
wave runup value exceeded by only 2% of the wave uprushes (R2%), not the maximum
wave runup (Rmax). The main components of wave runup are wave setup and swash.
Wave setup is generated by the wave breaking mechanism in the surf zone. During the
wave breaking, one part of the wave energy is transferred as momentum to an additional
elevation on the shoreline (quasi steady wave setup, <η>) [1]. On the other hand, the
remaining wave energy reaches the shoreline and causes water oscillations (swash, S) [2].
Swash on a beach can be of higher frequencies, those of incident frequency band (0.05 Hz
to 0.5 Hz) or at lower frequencies of infragravity frequency band (0.003 Hz to 0.05 Hz) [3,4].
During extreme storms, wave runup often coincides with high tides and high surge levels,
which increase still water level, SWL, resulting in coastal flooding, berm overtopping, and
significant morphological changes to the beachface [3,5–9].
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Although the general mechanics of wave runup are understood, the entire process of
energy transfer from offshore to the shoreline is highly nonlinear and has several parameters
that are difficult to capture, such as the ever-changing beach profile. Commonly, wave
run up predictions are made using empirical equations derived from laboratory and field
measurements [10]. In recent years, numerical models are also used for simulation and
prediction of wave runup. For example, phase-resolved numerical wave models (based on the
Boussinesq equation models and/or non-linear shallow water equations) for a non-hydrostatic
surface flow can be used [11,12]. Numerical models such as SWASH and FUNWAVE have
been used to predict wave runup in laboratory and field conditions [13–16]. Some studies
used numerical models (e.g., XBeach-G) to augment the wave runup observation in the
laboratory or field [17]. Numerical modeling makes it easier to integrate complex beach
layouts (e.g., barred and non-barred profiles), which could be difficult to integrate into
a simple empirical expression [3]. It also allows to test a range of different forcing and
beach conditions, which is difficult to simulate in laboratory experiments or measure in
field. However, in field applications numerical model assumptions could be violated and
boundary conditions poorly known [3,12]. Thus, empirical equations could be easier to use
for wave runup prediction compared to numerical simulations [17–19], which is attractive
for engineering applications. In empirical equations the runup is often correlated with wave
and morphology parameters based on data from laboratory experiments [20–22] or field
measurements [4,23–28]. Commonly used parameters are offshore significant wave height
(Hs), peak wave period (Tp), wavelength (L0) and beachface slope (β).

Primarily, the focus of field wave runup measurements has been on wave runup on
sandy beaches with open coasts that are exposed to both sea and swell waves [3,17]. Some
examples include studies by [4,25,27,29–31]. A well-known and widely used empirical
equation was derived in the work of Stockdon, et al. [4].

Empirical equations, however, are limited to a specific range of environmental condi-
tions that existed at the time the data were collected. Therefore, the application of equations
for wave runup from large-fetch sandy beaches to fetch limited and/or gravel beaches
is inappropriate. Predictions that fall outside the range of the data used to formulate
the equations are then extrapolated, leading to significant uncertainties and potential er-
rors. In particular if these equations are applied in environments with different types of
beach morphology, such as complex topography and embayed beaches, due to shelter-
ing effects [32–35]. For example, the well-known equation from Stockdon, et al. [4] was
originally developed based on data from open sandy beaches in the United States and the
Netherlands, so its suitability for other beach types is questionable.

Gravel beaches are considered a sustainable form of coastal protection during high
tides and storms [36,37] and several studies focused on wave runup predictions for
this type of beaches. On open gravel beaches, Poate, et al. [17] and Almeida, et al. [38]
have already observed that wave runup reaches higher elevations in comparison to
sandy beaches. They also found that predictions do not match with measurements
when using equations for wave runup derived from sandy beaches. They attributed the
observed difference between measurements and predictions to a steeper beach profile of
gravel beaches that maintains a reflective beach behavior even under extremely energetic
conditions by making adjustments to the beach step [39–41]. This was also found by
Masselink, et al. [42], who tested the applicability of the equation by Stockdon, et al. [4]
on several gravel beaches in the United Kingdom and concluded that wave runup under
energetic wave conditions is significantly underestimated by the equation. Overall, pure
gravel beaches consist of coarse sediment (D50 of 3–75 mm), so the beaches generally
have steep profiles (tanβ of about 0.1). Their behavior under energetic wave conditions is
different; while sandy beaches are dominated by swash from the infragravity frequency
band (0.003 Hz to 0.05 Hz), gravel beaches are dominated by swash from the incident
frequency band (0.05 Hz to 0.5 Hz) [4,27,29,31,43,44].

Wave runup on fetch-limited beaches, on the other hand, is expected to be reduced,
regardless of the beach sediment composition [45]. The reduction in wave runup is due
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to the sheltering effects that inhibit offshore swell and limit the space for local growth of
wind waves. These fetch-limited beaches are typically characterized by low wave energy
and short offshore wavelengths [3,46,47]. However, water levels can be significantly
increased during rare but extreme events, not only by storm surges on the top of tidal
levels but also in the form of wave setup and runup [33,48,49]. These wave effects can
lead to flooding [50], the extent of which depends on the offshore wave climate and
beach morphology [51]. So far, predictions of wave runup in these areas of low wave
energy have received less attention [46,52,53].

So far, studies were mainly focused on straight uniform beaches and at a repre-
sentative beach profile. However, beaches have often complex bathymetry that results
in non-uniform wave setup and wave runup along the coast. Often, the dynamics of
wave runup at different tidal stages on beaches with complex 3D morphology, is not
fully understood [54,55]. For example, Guedes, et al. [56] observed that the alongshore
variability in foreshore slope causes variability in wave runup on a dissipative beach,
even when low complexity morphology (no beach cusps, rip currents, or crescentic bars)
is considered. Senechal, et al. [44] studied the variation of wave runup in stationary
storm waves under dissipative conditions in the presence of a shoreline sand wave. They
concluded that a very complex beach morphology can lead to a spatial variation of wave
runup by a factor of 3, which is mainly influenced by the morphology of the inner surf or,
in other words, by the wave refraction around the sand wave. All these studies underline
the enormous complexity of the 3D processes on the beach and their influence on the
variability of the wave runup. Hence further attention is needed to evaluate the factors
that influence the variability of wave runup on beaches [3].

