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 Sandy beaches are complex, highly dynamic, fragile environments that are constantly 
evolving. Understanding the dynamics of these areas is crucial, both for fundamental science 
and for coastal zone management. This study presents the results of a seasonal morphological 
and sedimentological monitoring of the sandy beaches of Massa, located in the central-
western region of Morocco. This monitoring was conducted using both an electronic total 
station and the spatialization of grain size indices (median, sorting index So, and skewness) 
through interpolation within a Geographic Information System (GIS). A total of 15 topographic 
profiles were surveyed perpendicular to the coastline during three field campaigns conducted 
between September 2019 and July 2020. The results indicate a morphodynamic equilibrium 
of the beaches, characterized by a normal morphological cycle with erosion during winter and 
accretion during summer. This balance is primarily attributed to the physical behavior of the 
beaches in response to wave energy, as well as the presence of a highly developed coastal dune 
capable of supplying sediment to the beaches during periods of shortage. Additionally, the 
spatialization of grain size indices from 90 samples clearly highlights the significance of 
hydrodynamic factors, such as waves, tides, currents, littoral drift, and winds, in the 
distribution of sandy sediments on the Massa beaches. Atlantic waves from the NNW sector, 
accompanied by a North-South littoral drift, govern the transport and deposition of sediments 
along beaches, while tides, currents, and local winds contribute to their redistribution across 
the different beach zones (foreshore, backshore, and coastal dune). Indeed, seasonal 
hydrodynamic conditions, as well as the proximity or distance of sediment source zones, play 
a critical role in sediment distribution along these beaches, providing valuable insights for 
coastal management strategies aimed at mitigating erosion, preserving beach morphology, 
and ensuring sustainable development in coastal zones. 
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1. Introduction  
 

Sandy beaches, which represent 31% of the world's 
ice-free coastlines [1], are dynamic environments in 
constant evolution. Their morphology and dynamics are 
closely linked to sediment supply sources and the energy 
driving sediment transport and deposition processes [2]. 
The monitoring of this dynamic is conducted through 
morphological and sedimentological approaches, 

covering different long-term and short-term temporal 
scales [3,4].Over the long term, the study of 
morphological changes in beaches, carried out over 
periods exceeding five years, provides a comprehensive 
overview of their evolution. Such studies utilize 
advanced techniques such as video imaging, satellite or 
aerial imagery (drones), and LIDAR [5-11]. 

On shorter timescales, morphological monitoring 
provides detailed insights into beach responses at 
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annual, seasonal, or event-driven scales (e.g., storms). 
These observations typically require intensive field 
campaigns lasting from a few days to several weeks and 
are conducted using various techniques, depending on 
meteorological, logistical, and spatial constraints. 
Modern tools such as LIDAR, drones, and video imaging 
are also frequently employed for short-term monitoring. 
However, topographic surveys using total stations 
remain the most commonly used method due to their 
independence from weather conditions, ease of use, low 
cost, and reliability [12]. These surveys, conducted along 
transverse profiles, allow cross-sectional analyses of the 
seasonal evolution of beaches and their morphological 
responses to winter and summer hydrodynamic 
extremes.  

From a sedimentological perspective, beach dynamics 
can be understood through the characterization of sandy 
sediments distributed within the beach-dune system and 
their seasonal evolution. This characterization helps 
establish relationships between sediment properties, 
particularly grain size, and the transport and deposition 
conditions they experience. Sediment movement along 
most beaches is primarily controlled by marine and 
aeolian hydrodynamic processes and is strongly 
influenced by the grain size characteristics of the original 
sediments [13,14]. The distribution of sediments is 
closely linked to hydrodynamic factors such as waves, 
tides, currents, and winds. Additionally, grain size 
distribution is affected by various factors, including the 
distance from the shoreline, the proximity to sediment 
sources (e.g., rivers), the nature of the source materials, 
local topography, and dominant transport mechanisms 
[15-16]. 

In recent years, the use of Geographic Information 
Systems (GIS) has become increasingly common for 
monitoring beach dynamics [17-20]. GIS, with its 
capabilities for acquiring, compiling, storing, 
manipulating, analyzing, and visualizing georeferenced 
data [21-28], provides tools that are perfectly suited for 
these environments, where multiple interacting 
components converge. This tool facilitates the 
spatialization of sand grain distribution and size across a 
beach through the interpolation of grain size results. 
Such spatialization offers a significant opportunity to 
more precisely observe the seasonal variability of 
sediments on beaches. 

The Moroccan Atlantic coastline is characterized by 
remarkable morphological diversity, with beaches 
forming a key component of the coastal landscape. These 
beaches, often associated with dunes developing in the 
backshore, are particularly prevalent in less anthropized 
areas [29-31]. They represent a valuable tourist resource 
that requires rigorous protection from anthropogenic 
pressures such as intensive urbanization and sand 
extraction [32-34]. These extensive beaches are typically 
located at river mouths, which play a crucial role as 
primary sediment suppliers. In recent years, numerous 
scientific studies have focused on the morphological 
evolution of the mesotidal beaches of the Moroccan 
Atlantic coast [35-39]. These studies emphasize the 
importance of using total stations (theodolites) for 
monitoring beach dynamics and observing 

morphological variations at various temporal scales, 
particularly annual and seasonal. 

