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1 Abstract  

Beach slope is of critical importance for coastal area protection, as well as for other coastal 
morphodynamic research. Despite its importance, a reliable method for estimating slope is still not 

defined. In this paper, a new efficient method using VMS technology is presented. The beach slope is 

calculated by dividing the difference in the tide level with the shoreline distance along a cross-shore 
transect at different times. The result of calculation using this technique shows good agreement with 

other methods and demonstrates the potential of VMS for effective beach slope monitoring. 

 
Keywords: Video-monitoring system (VMS), Coastal management, Shoreline changes, Gravel beaches, 

Beach-face slope, Image processing  

2 Introduction  

The beach environment is subject to regular daily and seasonal changes, as well as unpredictable changes 
due to extreme weather conditions, unusual tides, and human influence. The beach face is the sub-aerial 

beach sector [1], which extends from the berm to the low tide water line and is constantly interacting 

with the uprush and downrush of individual waves and tidal cycles [2]. The steepness of the beach face 
(tanβ), or the beach-face slope, is a key parameter in coastal geomorphology and coastal engineering 

due to its control of important coastal processes [2]. It is one of the key parameters controlling the 

elevation of wave runup and total swash excursion at the shoreline, processes that are of primary concern 

for assessing coastal inundation hazards along the coastal boundary [3]. Despite the importance of the 
beach-face slope parameter in numerous empirical formulations in coastal engineering (e.g. wave run-

up prediction), large-scale datasets of the beach-face slope remain unavailable along most of the world’s 

coastlines [2].  
In the 1961, coastal scientis named K.O. Emery developed simplest technique to measuring a beach 

profile known as the “ Emery board ” method (Figure 1.). Emery proposed a simple method of beach 

profiling based on the use of two graduated rods, whose alignment and reading of the intersection with 
the horizon allow for the determination of differences in level along the profile [4]. This approach may 

seem simple, but it provides reasonably accurate measurements of beach profiles. It also has the 

advantages of light and inexpensive equipment, which can be easily carried to distant survey sites, for 

very rapid surveys [5]. However, measurement of the difference in elevation by two people like this has 
the potential to have errors due to limited  visibility  and  is  considered  labor  intensive  so that it is 

limited to the number of beach profile transects measured [6]. In spite of some shortcomings, and 

because of its simplicity and low cost [4], this method is still considered a reliable method as obsevation 
data, so it is still used as comparison data for validation of more sophisticated techniques [6]. Beach 

slope can also be measured using conventional survey techniques, for example GPS survey. This method 

has limitations because in areas where the beach is muddy or covered with coastal vegetation, measuring 
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position and elevation is very complicated and considered ineffective. Especially in estimating the beach 

slope on a wide spatial scale such as global, national, and regional events, which is still a major challenge 
in using this method [3]. In recent decades, airborne lidar technology (LiDAR) has significantly 

increased the spatial coverage of coastal topographic data from individual beaches to hundreds of 

kilometres of coastline [7]. It can provide very detailed and accurate results, but the process is very 
complicated and requires high operational costs for surveying. However, in the swash zone, these active 

remote sensing techniques are hampered by the constant alternation of wet and dry phases as water 

levels fluctuate at the shoreline under the action of waves and tides [7], limiting the ability to extract 
beach-face slopes [2].  

Today, UAV (unmanned aerial vehicles) and VMS (video monitoring system) provide data with high 

accuracy for a larger area. The development of imaging systems has emerged as one of the most 

powerful and reliable tools for monitoring shoreline changes associated with variations in key beach 
parameters (i.e., changes in beach slope and beach width). Video-based technology is becoming an 

increasingly popular low-cost method for monitoring beach, because it can be used to build a database 

of frequent, long-term and spatially extensive observations of coastal changes [8]. It covers time scales 
from seconds to years and spatial scales from meters to kilometers. The first system that enables the 

controlled acquisition and return of optical remote sensing data from land-based computers observing 

coastal sites of interest [9] is the “Argus system” developed by the Coastal Imaging Lab (CIL) at Oregon 