In this paper, we address the lack of research on wave run up on microtidal pocket
beaches (or small embayed beaches) composed of gravel sediment (D50 = 32 mm) under
fetch-limited wave conditions, which, to our knowledge were not considered in studies
of wave runup before. These environments are commonly found in the Adriatic and
Mediterranean, where coasts are surrounded by high mountains that provide gravel
through local rivers. These beaches are usually influenced by short waves, generated
by the wind in the local region, and the contribution of the swell is negligible. The
waves usually reach the steep and mostly reflective gravel beachface without prior wave
breaking and, consequently, the wave energy is mainly concentrated in wave swash.
Here, we develop and present a modified wave runup equation for gravel beaches
on the limited-fetch coastline using a genetic algorithm for coefficient optimization,
which is validated using field data at Ploče beach. We have also examined the alongshore
variability in wave runup due to the sheltering effects of built coastal headlands, common
on embayed beaches.

2. Materials and Methods
2.1. Study Site

Measurements of wave runup and the corresponding morphological response were
carried out at the artificial pebble beach Ploče, located in the northwestern part of the city
of Rijeka, Croatia, in the Kvarner Bay (Figure 1a–c). In 2011, two groynes were constructed
on the east and west sides of the western beach cell (green zone in Figure 1c) to extend the
beach area (Figure 1c). Currently, the total length of the beach is 320 m and is divided into
two cells of approximately equal length by a 30 m long central groyne. The western beach
cell (green zone in Figure 1c) is the focus of this study. Grains on the beach surface include
sediment sizes (D50) between 16–32 mm and can be classified as coarse gravel or pebbles.
Rocks larger than D50 > 0.2 m are located on the east side of the western cell of the beach.
They are part of the central groyne, which increases the stability of the beach and prevents
the transport of material from one beach cell to another.
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Figure 1. (a) Map of Europe; (b) map of the northern Adriatic Sea indicating the study site and wave
bouy; (c) beach Ploče with the indicated camera and central groyne position; (d) Positions of cross
shore profiles (1, 2, and 3) selected for the runup analysis.

In this study we used bathymetric measurements performed by the Geodetic In-
stitute Rijeka (GZR) and the Faculty of Civil Engineering in Rijeka (GradRi) using a
UAV and the photogrammetry method previously published in [57]. The topographic
beach surveys were conducted nine times between 1 October 2020 and 26 February 2021
(UAV11 to UAV19 in Figure 2 and in Table A1 in Appendix A), mainly after storm wave
events. A detailed point cloud of the entire beach surface was created for each UAV
flight, while specific profiles (profiles 1–3 in Figures 1d and 2) can be easily extracted
afterwards. GZR used a Matrice 200 unmanned aerial vehicle (UAV) with a Sony ILCE-
7M2 camera and GradRi used a DJI Phantom 4 Pro UAV for image acquisition. This
technique showed good accuracy and efficiency for computing and mapping the spatial
distribution and elevations [57]. It was demonstrated that the UAV mapping technique
is accurate to about 0.7 pixels, or 4.2 cm in most cases. The reader is referred to [57] for
the technique and detailed settings description of the UAV surveys.
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Figure 2. Cross shore profiles selected for the runup analysis; (a) the western profile position, which
is shown on Figure 1d as profile 1; (b) the centerline profile position, which is shown on Figure 1d as
profile 2; (c) the eastern profile position, which is shown on Figure 1d as profile 3; table showing the
nine associated UAV surveys between 1 October 2020 and 26 February 2021 is in Appendix A.

Three representative profiles (profiles 1, 2 and 3 in Figures 1d and 2) were selected for
the assessment of wave runup on Ploče beach. They are located at the western side, at the
midline and at the eastern side of the observed beach area of the western beach cell (Figure 1d).
No profile was selected from the beach section, east of the profile 3, containing large rocks
supported by a vertical concrete wall near the groyne. Beach slope is calculated and updated
from topographic cross sections obtained from UAV survey. This time-varying beach slope is
determined using a section of the beach profile from the still water level plus the significant
wave height (SWL+Hs), down to the still water level minus twice the significant wave height
(SWL-2Hs), a method previously introduced by [17,22,58]. The average slope of profile 1 at
the westernmost part of the beach is slightly steeper (tanβ = 0.18) (Figure 2a) than that of
profiles 2 and 3 (tanβ = 0.14) (Figure 2b,c).

The beach profiles 1 and 2 are primarily exposed to strong wind-driven waves from
SSE, while the profile 3 is partially sheltered from the prevailing S and SSE wave by the
groyne (environmental wave conditions and the associated wave climate are discussed in
more detail in Section 2.3). Cases where the beach storm response could be determined
as overtopping or overwashing are not considered in this work, only pure swash cases.
This was based on the work by [59,60], who defined the regimes of overtopping and
overwashing as situations where the freeboard is negative or the wave runup exceeds the
height of the gravel barrier, while swash is defined with a positive freeboard.
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2.2. Data Collection