This article aims to analyze the dynamics of the Massa 
beaches (Sidi Ouassai and Sidi Rbat) on a seasonal scale 
(winter and summer) from September 2019 to July 2020 
, based on topographic surveys conducted using a total 
station. The study pursues several objectives. First, it 
seeks to monitor the seasonal evolution of the beaches to 
understand how winter and summer hydrodynamic 
variations influence measured beach profiles. Second, it 
aims to characterize the impact of seasonal 
hydrodynamics on sediment distribution in these coastal 
areas. To this end, a grain size analysis of collected sandy 
sediments was conducted, extracting and comparing 
various grain size indices and their spatial distribution. 
Additionally, a comparative study of sediments collected 
during winter and summer seasons was carried out using 
a Geographic Information System (GIS) to evaluate the 
effect of seasonal hydrodynamics on sediment 
distribution across different beach compartments: the 
intertidal zone, the dry beach, and the foredune. 
Understanding the seasonal morphological cycle and 
sediment distribution on the Massa beaches is 
fundamental for assessing their current dynamics and 
contributing to more effective and sustainable coastal 
management. 
 

2. Method and material 
 

2.1 Study area 
 

In central-western Morocco, approximately 30 km 
south of Agadir, two picturesque beaches form at the 
mouth of the Massa River: Sidi Ouassai Beach on the left 
bank, which is vast and expansive, and Sidi Rbat Beach on 
the right bank, which is narrower. These two river-
mouth beaches display a marked difference in beach 
extent and intertidal zone width. Together with the 
Massa estuary, they form a 4.2 km coastal cell bordered 
to the north and south by coastal cliffs (Figure 1 c).The 
genesis and evolution of these beaches are deeply 
connected to the sediment input from the Massa River, 
which drains the waters of a 4,907 km² Anti-Atlas 
watershed. The river originates in the Anti-Atlas 
Mountains, and its basin is characterized by a hot semi-
arid climate (BSh, Köppen classification), marked by 
irregular precipitation and river flows. The average 
annual precipitation located 15 km from the Massa 
estuary, are 163.6 mm and 22°C, respectively (Figure 1 
b). The annual mean discharge recorded and 
temperature recorded at the Melk Zhar station, at the 
Youssef Ibn Tachafine Dam hydrometric station, which 
regulates 80% of the basin’s total area, is 3.91 m³/s for 
the period 1976–2018. This rate varies from year to year, 
with a maximum flow rate of 18.26 m³/s and a minimum 
flow rate of 0.83 m³/s. However, during exceptional 
floods, such as the one in 2014, the hydrometric station 
at the dam recorded an average annual flow rate of 50 
m³/s. 

The Massa coastal cell is highly exposed to energetic 
Atlantic waves from the NNW sector. According to daily 
forecasts from the Spanish SIMAR system at point 
1040022 (coordinates 30.500 N, -10.000 E), 82.5% of 
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waves have a significant height below 2.5 m, while 17.5% 
exceed this height (Figure 1 d). Regarding wave periods, 
47.14% last longer than 10 seconds (Figure 1 d). This 
wave regime highlights the predominance of swell-
driven conditions in winter and mixed swell and shorter-
period wave conditions in summer [35]. Regarding the 
tide, it is semi-diurnal, very regular, and almost 
sinusoidal. This type of tide is predominant along the 
mesotidal Moroccan Atlantic coasts. The tidal range 
varies between 3.55 meters during exceptional spring 
tides and 1.15 meters during exceptional neap tides. The 
dominant wind direction along the Massa coastline is 
NW, accounting for 82% of wind occurrences, as 
recorded at the Melk Zhar station (Figure 1 e). Other 
wind directions include 14% from the southeast and 4% 
from the west [40].  

With its unique location within the boundaries of the 
Souss Massa National Park, a region of significant 
ecological and environmental value, the Massa beaches 
exhibit remarkable morphological diversity. On one side 
lies Sidi Ouassai Beach, which is broadly open to the 
continent, featuring a relatively wide intertidal zone and 

a foredune dominated by giant nebkhas stabilized by 
Macaronesian Chenopodiaceae species such as 
Traganum moquini (Figure 2 a). On the other side, Sidi 
Rbat Beach is characterized by a short intertidal zone 
bordered by a high beach dune pressed against the cliff 
(Figure 2 b). Between these two beaches lies the 750-
meter-long Massa estuary, located in a morphologically 
low area. Designated as a Ramsar wetland in 2005, the 
estuary is recognized as a national and international 
biological and ecological site of interest (Figure 2 c). It 
remains typically closed, opening only sporadically 
during heavy winter floods and/or water releases from 
the Youssef Ben Tachafine Dam (Figure 1 b).The closure 
of the Massa estuary results, on one hand, from NW 
winds that transport sand inland, forming a sandbar that 
is difficult for the Massa River to breach. On the other 
hand, the construction of the Youssef Ben Tachafine Dam 
upstream of the Massa River in 1971 has significantly 
reduced sediment supply and discharge, further 
contributing to the obstruction of the estuary 
downstream. 
 