State University. These systems are positioned at an elevated location and some distance from the beach 
(e.g., on the roofs of nearby buildings, headlands, etc.) to continuously collect high-frequency image 

data of the coastal zone [10]. Physically, an Argus Station consists of a number of video cameras 

attached to a host computer that serves as both system control and communication link between the 
cameras and central data archives [9]. The video monitoring system also uses geometric techniques to 

transform and rectify the oblique images captured by the camera into a plan view of the beach. These 

are used in algorithms developed to detect the shoreline position needed for further research (i.e. beach 
slope, beach area, beach width). The use of VMS and UAVs has been widely applied and has resulted 

in various achievements and improvements in other coastal dynamics studies, such as calculating beach 

volume change [11], determining erosion and accretion rates, coastal topographic surveys, and many 

other applications [6].  
This paper has demonstrated a new method using video monitoring system technology to calculate the 

beach slope and monitor shoreline changes. Recent developments in shoreline mapping now make it 

possible to extract instantaneous shorelines from publicly available satellite imagery [3, 12, 13]. The 
concept of calculating the beach slope using this method is to compare the tidal elevation obtained from 

tide gauge in Bakar, Croatia, and the distance between the shoreline positions along a cross-shore 

transect at two different times. In the following section, we briefly describe the study site and explain 
the method used in more detail in Section 3. In Section 4, we compare the results between two methods 

using video monitoring system (VMS) and unmanned aerial vehicle (UAV) surveys to test the accuracy 

of the results obtained between two different methods.  

 

 
Figure 1. The simplest technique for measuring a beach profile known as the “ Emery board ” method, 

developed by K.O. Emery in 1961. 
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3 Methods 

3.1. Study site - Beach Ploče 

This study was carried out on an artificial gravel beach Ploče, in the northwest part of the city of Rijeka, 

the Kvarner Bay.  It consists of a beach area of 14 000 m2, a green and illuminated walkway, and a zone 

above the promenade with Mediterranean plants and benches for resting. The total length of the beach 

is 320 m and is divided by a 30 m long central groyne into two cells of approximately equal length. Two 
additional groynes were constructed on the east and west sides of the beach to extend the natural 

headlands (Figure 2.). The sediment grain size can be classified as gravel to pebble (D50 = 16-32 mm), 

which is typical for other gravel beaches in Croatia.  
Weak and moderate winds dominate throughout the year, with often calm periods, and occasional storms 

with wind velocities exceeding 30 m/s rarely last more than one day[14]. The prevailing winds in the 

Kvarner Bay are bura (NE) and jugo (SE). Most of energetic wave conditions are observed during winter 

season. Storm events are the dominant generator of gravel transport on beaches of the eastern Adriatic 
Sea. Tides in the Adriatic Sea can be described as microtidal, with mean tidal amplitudes well below 2 

meters. The nearest tide gauge in Bakar, which is the longest-operating station on the Croatian coast 

(since 1929.) shows that the mean daily amplitudes in the Kvarner Bay are 0.35 m [15]. The region is 
also prone to occasional extremely high-water levels (also called Acqua Alta) when there is a 

superposition of high tide, storm surge, seiche, and other low-frequency sea level fluctuations [16]. 

 
 

 
Figure 2. Historical coastline from aerial images from 1968 (black), the coastline of the artificial beach 

constructed in 2011 (green), constructed submerged sill (yellow) and groynes (orange) 

 

  3.2. Camera setup 

An Argus video monitoring system was installed at the Ploče beach, which consists of two cameras 
mounted on the roof of the indoor swimming pool in early October 2019. The video cameras are at 13.8 

m above the mean sea level (MSL) (Figure 3.). Each camera covers different part of the beach, the 

western and eastern part of the beach respectively. However, due to location of cameras, there is a 
complete coverage of the western part of the beach (azimuth 277  ͦTN) only. The eastern part is not fully 

visible due to trees and vegetation (azimuth 120 ͦ TN).  

In this project, the Blackfly S GigE camera (BFS-PGE-122S6C-C) was used with a resolution of 4,096 

x 3,000 pixels, which provides continuous high-resolution video images captured at 4 Hz (Figure 3.). 
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Figure 3. Position of the video monitoring system at the edge of the swimming pool complex at the beach site, 

one camera per beach cell (west and east in Figure 1.) 

 

 

The shoreline location is function of tidal elevation, wave set-up and swash. In order to enable the 
shoreline location comparison, images are taken during calm wave periods. Additionally, images taken 

when the sea level at the Bakar tide gauge was between 0 cm and 60 cm were considered. The focus of 

this study is on the western beach and in the rest of the paper it will be referred as the beach. 

During the period from September 30, 2020, to March 27, 2021, we collected 10 images using video 
monitoring system technology. The images were taken on the same day or ± 5 days compared to the 

UAV survey period. The CoastSnap software package, developed by [15], is used to derive shorelines. 

The package is developed for processing and analysis of the beach images. The original images are 
oblique, and they were georectified before shorelines were extracted. Due to the fixed location of the 

sensor, only the lens characteristics (radial distortion) and ground control points (GCPs) were required 

to create a georectified image. Six GCPs for the beach were set-up by the Geodetic Institute Rijeka. 