Wave runup was measured with a video camera during the winter months and was
derived from video images (Figures 1c and 3). A coastal video monitoring system was
installed in early October 2019 to monitor beach dynamics and behavior during storm
events, as significant wave events in the eastern Adriatic occur mainly in winter. An
Argus-type video monitoring system consisting of two cameras was installed on the roof
of the indoor pool (Figures 1c and 3). The camera model is the Blackfly S GigE camera
(BFS-PGE-122S6C-C) with a resolution of 4096 × 3000 pixels, mounted 13.75 m above mean
sea level (MSL) and capturing high-resolution video images at a frequency of 4 Hz.
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Intrinsic and extrinsic calibration was performed for the cameras. First, intrinsic cali-
bration is performed before the cameras are deployed according to the Camera Calibration
Toolbox developed at Caltech [61]. Then, extrinsic calibration is performed following the
CIRN Quantitative Coastal Imaging Toolbox [62]. In this toolbox, the raw images captured
by the video system from the oblique view are converted into a georectified image from
the bird’s eye view. This georectification process represents a geometric transformation of
the raw image pixels into real coordinates. In this new view, features of the image, such
as the position of cross sections, can be determined. The process of georectifying images
required accurate three-dimensional (x,y,z) coordinates of the video monitoring system and
several ground control points (GCPs). The GCPs were fixed and surveyed by the Geodetic
Institute in Rijeka. They are located at static parts of the beach, namely the promenade and
groynes. All points were measured in the Croatian Terrestrial Reference System HTRS96
(EPSG: 3765) in the horizontal plane and HRVS71 in the vertical direction.

Pixel stacks were sampled at 4 Hz for 12-min periods. The method developed by [63]
was used to reduce the tidal shift during stack acquisition and maximize the size of the
data set [17]. Using the CIRN Quantitative Coastal Imaging Toolbox, the leading edge of
the runup maxima between water and beach was automatically digitized using intensity
thresholds. If necessary, manual corrections were made to avoid blurring due to moving
objects (e.g., birds, people) and to correct for false detections due to water lens debris
on the beach during backwash [64]. The digitized waterline was converted from the
cross-shore distance (Figure 3) with reference to the beach profile (Figure 2) to determine
the water elevation along the pixel line [17]. Camera elevation and location affect the
cross-shore resolution of the extracted pixel stack [63,65], nevertheless the horizontal cross-
shore resolution was 0.2–0.45 m, which is consistent with previous studies [17]. Following
Stockdon, et al. [4], wave runup was expressed as the 2% exceedance value, R2%, derived
from the cumulative density function of the discrete maximum wave runup heights (red
dots in Figure 3). The wave runup was measured in different environmental conditions.
The wave runup used for further analysis is the runup level, which does not exceed the
gravel barrier crest. Taking these conditions into account, 152 wave runup measurements
met the criteria and were selected for further analysis.

2.3. Evironmental Conditions

Wave parameters were obtained from wave buoy measurements. A wave buoy
(DATAWELL DWR MKIII) deployed by the Hydrographic Institute of the Republic of
Croatia, in cooperation with the Rijeka Port Authority at 57.5 m depth and measurements
covered the camera observation period (Figure 1b).The wave buoy has a diameter of 0.7 m
and its location off the coast of Rijeka was at the following geographic coordinates (WGS
84 system): Lat = 45◦19′37.80′′ N; Lon = 14◦23′38.88′′ E. The measurement data are stored
in the buoy’s internal data logger with a capacity of 2 GB, but the data are also transmitted
to the RX-C receiver on shore via the HF antenna connection on the buoy.

From the measurements taken for just over the year, it can be seen that calm conditions
with daily significant wave heights up to 0.4 m are dominant (Figure 4). This is due to
mild winds, which prevail here throughout the year. Periods of mild winds are intermitted
with occasional storms with wind speeds exceeding 30 m/s, rarely lasting more than one
day [57]. During these storm events, the maximum hourly significant wave height can
reach up to 2.6 m (e.g., in December 2019), with daily average significant wave heights of
more than 1.4 m. The most powerful winds in Kvarner Bay are the northeasterly, Bura,
and the southeasterly, Jugo. However, the latter has larger fetch in the Kvarner Bay and
accordingly higher wave heights and wave periods.

The wave rose in Figure 5 summarizes the hourly significant wave heights and direc-
tions recorded by the wave buoy. Figure 5 shows that the rare stormy wave events reach
Ploče beach mainly from south and south-southeast directions. During the storms, the
wave height increases more than the wave period, which leads to a steepening of the wave
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field. The wave steepness for these short wavelength waves is relatively steep compared to
the open ocean waves, approximately Hs/L0 = 0.04–0.05 during storm events.
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the Ploče beach during the measuring period of December 2019 to April 2021; the camera observation
period (wave runup measurements) is indicated with blue vertical lines.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 8 of 24 
 

 

than one day [57]. During these storm events, the maximum hourly significant wave 
height can reach up to 2.6 m (e.g., in December 2019), with daily average significant wave 
heights of more than 1.4 m. The most powerful winds in Kvarner Bay are the northeast-
erly, Bura, and the southeasterly, Jugo. However, the latter has larger fetch in the Kvarner 
Bay and accordingly higher wave heights and wave periods. 

The wave rose in Figure 5 summarizes the hourly significant wave heights and di-
rections recorded by the wave buoy. Figure 5 shows that the rare stormy wave events 
reach Ploče beach mainly from south and south-southeast directions. During the storms, 
the wave height increases more than the wave period, which leads to a steepening of the 
wave field. The wave steepness for these short wavelength waves is relatively steep com-
pared to the open ocean waves, approximately Hs/L0 = 0.04–0.05 during storm events. 

Hourly tidal data are obtained from the nearby tidal gauge station, Bakar, at the 
northern tip of Bakar Bay (45°18.3′ N, 14°32.4′ E). The tides in the Adriatic Sea have mean 
tidal amplitudes well below 2 m and at the Bakar station, the mean daily tidal oscillations 
are 30 cm [66]. In this region, the relative tidal range (RTR = MSR/Hb, where MSR is the 
mean spring tidal range and Hb is the breaking wave height) is less than 1 and therefore is 
not dominated by the tides [67,68].  

Therefore, the section of the beach profile exposed to wave swash changes only 
slightly during the tidal cycle, consequently the beach slope varies slightly. However, ex-
tremely high water levels (also called Acqua Alta) occasionally occur in this region when 
tides, storm surges, seiches, and other low-frequency sea level fluctuations overlap [69], 
but these were not recorded during this study.  