 

 
Figure 1. Location of the study area; (a) Overview of the study area location on the map of Morocco, (b) 

Location of the Massa beaches south of Agadir; the blue star marks the Melk Zhar climatic station, and the 
red star indicates measurement points provided by the Spanish port authorities under reference number 
1040020.(c) A satellite image from the Pleiades satellite (taken in October 2018) showing the locations of 

surveyed topographic profiles.(d) Significant wave height and period. (e) Dominant wind direction. 
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Figure 2. The Massa beaches (a) Sidi Ouassai beach (b) Sidi Rbat beach (c) The mouth of Massa River 

 
Two methodological approaches were adopted to 

monitor the dynamics of the Massa beaches (Sidi Ouassai 
and Sidi Rbat). The first approach involved tracking the 
morphological evolution of the intertidal and supratidal 
zones of the beaches from September 2019 to July 2020 
through topographic surveys using a total station 
(theodolite). The second approach focused on 
characterizing the sandy material distributed across the 
beaches to extract the dominant sand texture parameters 
and analyze their seasonal evolution.  

 
2.2 Measurement of Seasonal Beach morphology 
changes 
 

To monitor the morphological evolution of the sandy 
beaches, topographic surveys (profiles perpendicular to 
the coastline) were conducted, with repetition at 
seasonal intervals (winter/summer). The field 
measurements were based on the use of a high-
resolution electronic total station (with a manufacturer’s 
estimated accuracy of ± 1.5 mm) (Figure 3 b). The 

principle of the total station involves aiming at a 
reflective target held by a person at the measurement 
point (Figure 3 a). The total station is used to measure 
horizontal and vertical angles, as well as the distance 
between two targets. These three measurements allow 
for positioning the observed point relative to a reference 
centered on the total station [41]. Indeed, the person 
holding the target climbs a pole and stops at each break 
in slope, while the operator of the device records points 
by aiming at the target at each stop (Figure 3 b). The 
margin of error in using this total station is estimated at 
5 cm, which is due to the variable penetration of the 
target into the ground. This means that when the leveling 
staff is placed on loose surfaces, such as sand, its 
penetration may vary depending on the consistency and 
bearing capacity of the ground. These irregularities in 
support can lead to slight discrepancies in elevation 
measurements, thus affecting the accuracy of 
topographic surveys. 

Each profile has a fixed station head, which allows, 
on one hand, for re-establishing a station in case of loss, 
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and on the other hand, serves as orientation points. 
Additionally, each beach profile is characterized by a 
specific horizontal angle (Hz), which facilitates regular 
monitoring of the same profile. During the topographic 
surveys, the total station is installed on the station head, 
and the operator places the prism rod at the base of the 
beach, then moves upward along the defined axis (Hz). 
Topographic measurements were taken along the 
profiles, and whenever an apparent morphological 
change was observed, a point was recorded. The main 
geographical characteristics of the various profiles 
surveyed are summarized in Table 1. 

The selection of the topographic profiles on the 
Massa beaches was based on observed morphological 
variations. A total of 15 profiles were surveyed, 
distributed as follows: 10 profiles for Sidi Ouassai Beach, 
2 profiles at the Massa estuary, and 3 profiles at Sidi Rbat 
Beach (Figure 1 c). These profiles were surveyed during 
three measurement campaigns. The 

 

 first and third campaigns were conducted during the 
summer, in September 2019 and July 2020, while the 
second campaign was carried out in winter, in January 
2020 (Figure 4). The choice of these two seasons, winter 
and summer, is based on the significant morphological 
variations observed during these periods. Two summer 
campaigns and one winter campaign were selected to 
examine the morphological cycle of the Massa beaches, 
analyzing the changes affecting the different 
morphological compartments between summer 2019 
and January 2020, and then between January and July 
2020. The objective is to highlight how the studied 
beaches responded to the impacts of extreme winter 
conditions, characterized by powerful waves capable of 
eroding the beaches, and the effects of calmer 
hydrodynamic periods, marked by less intense waves 
that promote sediment deposition. 
 
 
 
 

 
 

Figure 3. Measurement instrument used for topographic surveys, (a) Principle of beach profile surveys, (b) Setting up 
the SOUTH NTS-375R total station, (c) The reflective target. 
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Table 1. Geographical Characteristics of Surveyed Beach Profiles 
 

Massa 
coastal cell 

 
Profile 

Coordinates 
(Universal Transverse 

Mercator) 

 
Altitud

e in (m) 

Angle 
relative to 
North (°) 

Average 
profile length 

(m) 
 

X 
 

Y 
 
 
 
 