Points on fixed objects were chosen, such as concrete walkways and walls, groyne rocks, and stairs. All 
the GCP points were measured in the Croatian Terrestrial Reference System HTRS96 (EPSG: 3765) in 

the horizontal plane and HRVS71 in the vertical direction. The RMSE error for image rectification (that 

is, the difference between the estimated and ground-surveyed point positions) was 3.80 pixels for this 
study on beach Ploče. For the extremely high-resolution images recorded, this corresponds to an 8.5 cm 

distance on the ground. We laid out a series of cross-shore transects at a 2 m interval along the shoreline 

(Figure 4.). The transects were used to determine the shoreline position along the transect using the CCD 
method/algorithm [17].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Alongshore variability in shoreline position between September 30, 2020, and March 27, 2021 
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3.3 Flight mission settings 

 

Unmanned Aerial Vehicle (UAV) - based remote sensing techniques have demonstrated great 
potential for monitoring rapid shoreline changes [18] and mapping coastal environments. With 
image-based approaches utilizing Structure from Motion (SfM), high-resolution Digital Surface 
Models (DSM), and orthophotos can be generated efficiently using UAV imagery [18]. In this 

study, Geodetic Institute Rijeka (GZR) and the Faculty of Civil Engineering in Rijeka (GradRi) carried 

out the surveys. GZR used a Matrice 200 unmanned aerial vehicle (UAV) with camera Sony ILCE-7M2 

and GradRi used a DJI Phantom 4 Pro e UAV for the image requisition [19]. The number of images 

ranged from 208 to 667 and the flight altitude ranged from 19.2 to 29 m and 100 - 103 m for GradRi 

and GZR survey [19]. Both institutions used Agisoft Metashape Professional to generate point clouds 

from the captured photos. This technique has demonstrated a successful implementation and being 

considered as an efficient method of calculating and mapping the spatial distribution [6]. Detailed 

settings for the UAV flight mission can be found in [19]. 

 
3.4. Beach slope calculation (VMS) 

 

Ideally, beach slope is measured in the area starting from the highest point reached by high tide and 

the lowest point reached by low tide. The timing of these conditions can occur at night when mapping 

with a video monitoring system cannot be carried out [6]. To simplify this, beach slope in this study is 
defined as the ratio of vertical elevation to horizontal distance. Based on this, the vertical elevation ∆𝐡 

is determined from the tidal elevation which is obtained from tide gauge at Bakar, and the horizontal 

distance ∆𝐱 is calculated from the difference in distance between two shoreline positions along the 
cross-shore transect (yellow line Figure 5.) with different tidal conditions at different times. The 

simple method to estimate beach slope from the set of the instantaneous shorelines is shown in Figure 

5. It is important to choose dates when the weather conditions are calm, because then waves, storms, 

etc. cannot affect the shoreline changes. Once these values are obtained, the beach slope can be easily 
calculated using Eq. (1) if we want the result in degrees, or Eq. (2) for tgβ. 

 

 
 

𝐬 =  𝐭𝐚𝐧−𝟏
∆𝒉

 ∆𝒙  
  (1) 

 

 
 

𝐭𝐠𝛃 =  
∆𝒉

∆𝒙
  

 

(2) 

 

 

 

 
 

Figure 5. Beach slope calculation using video monitoring system 
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3.5.  Beach slope calculation (UAV) 

 

By considering the practicality of a method based on the spatial and temporal scale of interest and the 
use of low operating costs, the use of UAV is considered as a method with high accuracy, speed, and 

efficiency, hence making it suitable for beach slope spatial mapping [6]. The use of drones is expected 

to cover areas that are difficult to access and still provide high accuracy and resolution.  Figure 6. shows 
the elevation changes of the beach during the UAV survey (red dots) and the process of beach slope 

calculation (red triangle). The concept of beach slope calculation by an unmanned aerial vehicle is the 

similar to the procedure performed with VMS technology, i.e., comparing different tidal conditions (blue 

and green line) at different times. Two parameters ∆𝐡 and ∆x were determined as instersection between 
two tidal elevations and the UAV survey on the same day or ± 5 days. After the values are obtained, the 

beach slope can be calculated by using the Equation 2.  