 
Figure 4. The daily averaged and daily maximum significant wave height values observed in front 
of the Ploče beach during the measuring period of December 2019 to April 2021; the camera obser-
vation period (wave runup measurements) is indicated with blue vertical lines. 

 
Figure 5. (a) The wave rose for the wave buoy during the measuring period (December 2019 to April 
2021) in front of the Ploče beach; (b) scatter plot of significant wave heights against peak wave pe-
riods during the measuring period with wave direction as coloring. 

Figure 5. (a) The wave rose for the wave buoy during the measuring period (December 2019 to
April 2021) in front of the Ploče beach; (b) scatter plot of significant wave heights against peak wave
periods during the measuring period with wave direction as coloring.

Hourly tidal data are obtained from the nearby tidal gauge station, Bakar, at the
northern tip of Bakar Bay (45◦18.3′ N, 14◦32.4′ E). The tides in the Adriatic Sea have mean
tidal amplitudes well below 2 m and at the Bakar station, the mean daily tidal oscillations
are 30 cm [66]. In this region, the relative tidal range (RTR = MSR/Hb, where MSR is the
mean spring tidal range and Hb is the breaking wave height) is less than 1 and therefore is
not dominated by the tides [67,68].

Therefore, the section of the beach profile exposed to wave swash changes only slightly
during the tidal cycle, consequently the beach slope varies slightly. However, extremely
high water levels (also called Acqua Alta) occasionally occur in this region when tides,
storm surges, seiches, and other low-frequency sea level fluctuations overlap [69], but these
were not recorded during this study.

2.4. Wave Runup Models and Error Metrics

Estimates from five wave runup equations proposed by [4,17,43,64] were compared
with field measurements. The equations and the extent of the parameter space can be found
in Appendix B (Table A2). These equations are hereafter referred to as P16a (Figure 7a),
P16b (Poate, et al. [17], Figure 7b), D20 (Didier, et al. [64], Figure 7c), H85 (Holman and
Sallenger [43], Figure 7d), and S06 (Stockdon, et al. [4], Figure 7e). Three of these equations
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(P16a, P16b and D20) are derived for gravel beaches, while S06 and H85 are derived for
sandy beaches. These, and in particular S06, are considered here as these are included in
many coastal engineering applications.

Morphological characteristics of the beach and their influence on the relative wave
runup (a ratio of the wave runup and the significant wave height), are included in the
wave runup equations in terms of the Iribarren number or the surf similarity parameter.
The Iribarren number is a well-known dimensionless parameter used to combine the
morphodynamic characteristics of the beach and surf zone with offshore wave parameters,
and is commonly used in wave runup equations [4,10,29,32,43,47,70,71]. The Iribarren
number is defined as follows:

ξ0 =
tan(β)√

H0
L0

, (1)

where tanβ is the beach slope, H0 is the offshore deep water wave height and L0 is deep
water wavelength given by:

L0 =
gT2

p

2π
, (2)

where Tp is the peak wave period, and g is the gravitational acceleration.
The variability of the relative wave runup depends on the reflectivity of the beach, which

is determined by the Iribarren number (surf similarity parameter, ξ0). In general, the relative
wave runup increases as the reflectivity of the beach (the surf similarity parameter) increases.

It was also found [3] that including the significant wave height Hs and the peak wave
period Tp are not sufficient for prediction of wave runup in certain cases but other features
of the spectral shape need to be accounted for. In cases like bimodal seas, wave runup
equations using only the peak wave period or the associated wavelength could be less
accurate [17,72,73]. Therefore, some studies used the spectral period (estimated from
different spectral moments) to account for the variability in the shape of the wave spectra.
For example, P16a uses the mean wave period Tz as an equation input, in contrast to P16b,
which uses the peak wave period Tp.

On the other hand, Polidoro, et al. [74] used the Goda peakedness parameter, Qp, to
increase the explanatory power of the equation for wave runup. The Goda peakedness
value, Qp, of the wave spectrum, referred to in Sections 3.3 and 3.4, is defined as:

Qp =
2

m2
0

∫
f ·S2( f )d f (3)

where S(f ) is the one-dimensional frequency-energy density spectrum and f is the frequency,
and m0 = (Hs/4)2.

The measured runup statistics are compared with prediction from the runup equations.
The accuracy of the wave runup equations is examined using the Pearson correlation coeffi-
cient (R), the corrected scatter indicator HH proposed by [1], the normalized bias (NBIAS), and
the normalized root mean square error (NRMSE), defined in Equations (2)–(5) respectively:

R =

N
∑

i=1

((
Pi − P

)(
Oi −O

))
[(

N
∑

i=1

(
Pi − P

)2
)(

N
∑

i=1

(
Oi −O

)2
)]1/2 (4)

HH =

√√√√√√√√
N
∑

i=1
(Pi −Oi)

2

N
∑

i=1
PiOi

(5)
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NBIAS =
P−O

O
(6)

NRMSE =

√√√√√√√√
N
∑

i=1
(Pi −Oi)

2

N
∑

i=1
Oi

2
(7)

where Pi is the ith prediction of the evaluated model, Oi the ith observation captured by the
camera system and N is the number of data points in the time series (or the number of usable
footages from the camera system, in this study N = 152). The overbar indicates the mean
values, as in P is the mean of all prediction values, and O is the mean of all observation
values. Pi, Oi, P and O are case specific descriptions for model accuracy evaluation instead
of a more general mathematical description of xi, yi, x and y in Equations (4)–(7). For
both HH and NRMSE performance indicators, a larger value indicates a higher dispersion
error, while a lower value indicates a lower dispersion error when comparing measured
and modeled data. Both indicators are always non-negative and show perfect agreement
between measured and modeled data at a value of 0.