Sidi Ouassai 

1 86457.53 
86305.01 

347356.75 
347204.23 

4.56 235.35 152.52 

2 86599.27 
86409.39 

347499.98 
347310.11 

6.75 393.27 189.88 

3 86898.99 
86601.58 

347810.94 
347513.53 

6.58 305.18 297.41 

4 87131.01 
86976.91 

348080.70 
347926.61 

5.02 253.64 154.10 

5 87135.06 
86998.86 

348314.33 
348178.13 

6.78 365.5 136.20 

6 87028.02 
86891.55 

348451.67 
348315.21 

6.83 252.12 136.47 

7 87298.94 
87139.68 

348603.29 
348444.03 

6.74 332.23 159.26 

8 87073.73 
86917.72 

348861.84 
348705.83 

5.13 235.15 156.01 

9 86880.43 
86749.92 

348690.82 
348560.31 

5.28 254.2 130.51 

10 86695.62 
86538.61 

348813.59 
348656.58 

4.21 336.68 157.01 

Mouth of 
the Massa River 

11 86604.66 
86246.91 

348816.16 
348458.41 

6.84 397.58 357.76 

12 86537.44 
86248.55 

348891.03 
348602.14 

4.92 398.12 288.89 

 
Sidi Rbat 

13 88600.04 
88448.73 

350323.31 
350172.00 

4.21 246.12 151.31 

14 88734.18 
88556.91 

350718.31 
350601.04 

6.30 238.39 117.27 

15 88750.02 
88661.01 

350739.65 
350650.64 

8.31 334.21 89.01 

 

 
Figure 4. The Measurement Campaigns Conducted on the Beaches of Massa 
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The topographic profiles were also used to quantify 

volumetric variations (sediment balance) of sediment 
inputs and losses on the different beaches studied. The 
calculation of these variations primarily relies on 
monitoring the seasonal morphological evolution of the 
intertidal and supratidal zones of several beach profiles. 
In this study, we used the software PROFILER 3.1 to 
calculate the sediment balance. The choice of this 
software is based on its ability to provide precise and 
reliable measurements of sediment budgets. It allows for 
the quantification of volume variations, which is crucial 
for determining sediment budgets in coastal 
environments. This free tool allows for the construction 
and descriptive analysis of topographic profiles, 
particularly beach profiles, and can also be used for other 
types of terrain [42]. While other software packages exist 
for calculating volumetric variations, such as BMAP 
(Beach Morphology Analysis Package) and BPAT (Beach 
Profile Analysis Toolbox), as well as AutoCAD modules 
like Covadis, these tools can be complex or expensive. 

PROFILER 3.1 is an add-in for Microsoft Excel, 
offering ease of access and flexibility. Its principle is 
based on calculating the sediment volume of topographic 
profiles, using the relationship between cumulative 
distance and profile altitude. However, this software 
introduces uncertainties primarily related to the 
morphology of each profile. The calculations performed 
by PROFILER 3.1 assume that the topographic base of 
each profile is flat, resembling a marine abrasion 
platform. 

To understand the various processes shaping the 
morphology, it is important to establish a 
morphodynamic classification of the Massa beaches to 
assess their response to wave energy. Establishing such 
a classification is based on an in-depth analysis of the 
morphological characteristics of the studied beaches, 
taking into account the wave dynamics and their 
interaction with the beach geometry. This classification 
allows for categorizing the beaches based on their 
responses to hydrodynamic variations, particularly the 
effects of waves and currents. 

To establish a morphodynamic classification of the 
Massa beaches, we adopted the surf similarity index (ξb). 
This index is a parameter used to characterize the 
morphodynamics of beaches based on the properties of 
the waves affecting them. It helps identify beaches with 
similar behaviors in terms of wave regimes. This index 
uses the Iribarren number, expressed by the following 
formula [43]: 
ξb= tan β / (Hb/L0)0,5 

 
Where: 
Hb is the wave height at breaking (in meters), 
L0 is the wavelength offshore (in meters), 
β is the beach slope (in degrees). 

 
The beach is classified as dissipative when 

ξb<0.23ξb<0.23, intermediate if ξbξb is between 0.23 and 
1, and reflective when (ξb > 1) [43]. 
 

2.3 Seasonal grain Size distribution 
 

Grain size analysis is a key element in understanding 
beach dynamics, as it provides relevant information 
about the size, composition, and distribution of 
sediments. These characteristics directly influence how 
beaches respond to hydrodynamic forces such as waves, 
currents, and tides. To evaluate the seasonal distribution 
of grain size, two sampling missions were conducted 
during this study. The first mission took place on 
February 8th, 9th, and 10th, 2020, and the second on July 
9th, 10th, and 11th, 2020, corresponding to the second 
and third measurement campaigns (Fig. 4). The objective 
of these missions was to collect sediment samples from 
various coastal units, including the foreshore, the dry 
beach, and the foredune (Figure 5 a). The selection of this 
coastal units for sampling is based on their distinct role 
in coastal dynamics and their importance in the overall 
functioning of the coastal system. These different 
morphological units respond differently to the dominant 
hydrodynamic processes. However, they function as a 
morphosedimentary system in which the elements are 
closely interconnected. Samples were uniformly 
collected at a constant depth to enable comparisons 
between the different collected samples. Subsequently, 
the geographical coordinates (X, Y) of each sample were 
recorded using a mobile GPS device. This allowed us to 
spatially map these samples along different beach 
profiles and to characterize the transverse and 
longitudinal spatial evolution of various grain-size 
indices on the beaches. 