 
Figure 6. Beach slope calculation using unmanned aerial vehicle 

 

 

4 Results and discussion 

 
4.1. Beach slope 

 

The objective of the method presented here is to estimate the beach slope without the requirement for 

field surveys, but instead relying only on remotely sensed data. Instantaneous shorelines are extracted 
using CoastSnap, an open source softver package that allows users to obtain time series of shoreline 

position on any gravel coastline. For this study, 10 shorelines were extracted at different times to 

determine the slope of the beach surface. Only images taken during calm wave conditions were suitable 

for analysis, and the observation period was between October 1, 2020, and December 15, 2020, as UAV 
surveys. Beach slope results obtained using UAVs are useful for testing the agreement between two 

methods. The method of calculating beach face slope using VMS is based on the comparison of two 

waterlines (shoreline, extracted from a satellite image) and waterline heights (difference between two 
tidal elevation) which are timed to match [6]. Table 1. summarizes the key characteristics needed for 

the calculation of the beach slope (∆x-horizontal distance between two shoreline positions along the 

cross-shore transect, ∆h - vertical difference between two tidal elevations, and tgβa beach-face slope, 
i.e., the ratio between ∆x and ∆h). From the obtained results, presented in the table, we could observe 

that the beach-face slopes varied from tgβ = 0.16 to tgβ = 0.42 for the video monitoring system and tgβ 

= 0.16 to tgβ = 0.44 for the unmaned aerial vehicle technology. Comparing the obtained values with 

research by [3] the Ploče beach can be characterized as a steep beach. Flatness or steepness of the beach 
also depends on the grain size. In general, the beach slope will be steeper if the sediment grain size is 

larger (pebbles, cobles) and will be gentler if the sediment grain size is smaller (sand, silt) [21], [22].  

 
Sediment grain size at Ploče beach can be classified as gravel to pebble, and on gravel beaches the slope 

is often more than 10° (tgβ > 0.18) [22], which we can also confirm with the obtained results. 
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Table 1. Beach slope values using VMS and UAV technology 

 
 
Beach 

slope 

values 

using 

VMS 

Date Δx Δh β(°) tgβa 

1.10.2020. 0.81 0.29 19.70 0.36 

13.10.2020. 1.28 0.31 13.61 0.24 

24.11.2020. 0.81 0.34 22.77 0.42 

10.12.2020. 3.02 0.47 8.85 0.16 

14.12.2020. 1.58 0.35 12.49 0.22 

 
 

Beach 

slope 

values 

using 

UAV 

1.10.2020. 0.73 0.29 21.66 0.40 

13.10.2020. 1.03 0.31 16.76 0.30 

24.11.2020 0.77 0.34 23.82 0.44 

10.12.2020. 2.86 0.47 9.34 0.16 

14.12.2020. 1.57 0.35 12.55 0.22 

 

 

  

UAV is beneficial tool for environmental surveying, mapping, and monitoring [12]. The beach was 

surveyed 19 times between January 17, 2020 and February 26, 2021 to observe post-nourishment 
changes of the Ploče beach for the purposes of [19]. For the comparison of these two methods, 5 UAV 

survey data without significant changes due to erosion or accretion were used for this study. After 

performing the procedure described in Section 3.5, we obtained the results shown in Table 1. 
Performance indicators such as root mean square error (RMSE) and coefficient of determination (R2) 

are used to assess the accuracy between two sophisticated techniques. There is strong agreement 

between the UAV and VMS technologies, with a coefficient of determination (R2) of 0.95 and a root 

mean square error (RMSE) of 0.05 with a small deviation in October, as shown in Figure 7. The slope 
estimation method performed best when tgβ ≤ 0.22,  as we can observe in December, where the results 

are the same, but for steeper profiles (tgβ>0.24), the average deviation is 0.03.  

  

Figure 7. Alongshore variability in average beach-face slope using the methods described in Section 3.3 and 3.4 
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5 Conclusion 

The relationship between beach-face slope with tidal range, grain size and wave energy have been 
studied by numerous researchers over the years. Some researches derived equations for the beach face 

slope, but these equations are complicated and require knowledge of the wave characteristics at a site 

(e.g., offshore wave height, breaking wave height, and wave period) or the sediment characteristics 
(grain size, average grain, sediment sorting, and porosity) [13]. Researchers also suggested some simpler 

methods such as the “Emery board”, which is inexpensive, quick, and easy but required fild survey and 

unnecessary human labour. This paper presents a new method for calculating beach slope using a video 
monitoring system (VMS). The concept for calculating beach slope using this method is to compare the 

tidal elevation and the distance between two shoreline positions along the cross-shore transect at two 

different times. The obtained results characterized the Ploče beach as steeper beach with beach slope 

between tgβ = 0.16 and tgβ = 0.42, and show good suitability with UAV mapping technology.  
Shortcomings of this method can occur during the shoreline extraction because of  possibility of a lot of 

noise and errors in the resulting data [6]. For example, missalignment occur due to sun glint, coastal 

winds or heavy rainfall which can cause water surface movement and thus image distortion.   
This technique reveals VMS’s potential for effective coastal managment and provide high accuracy in 

beach slope calculation. The goal of the future study is to expand the data set and show agreement with 

the “beach-face slope estimation algorithm” developed by [20].  
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