3. Results
3.1. Description of Field Measurements for the Centerline Profile (Profile 2)

This section shows the wave runup obtained by processing the time-stack images (de-
scribed in Section 2.2). Significant wave heights, Hs, up to Hs = 2.32 m, with an associated
wave period of 5.8 s were recorded in the time period when both the video camera and
the wave buoy operated. Wave events with highest significant wave heights resulted in
overtopping of the gravel barrier and promenade behind the beach and were therefore
excluded from further analysis of wave runup. After excluding events where the gravel bar-
rier crest was overtopped, the maximum observed significant wave height was Hs = 1.85 m
(Figure 6a), with an associated wave peak period of 5.5 s. The values of wave runup for
all available video segments (N = 152) from early October 2020 to late January 2021 are
shown in Figure 6. They increase with the increase in significant wave height offshore,
indicating that the swash did not reach saturation during the observation period and for
measurements included here (Figure 6a). However, wave runup values vary for the same
offshore significant wave height.

Figure 6b shows relative wave runup (ratio of wave runup to significant wave height,
R2%/Hs) as function of the Irribaren number for different significant wave heights (different
colors). The beach itself shows reflective behavior (ξo > 1.5) in milder wave conditions,
while it shows intermediate behavior (ξo ≈ 0.65 for Hs > 1.5 m) in extreme wave conditions.
However, the relative wave runup at extreme wave conditions shows a weak dependence
on the surf similarity parameter, with all extreme wave conditions showing a similar
Irribaran number of ξo ≈ 0.65. All observed wave breaker types belong to the group
of “plunging breakers”, which were also observed on the camera video data (Figure 3).
Variability in measured relative wave runup is even more pronounced than in measured
wave runup for the same offshore significant wave height. The observed range of relative
runup values range is from 0.2 to 1.6. Even for energetic wave conditions (Hs > 1.5 m), the
variability of the relative wave runup is high, with values in the range of 0.6 < R2%/Hs < 1.1
(almost twice the relative wave runup from minimum to maximum). These indicate that
the values of the relative wave runup can differ significantly for the same significant wave
height offshore.
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(R2%) and the significant wave height (Hs)) plotted against the Iribarren number (calculated using
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breaker type.

3.2. Comparison with Existing Wave Runup Equations for the Centerline Profile (Profile 2)

In this section, the capability of the existing equations for prediction of wave runup
for a micro-tidal gravel beach in fetch-limited wave conditions is examined and compared.
Figure 7a–e show the scatter plots between the predicted and observed R2% for each tested
empirical equation for wave runup. Predicted wave runup values using equations, P16a,
P16b, D20, H85 and S06 (see Section 2.4 and Appendix B) are plotted versus measured
(observed) values in Figure 7. The y = x line shows a perfect fit between the two, and the
accuracy parameters are shown next to the scatter plots.

Equation P16a (Figure 7a), formulated specifically for straight pure gravel beaches
in unlimited fetch conditions, showed the best accuracy in predicting observed wave
runup (R = 0.91, NRMSE = 0.29 in Figure 7a). Using the peak wave period Tp in
equation P16b, instead of the mean wave period Tz in P16a, reduced the accuracy of the
equation (35% increase in NRMSE) (R = 0.87, NRMSE = 0.39 in Figure 7b). Both equation
P16a and equation P16b for wave runup show significant underprediction over the
entire range of observed wave runup values (NBIAS = −0.22 and NBIAS = −0.32 for
P16a and P16b, respectively). The D20 wave runup equation derived for fetch-limited
wave situations showed slightly lower accuracy than the P16a gravel equation (10%
lower correlation and 21% higher NRMSE). The NBIAS also showed underprediction,
although to a slightly lesser extent than the P16a equation. As expected, equations H85
and S06 for wave runup derived from measurements at open sandy beaches showed
the lowest accuracy (R = 0.78 and 0.67 with NRMSE = 0.36 and 0.38 for equations H85
and S06, respectively).

All equations show higher accuracy for low wave runup situations (data are closer
to the y = x line for the perfect fit in Figure 7a–e), but as wave runup (and thus offshore
wave energy) increases, all equations tend to underestimate to some extent (up to 33%
for S06).

Since P16a showed the best accuracy (both strong correlation and small NRMSE)
in prediction of the measured wave runup, it has been chosen for further modifica-
tions to improve the wave runup predictions for conditions measured in this study,
in Section 3.3.
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3.3. Influence of Offshore Wave Spectra Parameters on Wave Runup for the Centerline
Profile (Profile 2)

Figure 8 shows the relationship between relative wave runup and the offshore surf
similarity parameter (Irribaren number) as in Figure 6b but, here, each plot examines the
effect of a different wave parameter and a tidal level. Wave parameters and tidal levels are
divided into different classes (see color bars) and the data points are colored accordingly.
These graphs show that some of these parameters can provide additional explanatory
power for the variability of the measured wave runup.
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Figure 8. Scatter plots of relative run up (R2%/Hs) against Iribarren number (ξo) with the coloring of
the data points to reflect certain wave spectra parameters: (a) significant wave height (Hs), (b) wind
direction (Dir), (c) peak wave period (Tp), (d) spectral spread (Sprp), (e) Goda peakedness parameter
(Qp) and (f) Tide level (relative to MSL for the location); the area enclosed by a red dashed line marks
a group of data points of low relative wave runup measured at low tidal levels for waves of low
significant wave height, low directional wave spread and with oblique angle of incidence (see for
details in Section 3.3).

There is a cluster of data points (grouped together and separated from the rest of data
points) that reduced the correlation between the relative wave runup and the Irribaren
number (this specific cluster is in the area enclosed by a red dashed line in Figure 8). The
relative wave runup is below 0.6 for all data measured at very low tidal levels (at −0.2 m
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below MSL in Figure 8f), for offshore waves with low significant wave heights (Hs < 0.5 m,
in Figure 8a), with small directional wave spread (only 30◦–50◦, in Figure 8d) and an oblique
wave direction of 120◦–140◦ (in Figure 8b). For these wave directions, the beach is sheltered
to a considerable extent by the rock groyne east of the pocket beach (Figure 1c). The groyne
sheltering effect in combination with the lower tides (and thus shallower water depth) resulted
in earlier and stronger wave breaking and thus a reduction in relative wave runup. Wave
runup for this cluster of points is also small as both the relative wave runup and the offshore
significant wave height is small. This makes the rest of the data more relevant, for studies of
the effects of waves on the shoreline from a coastal engineering perspective.