A total of 90 samples were collected during the two 
missions. Particle size distribution was determined using 
a Rop-Tap sieve shaker for 15 minutes with an AFNOR 
mesh grid (Figure 5 b). Statistical parameters (mean, 
sorting, skewness) were calculated using the GRADISTAT 
software version 8.0. This program enables the rapid 
computation of grain-size statistics based on the Folk and 
Ward methods [44] and moment methods [45]. It is 
integrated into a Microsoft Excel spreadsheet, providing 
both tabular and graphical outputs.  

To characterize sediments more precisely, it is 
necessary to calculate several granulometric indices and 
parameters. Among these, the most frequently used are 
the median (Md), the Trask sorting index (SO), and the 
skewness index (SK). The median is a positional 
parameter that divides the distribution into two subsets 
of equal size, where 50% of the values are higher and 
50% are lower.Sorting parameters provide insight into 
the history of grain populations by characterizing the 
conditions of sediment deposition and transport. The 
sorting parameters we used include the Trask sorting 
index (SO), calculated using the following formula: SO = 
√Q1/Q3, where Q1 and Q3 represent the 25th and 75th 
percentiles of grain diameters on the cumulative 
curve.As for the skewness index, it characterizes the 
deviation of the granulometric curve from the normal 
Gaussian curve. This index is calculated as follows: SK = 
√(Q1-Q3)/Median. 
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Figure 5. (a) Morphological units sampled on the Massa beaches, (b) Laboratory work: sieving using an AFNOR-type 
sieve. 
 
 
2.4 Wave Hydrodynamic forcing 
 
       Hydrodynamic factors such as swell, waves, and tides 
play a decisive role in the dynamics and evolution of 
beaches, as they determine the processes of erosion, 
sediment transport, and deposition. The study of these 
factors is essential for understanding the mechanisms 
that govern coastal dynamics. In the context of this 
research, their analysis helps explain the morphological 
variations observed on the studied beaches. 
      During the various measurement campaigns, the 
dominant hydrodynamic conditions, namely the 
significant wave height and the significant wave period, 
were recorded using daily forecasts managed by Spanish 

port authorities at the SIMAR point 1040020 
(coordinates 30.500 N, -10.000 E) (Figure 1b).During the 
field missions, wave heights varied between 2 and 3 
meters (Figure 6a). As for the significant wave period 
(Ps), it fluctuated between 7 and 12 seconds (Figure 6b). 
Figure 6 below clearly illustrates the seasonal variations 
in wave height and period. Energetic waves, with a 
significant height exceeding 4 meters, were recorded 
during the winter seasons, from September to March. 
From March to September, the waves become less 
energetic. Regarding tidal coefficients, the values 
recorded during the various measurement campaigns 
were moderate to high, ranging between 52 and 78.  
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Figure 6. Dominant wave conditions during the various field missions. (a) Significant wave height, 

(b) Significant wave period, M I, M II, M III indicate field missions. 
 
3. Results  

 
3.1 Seasonal Beach morphology change 

 
 
 

 
On the Massa beaches (Sidi Ouassai and Sidi Rbat), 

the surveyed profiles generally exhibit different 
topographical patterns, including convex, concave, 
concave-convex, and regular shapes (Figure 7). Seasonal 
variations have significantly impacted the morphology of 
the beaches, as visually reflected in the topographical 
profiles. The dominant trend observed during the three 
measurement campaigns is erosion in winter and 
accumulation in summer on the foreshore, dry beach, and 
foredune. The average slope recorded during the field 
missions is as follows: 1.5 (P1), 2.25 (P2), 1.19 (P3), 1.85 
(P4), 2.8 (P5), 2.84 (P6), 2.39 (P7), 1.63 (P8), 2.4 (P9), 
1.69 (P10), 1.41 (P11), 0.89 (P12), 1.44 (P13), 3.2 (P14), 
and 6.22 (P15). 

The volumetric variations calculated between 
September 2019 and February 2020 show a negative 
sedimentary balance, with values ranging from -1 m³/m 
to -0.1 m³/m. In contrast, summer volumetric variations 
between February 2020 and July 2020 indicate a positive 

sedimentary balance, with values ranging from +1 m³/m 
to +0.1 m³/m (Figure 8). During the winter period 
(January 2020), high-energy meteomarine conditions are 
typically frequent, and waves are stronger. This is 
reflected not only in the topographic shape of the various 
beach profiles but especially in volumetric variations 
(losses). As a result, rip currents carry a larger quantity 
of sediments offshore. These sediments are stored lower 
in the profile in the form of sediment bars. Consequently, 
the general trend observed across all winter profiles is 
one of erosion. In contrast, summer periods (September 
2019 and July 2020) are characterized by less powerful 
waves, which facilitate the movement of sediments 
accumulated on nearshore sandbars toward the upper 
part of the beach, contributing to its thickening. This 
summer situation favors beach accretion, with the 
formation of littoral bars on the foreshore and the aerial 
beach, as well as the development of sand ridges at the 
foredune level. 
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Figure 7. Topographical evolution of the beach profiles of Massa 