Next, a correlation between the wave runup and the Goda peakedness parameter from
offshore wave spectra, Qp is examined in Figure 9 as some grouping of data is detected
in Figure 8e. When the cluster of wave events (within the area enclosed by a red dashed
line in Figure 8) are not considered, a significant correlation between the relative wave
runup and the Goda peakedness parameter is found. As the Goda peakedness parameter
increases the relative wave runup tends to decrease. There is a significant correlation of
R = −0.66 between Qp and R2%/Hs.
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Figure 9. Scatter plot of relative run up (R2%/Hs) against Goda peakedness parameter (Qp) on the
centerline profile (profile 2 in Figure 1d) on the fetch-limited gravel beach; the area enclosed by a red
dashed line marks a cluster of data points that exhibit specific swash behavior, which occurs at highly
oblique wave directions, low tides, low significant wave heights, and low wave spread. Detailed
information can be found in the text in Section 3.3.

Since the Goda peakedness parameter (Qp) has a significant correlation with relative
wave runup (Figure 9), the empirical equation for wave runup P16a is modified by including
the Qp parameter into the equation. Poate’s empirical equation, specifically P16a, was
chosen because it showed the best accuracy in predicting wave runup measured at Ploče
Beach (Figure 7). The Goda peakedness parameter Qp is incorporated into the P16a equation
in the following way:

R2 = 0.49 tan (βS)
0.5TZ H0·

(
a

Qp

)b
(8)

where the part of the equation marked in blue is from the original P16a equation (βs is the
foreshore slope, Tz is the mean wave period, H0 is significant wave height), and Qp is the
newly included Goda peakedness parameter, while a and b are constants, which can be
determined from measurements.

A genetic algorithm is used to search the parameter space to determine the constants a
and b with the aim of finding the global minimum of the defined loss function [75,76]. The
loss function for the genetic optimization algorithm is defined as the NRMSE according to
Equation (7), between the measured wave runup (O in Equation (7)) and predicted values
of the wave runup according to eq. 8 (P in Equation (7)). The population size is set to 200,
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with a run of 15,200 generations. The obtained values for coefficients a and b are 6.03 and
0.29, respectively. With the included values for the coefficients a and b, Equation (8) takes
the following form:

R2 = 0.82 tan (βS)
0.5TZ H0Q−0.29

p (9)

Figure 10 shows a strong increase in accuracy using the modified Equation (9) com-
pared to the original P16a equation for wave runup. The dimensional constant on the
right-hand side of Equation (9) contains a unit of s−1, showing the empirical nature of the
equation. The NRMSE decreased by 31% compared to the P16a equation and eliminated
the NBIAS (R = 0.91, NRMSE = 0.20, NBIAS = 0).
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3.4. Alongshore Variability of Wave Runup

Figure 11 compares wave runup (R2%) measured at the centerline profile (profile 2
in Figure 1d) with runup measured at the profiles to the west and east (profiles 1 and 3,
respectively, in Figure 1d).
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The scatter plots show that the wave runup measured at the centerline and the west
profile is strongly correlated (Figure 11a) (R = 0.96 and NRMSE = 0.16). However, wave
runup values on the west profile are 20% larger than those on the centerline profile. On
the other hand, the relationship between the wave runup at centerline profile and the
eastward profile is not as strong, but still significant (R = 0.87 and NRMSE = 0.37). In
this case, the values of the wave runup for the east profile are 29% smaller than those on
the centerline profile.

Two factors that potentially influence the observed difference, the alignment of the
wave direction with the direction of the beach profiles and beach slope, are examined here.

By comparing, the direction of each profile 1, 2, and 3 (west, centerline and east,
respectively) with the dominant wave direction S and SSE (the mean wave direction is
172◦ for wave events with significant wave heights, Hs > 1 m), it is evident that profile 1
(at 192◦) is more aligned with the dominant wave direction than profile 2 (at 205◦) and
especially profile 3 (at 216◦). Moreover, the groyne located to the east has a sheltering effect
to the profile 3 for waves from the prevailing SE wave direction (Figure 1d). These differ-
ences can partly explain a weaker correlation between the wave runup measured on the
profiles 2 and 3 and the larger scatter observed in Figure 11b.

Another factor is beach slope, which is included in Equation (9), P16a and P16b. A
steeper beach profile leads to an increase in wave runup. With this in mind, we can observe
that the western beach slope (profile 1) is steeper than both profiles 2 and 3 (tanβ = 0.18
for profile 1 and tanβ = 0.14 for profiles 2 and 3). Consequently, a steeper beach slope of
profile 1 also contributed to an increase in wave runup.

Overall, with a stronger alignment to the prevailing wave direction and a steeper
beach profile, larger wave runup values are expected.

4. Discussion
4.1. Wave Runup

The wave runup shows a strong lineasr relationship with the significant wave height
(Figure 6a). There is no indication of saturation of the wave runup. One of the reasons
is that the highest wave runup events leading to wave overtopping were not considered
here. Another possible reason is that beaches which display significant wave reflectivity,
show no saturation of wave runup according to Guza, et al. [77], Guza and Bowen [78].
Wave runup increases with incident significant wave height, just as at Ploče beach, which
indicates relatively low energy dissipation at least for conditions considered here. The
same behavior was also observed by Guza and Thornton [29] in southern California.

4.2. Application of Existing Wave Runup Equations

A number of different wave runup equations, derived on the basis of laboratory and field
measurements, exist and are used by the research community and practitioners. However,
all of them have limited applicability in terms of the range of input parameters and are
most appropriate for the environmental conditions for which they were developed. In this
study, a selection of the most appropriate and well-known wave runup equations [4,17,43,64]
(see Appendix B) were used for the calculation of wave runup on Ploče beach, an artificial
fetch-limited gravel pocket beach.

Predictions of wave runup using eq. P16a were the most accurate. This is not so
surprising considering that the equation was developed for gravel beaches. However,
the equation was applied for fetch-limited gravel beaches, conditions not considered
before. In addition, both equation P16a and equation P16b were developed from data
with high significant wave heights (2 m < Hs < 7.02 m) and associated peak wave periods
(5.11 s < Tp < 19.55 s) whereas waves measured offshore of Ploče beach are outside the
range of applicability of equations P16a and P16b. The equations are derived for steeper
beach slopes (tanβ = 0.07–0.4), which were similar for the beach Ploče. It is interesting to
note that eq. P16b, which uses the peak wave period, has a lower accuracy in predicting the
wave runup. This is in agreement with the finding from the original work of Poate, et al. [17].
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In the original work, the authors concluded that the peak wave period, Tp, cannot convey
enough information for a complex wave spectrum, such as a bimodal spectrum. Unfortunately,
no spectrum information was made available with the wave data to examine how spectrum
shape affects wave runup. Instead, the Goda peakedness parameter, Qp, was used, and it
was found that there is a correlation between wave runup and this parameter. Inclusion
of the Goda peakedness parameter into equation P16a improved its accuracy (Section 3.3),
suggesting that additional spectral information could be included in the wave runup equation.

Predictions of wave runup by using the D20 equation were slightly less accurate than
those obtained using P16a. This is despite the fact that this equation was derived from
measurements in fetch-limited environment and that the other parameters measured at
Ploče Beach are within the range of measured parameters used for derivation of the D20
equation (0.3 < ξo < 2.5 and 0.00023 m < D50 < 0.16 m). The lower accuracy was likely due
to other factors, such as the exclusion of beachface slope or swash zone slope from the
wave runup equation, as described in [35]. The swash zone is often very narrow at fetch-
limited beaches [79], while gravel sediment, such as on Ploče beach, promotes further beach
steepening and thus swash zone narrowing. As expected, predictions of wave runup using
equations H85 and S06 derived for sandy beaches, as expected, were the least accurate.
Eq. S06, which is a widely used equation for wave runup predictions, underpredicted
measured runup by over 30% for the most energetic wave events. The underprediction
by S06 has already been noted in the literature in some other cases where the surf zone is
narrow or absent [17,80], as equation S06 was developed for sandy conditions with broad
surf zones.

4.3. Derivation of the New Runup Equation for Fetch-Limited Gravel Pocket Beach Cases

Equation P16a, which yielded the most accurate wave runup on Ploče beach (R = 0.91,
NRMSE = 0.29 m, HH = 0.33), was selected for further modification and refinement, with
an aim of improving the fit between precited and measured wave runup at Ploče Beach.
While the eq. P16a predictions were the most accurate, they still showed substantial
underprediction of 22% (NBIAS = −0.22), with some points underpredicting up to 50%
(observed runup of R2% = 1.5 m and predicted runup of R2% = 1.0 m by eq. P16a in
Figure 7a). While predictions from the P16a equation showed a good fit with the original
data measured in the UK from which it was derived, the dimensional constant on the
right-hand side of the equation (Equation (10)) implies that the equation is appropriate only
to use in environments with similar wave and beach conditions. The wave conditions on
Ploče beach are outside the range of applicability of the equation P16a (2 m < Hs < 7.02 m)
and as it is pointed out the equation needs to be reassessed if used outside of its initial
application range [17].

Additional parameters that could potentially improve the wave runup predictions
were also examined. As discussed in [3], different wave spectra could have the same
significant wave height Hs and peak wave period Tp, but other features of the spectral shape
could be left unaccounted for in the empirical equation for wave runup. Consequently,
wave runup equations using only the peak wave period or the associated wavelength could
be less accurate [17,72,73]. Therefore, some studies used the spectral period (estimated
from different spectral moments) to account for the variability in the shape of the wave
spectra, while Polidoro, et al. [74] used the Goda peakedness parameter, Qp.

The wave runup data measured at the Ploče beach showed that the Goda peakedness
parameter, Qp, is inversely proportionate to the wave runup. In other words, an increase in
Qp decreased the wave runup, R2%. The same was found in the work of Polidoro, et al. [74].
The Qp parameter was included in the derived equation for wave runup and applied on
mixed sand and gravel beaches with extreme bimodal climate. Equally, Polidoro, et al. [74]
also observed an inverse effect of the Qp parameter on the wave runup.

The modified eq. P16a, which included the Goda peakedness parameter, Qp, and
the associated coefficients removed the bias completely from the prediction (from a un-
derprediction of 22% to 0% bias) and reduced the NRMSE by 31%. Site-specific tuning
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for improving local runup predictions was suggested in [81] as a viable procedure for
improving accuracy, but it highlights the importance of environmental conditions at each
new site similar to those at the original site for which the equation was derived. Even
though the complexity of the new Equation (9) is somewhat increased due to the inclusion
of Qp, it is still significantly less complex when compared to the well-known S06 equation
(see Table A2). Clearly, the newly developed Equation (9) should be further tested, and
additional corrections explored when used under similar wave conditions and on similar
beaches. Unfortunately, measurements of wave runup in similar conditions on pocket
beaches are extremely rare due to the inherent variability of wave runup along the shoreline,
and research rarely addresses this complexity, as noted by [18].