 
To understand the seasonal dynamics and current 

evolution of the Massa coastal cell, it is essential to 
establish a morphodynamic classification for the beaches 
within this cell (Sidi Ouassai, Sidi Rbat, and the Massa 
estuary) through the calculation of the Iribarren number. 
The parameters measured for this calculation are 
summarized in Table 3 below. The results show a 
predominance of intermediate morphology across the 
beaches. However, some anomalies are noteworthy. 
These include profiles 3 and 12, surveyed respectively at 
Sidi Ouassai beach and the Massa estuary, which exhibit 
dissipative morphology. Additionally, profile 15, 
surveyed at Sidi Rbat beach, displays a reflective 
morphology (Table 2).  

Having different morphodynamic types within the 
Massa coastal cell has significant implications for 
understanding coastal processes. Each morphodynamic 
type responds differently to hydrodynamic conditions 
and exhibits distinct characteristics that influence 
sediment erosion, transport, and deposition processes. 
In a medium-to-high tidal range zone, such as the study 
area, Masselink and Short [46] demonstrated that 
intermediate morphology features a less prominent 
nearshore bar that appears at low tide. This morphology 

is also characterized by a unique configuration known as 
a "low tide bar and channel beach." Here, the upper 
foreshore is organized around a well-formed bar. Across 
the surveyed profiles with intermediate morphology, a 
nearshore bar is observed on the upper foreshore, 
particularly during the summer season. 

In winter, this bar undergoes significant erosion, 
which is reflected in the topographical profiles of the 
beaches. Dissipative morphology, on the other hand, is 
characterized by its ability to dissipate and absorb wave 
energy. It typically has a gentle slope, with waves 
breaking over long distances. Dissipative morphology is 
defined by a series of low-relief bars structuring the 
intertidal and subtidal zones, where waves break 
repeatedly. Dissipative profiles 3 and 12 exhibit these 
characteristics of multiple bars at the upper, middle, and 
lower foreshore levels. Finally, reflective morphology is 
distinguished by a steep slope. Wave energy is not 
absorbed but rather reflected by the steep upper 
intertidal beach. While the upper beach is steep, the 
lower beach has a gentler slope. This feature is clearly 
visible in profile 15. 
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Figure 8. Sediment budget calculated using Profiler 3.1 software on the Massa beaches. 
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Table 2. Measured or estimated data used in the calculation of the Iribarren number (ξb) for Massa beaches. 
Massa 

Beaches 
Profils Pente 

moyenne (β) 
Tan β L0 H

b 
Indice 

d’iribarren 
(ξb) 

Morphological 
Classification of 

Beaches 
 
 
 
 

Sidi Ouassai 

P 1 1.5° 0.02618 270 3 0.2505  
Intermediate P 2 2.25° 0.03929 270 3 0.3759 

P 3 1.19° 0.02077 270 3 0.1987 Dissipative 
P 4 1.85° 0.03229 270 3 0.3089  

 
 
 

Intermediate 

P 5 2.8° 0.04890 270 3 0.4679 
P 6 2.84° 0.04960 270 3 0.4746 
P 7 2.39° 0.04173 270 3 0.3993 
P 8 1.63° 0.02845 270 3 0.2722 
P 9 2.4° 0.04191 270 3 0.4010 

P 10 1.69° 0.02950 270 3 0.2822 
Mouth of 

Massa 
P 11 1.41° 0.02461 270 3 0.2355 
P 12 0.89° 0.01553 270 3 0.1486 dissipative 

 
Sidi Rbat 

P 13 1.44° 0.02513 270 3 0.2404  
Intermediate P 14 3.2° 0.05590 270 3 0.5349 

P 15 6.22 0.01898 270 3 1.0421 reflective 
 
 
 
3.2 Seasonal grain Size distribution 
 

During the winter season (February 2020), the 
predominant sandy materials consist of fine to medium 
sands. Median values range between 194 μm and 375 μm 
(Figure 9), indicating a transverse evolution 
characterized by a decrease in average grain size from 
the foreshore to the foredune, although some anomalies 
reveal an inversion of this trend in certain samples. At the 
mouth of the Massa River, medium sands dominate, 
likely due to sediment inputs from the river itself, which 
are the source of these sands. Additionally, these 
estuarine zone channels northwesterly winds, which 
have the capacity to transport finer materials inland, 
leaving coarser elements behind. At the northern and 
southern extremities of the Massa coastal cell, the 
median grain size increases significantly due to the 
presence of rocky outcrops on the foreshore, which 
enhance wave energy and turbulence in these areas. 
Simultaneously, a southward decrease in average grain 
size is observed, consistent with the dominant north-to-
south longshore drift and the local northwest-to-
southeast wind direction. This trend is accompanied by 
an increase in grain sorting (Figure 9). However, 
anomalies are to be noted. These anomalies are probably 

linked to partial enrichment by shell fragments. They 
may also be due to a mixture of materials. 

During the summer season, hydrodynamic 
conditions influence the distribution of sediments on the 
beaches. Median values range between 215 μm and 444 
μm (Figure 10). The distribution of these values reveals 
a spatial evolution of the median across the beaches, 
from the foreshore to the foredune. The longitudinal 
distribution of sediments highlights partially coarser 
areas at the mouth of the Massa River and to the south of 
Sidi Ouassai beach, as well as relatively finer areas at Sidi 
Rbat beach and to the south of the mouth (Figure 10). 
This situation reflects the impact of marine and wind-
driven hydrodynamics on the distribution of sediments 
on the beaches. 

The sorting coefficient (SO index) indicates well-
sorted sands for all the samples, with values ranging 
between 1.183 μm and 1.479 μm. The predominance of 
well-sorted sands, uniformly distributed across the 
beaches of the Massa estuary, reflects both the existence 
of a similar hydrodynamic process on all the beaches and 
a mechanical sorting of sands through longshore drift, 
coastal currents, and a relatively strong wind dynamic. 
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Figure 9. Spatial evolution of granulometric indices (median, sorting index, skewness) during the winter season on the 
Massa beaches. 

 
Figure 10. Spatial evolution of granulometric indices (median, sorting index, skewness) during the summer season on 
the Massa beaches. 
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4. Discussion  
 
4.1 A well-defined seasonal morphological cycle 
 

The analysis and processing of the various 
topographic data obtained during the different field 
missions allowed us to extract relevant information 
about the evolving pattern of the Massa beaches (2019-
2020) and to calculate the seasonal volumetric 
variations. The results highlight the different phases of 
seasonal evolution of the studied beaches (Sidi Ouassai, 
Sidi Rbat, Massa estuary) and their morphological 
response to winter and summer energy variations. 
Indeed, the dominant weather-marine conditions during 
the various measurement campaigns had a major 
influence on the evolution and dynamics of these 
beaches. During the winter seasons, waves from the 
north and northwest are regularly rough, reaching 
heights ranging from 2 to 3 meters, with periods 
exceeding 10 seconds. However, waves exceeding 4 
meters are also present, but they occur in less than 20% 
of the cases, corresponding to high-energy weather-
marine events (storms). In contrast, during the summer 
seasons, waves with heights of less than 2 meters account 
for more than 60% of the cases, with periods shorter than 
8 seconds. 

These weather-marine conditions directly 
influence the morphological variations observed in the 
topographical profiles. For all the surveyed topographic 
profiles, the morphological response of the Massa 
beaches to seasonal hydrodynamic variations is reflected 
by erosion in winter and accumulation in summer. 
However, it is important to note that this normal 
evolutionary pattern, which characterizes nearly all 
mesotidal beaches along the Moroccan Atlantic 
coast[30,35-38], presents variations from one coastal 
sector to another, even when exposed to identical 
hydrodynamic characteristics. This is mainly attributed 
to the physical behavior of the beaches and the local 
morphological configuration of each area. 

The topographic measurements taken during the 
winter seasons reveal pronounced erosion in all 
morphological compartments of the beaches (foreshore, 
backshore, and foredune), with a negative sediment 
budget. This is primarily manifested by the formation of 
more or less deep rills and microcliffs in the intertidal 
zone (foreshore), attesting to the high energy of the 
waves. This situation is caused by the winter 
hydrodynamic conditions, which generate powerful 
waves capable of eroding the beaches. Under the effect of 
these waves, sediments are carried offshore, resulting in 
remarkable changes in the topographic profile 
configuration. The eroded sediments in the intertidal 
zone are stored in the form of offshore bars that form 
parallel to the coastline. 

The summer measurement campaigns show an 
increasingly significant accretion, associated with a 
positive sediment budget for all the Massa beaches. 
During the calmer hydrodynamic periods of summer, 
waves tend to be less powerful, and as a result, sediments 
accumulated in the offshore bars are moved back toward 

the foreshore, promoting beach thickening. 
Morphologically, this accretion is manifested by the 
formation of littoral bars in the foreshore, with a notable 
thickening of the backshore and foredune. In fact, the 
beaches' ability to recover their sediment stock lost 
during the winter seasons shows that there is always a 
supply of sediments over time. The morphodynamic 
balance characterizing the beaches in the study area 
results from the interaction and interference of several 
hydrodynamic, geomorphological, and wind factors. 

When examining the profiles of all the beaches, it is 
generally observed that they exhibit an intermediate to 
dissipative type. This physical behavior plays a crucial 
role in their equilibrium state and their ability to 
regenerate naturally during the summer seasons. Indeed, 
the studied beaches are characterized by an extended 
wave breaking zone, meaning that waves break over a 
series of bars multiple times. This results in less 
concentrated energy on the beach, reducing erosion and 
promoting sediment accumulation. 