4.4. Effects of Tides and Groundwater Dynamics

Ploče beach is a microtidal beach [23,56,82,83], with an RTR below 1 [64] and hence
the influence of the variation in tidal levels on wave runup was not examined. Nev-
ertheless, a cluster of relatively smaller wave runup heights compared to the rest of
wave runup was measured at extremely low tide and for oblique wave directions. The
remaining of the scatter between predictions using Equation (9) and measurements can
be due to a number of different factors, e.g., non-linear interaction between wave runup
and beach slope, parameters not included in equations and possibly due to errors in
the measured data due to measurement techniques. Nevertheless, the method used is
consistent with previously established studies of wave runup observation [4,27,31,84].
Moreover, the swash permeability and groundwater dynamics could add an additional
layer of uncertainty [85,86]. Kobayashi, et al. [87] showed that higher swash permeabil-
ity lowers the expected wave runup on the shoreline. The region where Ploče beach is
located is also known for strong groundwater flows from the inland to the sea. These
flows are also known to occur at Ploče beach during heavy rains, when emerging flows
erode the beach surface and push the gravel down the beach slope and offshore.

4.5. Alongshore Wave Runup Variability

Previous studies rarely consider the alongshore variability of wave runup and only
observed wave runup at one beach profile at a time. Gomes da Silva, et al. [3] noted this
limitation and called for studies that examine and report the variability of wave runup
that represents the real wave condition of a beach. This assumption of low variability in
wave runup could be justified for long straight beaches with minimal alongshore variability
in beach orientation and morphology. However, the embayed shape of the Ploče beach
surrounded by artificial headland-like groynes, results in alongshore variability of the
significant wave height and resulting wave runup. On the beach of Ploče we observed an
increase in wave runup with increasing alignment of the beach to the wave direction, in
combination with a steeper slope, which both contributed to the increase in wave runup on
the western profile. The increase in wave runup is 71% from the east to the west profile.
This is still significantly lower than the variability observed by [44] on a beach influenced
by sand waves with a 3-fold variation in wave runup.

5. Conclusions

This study presents, to our knowledge, first measurements of wave runup on a
microtidal artificial pocket beach (or small embayed beach) of gravel sediment (D50 = 3 mm)
under fetch-limited wave conditions—Ploče beach in Croatia, which is typical for the
eastern Adriatic coast. Wave runup at three profiles along the beach was measured using
an Argus-type video camera during a 4-month field observation campaign (described in
Section 2.1), covering a range of wave conditions. Time stack data were processed to extract
wave runup events, which were then statistically processed (described in Section 2.2). The
measured wave runup was compared with predictions from five well known and widely
used empirical wave runup equations. The best match between measured and predicted
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runup was obtained for the Poate, et al. [17] equation P16a equation, which was developed
for prediction of wave runup on pure gravel beaches.

A modified equation, based on the P16a equation was developed by adding the Goda
peakedness factor, Qp, to improve its predictions. The coefficient values were obtained by
using a genetic algorithm. The statical metrics of the modified equation obtained in this
paper are as follows: R = 0.91, NBIAS = 0, NRMSE = 0.2, HH = 0.2. The newly developed
Equation (9) completely eliminated the bias (NBIAS = 0) and reduced the NRMSE by 31%
in comparison to the unaltered P16a equation.

There was significant alongshore variability in measured wave runup, which increased
by 71% from the east to the west profile. Specifically, 29% lower wave runup was measured
at the eastern profile than on the centerline profile, while wave runup measured at the
western profile showed 19% higher values than on the centerline profile. This observed
alongshore variability is due to different orientation of beach profiles and resulting dif-
ference in alignments to the prevailing wave direction. In addition, beach profile slopes
increased from east to west, from tanβ = 0.14 at profile 2 and 3 to tanβ = 0.18 at profile 1.

Further measurements of wave runup on pocket gravel beaches in fetch-limited condi-
tions are needed to validate the newly developed equation for prediction of wave runup.
As with all empirical equations, the user needs to take into account the environmental
conditions in which this equation is derived.
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Appendix A

Table A1. Table of relevant UAV flight missions for beach surface measurements, from which beach
profiles are extracted; this is an extract from the paper of Tadić, et al. [57].

Survey
Label Date Number of

Images
Flying

Altitude
(m)

Ground
Res.

(mm/pix)

Coverage
Area (km2)

Reprojection
Error (pix)

UAV_11 1.10.2020 535 28.1 7.53 0.0177 0.772
UAV_12 6.10.2020. 492 28.6 7.18 0.0199 0.826
UAV_13 13.10.2020. 538 28.5 7.12 0.0181 0.79
UAV_14 2.11.2020. 208 103 19.5 0.0802 0.733
UAV_15 24.11.2020. 278 20.5 5.08 0.00797 0.515
UAV_16 10.12.2020. 600 24.3 6.05 0.0172 0.315
UAV_17 14.12.2020. 560 26.7 6.62 0.0162 0.318
UAV_18 14.1.2021. 269 100 19.1 0.06 0.724
UAV_19 26.2.2021. 290 101 19.6 0.06 0.791
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Appendix B

Table A2. Table of relevant and well-known empirical wave runup equations tested on beach Ploče;
associated range of conditions, beach, and measurement type are shown for each derived equation.

Reference Equation Range of Conditions Measurement and Beach Type

Stockdon, et al. [4]

R2 = 1.1
[

η +

√
Sig

2+Sinc
2

2

]
0.07 < ξ0 < 3.55 Field measurements—sandy beach

η = 0.35 tan(βS)(H0L0)
0.5 0.0008 < H0/L0 < 0.03

Sig = 0.06(H0L0)
0.5 0.01 < tan(βS) < 0.16

Sinc = 0.75(H0L0)
0.5

Poate, et al. [17] (a) R2 = 0.49 tan (βS)
0.5TZ H0 2m < H0 < 7.02m Field measurements—gravel beach

(b) R2 = 0.33 tan (βS)
0.5Tp H0 5.11 s < Tp < 19.55 s

Didier, et al. [64] R2 = 0.117(H0L0)
0.5 0.3 < ξ0 < 2.5 Field measurements—sandy,

mixed and gravel beach
0.00023 < D50 < 0.16

Holman and Sallenger [43] R2
H0

= 0.2 + 0.83ξ0 0.07 < ξ0 < 3.25 Field measurements—sandy beach
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