The presence of foredunes at the upper part of the 
beach also facilitates the natural replenishment of 
sediments during the summer seasons. They act as a 
potential source of sand to nourish the beaches during 
times of sediment shortage [47]. The relationship 
between the beaches in the study area and their 
foredunes is complex and strongly controlled by 
aerodynamic processes. First, the sand reserves 
deposited on the foreshore must be abundant. Then, 
winds from the north and northwest, blowing inland, 
must be strong enough to dry the sand, mobilize it, and 
transport it via rolling, saltation, or suspension towards 
the upper beach. Finally, the presence of vegetation cover 
in this part of the beach promotes sand accumulation, 
thereby contributing to the formation of foredunes. 
These dunes are connected to the beaches through 
reciprocal sediment exchanges. 

 
4.2 Seasonal grain Size distrubition 
 

Beach sediments are strongly influenced by seasonal 
hydrodynamic variability, including marine, wind, and 
fluvial factors on one hand, and the granulometry of 
source sediments on the other. The spatial evolution of 
granulometric indices across the different beaches of 
Massa cannot be attributed solely to the seasonal energy 
variability between winter and summer. Other 
geomorphological and hydrodynamic factors have also 
played a role in the distribution and evolution of 
sediments. 

The transverse distribution of different 
granulometric indices from 90 samples highlights a 
noticeable evolution from the foreshore to the foredune. 
During the winter season, the longitudinal evolution of 
various textural parameters (Md, SO, SK) reveals 
significant spatiotemporal variability at the beaches of 
Massa. The results show an increase in the average grain 
size at the mouth of the Massa River, a source area for the 
materials. The median size ranges from 194 µm to 372 
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µm, accompanied by an increase in sorting index (SO) 
and skewness index (SK). A decreasing dynamic gradient 
is observed from north to south, reflecting a progressive 
reduction in the median size in the direction of the 
dominant littoral drift (194 µm). Additionally, at the 
northern and southern ends of the beaches, the median 
size increases, with values of 343 µm and 324 µm, 
respectively. This increase results from several 
geomorphological and hydrodynamic factors. The 
presence of lithified dunes at the northern and southern 
ends of Sidi Ouassai and Sidi Rbat beaches may provide a 
source of sediment supply [28]. Moreover, the high wave 
energy during winter at the rocky promontory zones can 
cause significant wave agitation, explaining the increase 
in the median size. 

During the summer season, median values remain 
high at the mouth of the Massa River and the center of 
Sidi Ouassai Beach. This may be due to the significant 
impact of aeolian deflation, which moves fine particles 
inland. Another possible explanation for this evolution is 
the predominant action of the receding groundwater 
table in the central parts of the beaches, which often 
transports the finest materials offshore. Additionally, the 
increase in the median size could be partially explained 
by the enrichment of sediments with shell fragments. 

The predominance of fine to medium sands, along 
with the good sorting quality (SO index ranging from 
1.183 μm to 1.479 μm) observed during both the winter 
and summer seasons, suggests a relatively stable beach 
where hydrodynamic processes promote efficient 
mechanical sediment sorting. However, the decrease in 
grain size toward the foredune may make this area more 
vulnerable to wind erosion, as fine sands are more easily 
transported by wind, particularly under the influence of 
the dominant northwesterly winds. In contrast, at the 
northern and southern ends of the Massa coastal cell, the 
presence of rocky outcrops on the foreshore increases 
wave energy and turbulence, which can lead to greater 
erosion of adjacent beaches. These areas are therefore 
less stable due to more intense hydrodynamic activity, 
which limits the deposition of fine sediments and favors 
coarser grain sizes. 
 
5. Conclusion 
 

The study of the morphological evolution of the 
Massa beaches using an electronic total station allowed 
us to track the seasonal dynamics of the beaches and 
their morphodynamic response to winter and summer 
hydrodynamic variations. This study is complemented by 
a granulometric analysis of the predominant sandy 
materials during the different measurement campaigns. 
The spatialization of various sorting parameters 
(Median, Sorting, Skewness) using a Geographic 
Information System (GIS) also provided a global view of 
sediment distribution on the beaches during the winter 
and summer seasons. The results obtained from this 
work indicate a normal morphological cycle for the 
Massa beaches, characterized by erosion in winter and 
accumulation in summer. This morphological cycle 
reflects the beaches' significant ability to restore their 
sediment stock lost during the winter seasons. This 

result is primarily explained by the intermediate to 
dissipative physical behavior that predominates on these 
beaches, as well as the presence of a well-developed 
foredune that helps maintain the morphodynamic 
equilibrium of the beaches on a seasonal scale. 
Additionally, the spatialization of the different 
granulometric indices from the samples collected 
simultaneously with the topographic surveys shows an 
increase in average grain size at the mouth of the Massa 
River and at the northern and southern ends of the 
beaches. Furthermore, the grain size decreases 
progressively from north to south and from the foreshore 
to the foredune, in the direction of the prevailing winds. 
The observed grain size distribution has significant 
implications for the morphodynamic balance and erosion 
of the studied beaches. This study could serve as a critical 
platform for understanding the dynamics of the Massa 
beaches on a seasonal scale, particularly in a global 
context marked by climate change and rising sea levels. 
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