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Coastal regions are increasingly vulnerable to climate change-

induced hazards such as erosion, with the combination of 

environmental threats and human activities exacerbating the 

vulnerability of these ecosystems. The study, spanning eight 

decades (i.e. 1940-2020), utilizes ECMWF-ERA5 data and a 

high-resolution model (MIKE21 SM) to simulate Longshore 

Sediment Transport (LST) in response to human interventions. 

Model accuracy is validated against observed data from the 

Damietta buoy and 2011 bathymetry data. Additionally, 

comparisons with the estimated LST from previous regional 

studies confirm the model's reliability. The investigation 

focuses on identifying trends in LST before and after human 

interventions, including the construction of Damietta Port (DP) 

and subsequent coastal protection structures. Two different 

trend analysis methods, linear regression and Theil-Sen, are 

used to capture temporal variations in LST. According to Theil-

Sen, trend values increased as a result of the port construction, 

with Gross LST (GLST) and Net LST (NLST) increasing by 

100-160%, respectively. However, both GLST and NLST 

experienced significant decreases following coastal protection 

(i.e. 27-24%, respectively). Moreover, the correlation analysis 

of wave parameters and LST revealed a variety of relationships 

over periods, illustrating the complicated relationship between 

sediment transport processes and human activities. Notably, 

prior to the construction of DP, there were strong correlations 

between NLST, wave height, and peak wave period (i.e. 

R=0.81-0.79, respectively), but these decreased significantly 

after construction (i.e. R=0.59-0.60). Following coastal 

protection, correlations with sediment transport increased (i.e. 

R=0.79-0.77). 
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1. Introduction 

Sustainable coastal management is gaining 

global significance in areas that cover three-

quarters of the earth's surface, where 

burgeoning populations and activities of 

people have tended to put pressure on this 

region [1]. The dynamics of coastal regions 

have changed over extended historical epochs 

to the present day due to human activity and 

climate change. Furthermore, threats 

associated with climate change, such as 

increased wave activity, erosion, and flooding, 

are exacerbated by human activity [2–4]. 

Erosion is one of the issues, which is 

exacerbated by these areas' dense populations 

[5]. LST is mainly driven by wave-induced 

mechanisms that shape the coastline [6,7]. 

Researchers studied the LST mechanism's 

effects and significance on changes in coastal 

morphology, concurrently investigating 

methodologies and calculation procedures for 

monitoring these shifts [8–10]. For efficient 

coastal management, planning, and 

maintenance, numerical simulations of 

hydrodynamics, LST and morphological 

transformations are crucial [11]. Numerical 

models are essential for predicting wave 

events, designing structures and assessing 

coastal hazards [12,13]. It enables researchers 

and engineers to simulate and evaluate 

complicated oceanic and coastal phenomena. 

However, these models need refinement and 

verification to improve their accuracy and 

reliability. This is because waves, ocean 

currents and atmospheric conditions all 

interact in ways. 

The Mediterranean area is experiencing 

accelerated temperature rises that further 

increase erosion risk due to intense waves 

[14]. The Mediterranean Sea, a closed basin 

[15], has been widely exploited by humans, 

further exacerbating its vulnerability to natural 

hazards [16]. The potential hazards caused by 

climate change to ports, which are critical 

elements of global trade, have received 

insufficient attention, particularly in Egypt 

[17]. Coastal engineers presently grapple with 

the challenge of accurately estimating and 

predicting critical factors, including nearshore 

waves and LST [18]. Examining the 

previously neglected Egyptian coast can help 

coastal engineers expand their knowledge 

base, particularly when it comes to critical 

factors like nearshore waves and LST [19]. 

This research gap highlights the importance of 

studying and understanding the specific 

challenges and vulnerabilities that Egyptian 

ports may face as a result of human 

interventions and climate change. 

In this study, the ECMWF-ERA5 dataset, 

spanning eighty-one years from 1940 to 2020, 

is employed to explore long-term trends and 

patterns in the climate. It is broken down into 

three stages, each of which concentrates on a 

distinct era linked to the development of DP 

and coastal structures. The study objective is 

to assess the impact of human interventions on 

LST through a multifaceted approach that 

includes numerical modelling, long-term trend 

analysis, and wave-LST correlation analysis. 

2. Materials and methods 

2.1. Study area 

The study focuses on DP, an important 

maritime project in the Mediterranean Sea 

[20]. Its location was chosen because of its 

history of shoreline accretion [21,22]. DP is 

situated in the Nile Delta and was established 

in 1982. It consists of two jetties and is 

approximately 9.7 km west of the Damietta 

Nile branch. [23]. In response to coastal 

erosion, authorities installed eight detached 

breakwaters along the Ras El-Bar coast 

between 2003 and 2004 [24]. Additionally, 

from 2016 to 2019, extensive coastal 

protection efforts were carried out with the 

construction of T-detached breakwaters. Since 

2021, continuous development activities have 

been underway at DP. A new jetty, 
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approximately 3.0 km long, has been 

constructed west of the port. An extension to 

the eastern jetty, measuring approximately 1.4 

km, has also been implemented. 

2.2. Data collection 

The study scope encompasses the coastal area 

surrounding DP, spanning a length of 10 km. 

The initial bathymetric data for this region was 

derived from profiles collected in 2010. For 

calibration and verification of our model, wave 

data were collected from a buoy situated at 

31°51'N, 31°76'E off the DP coast, positioned 

12 m deep (Figure 1). This dataset spans two 

years, covering wave measurements from 2003 

to 2004, with readings taken at four-hour 

intervals. To enhance the precision and 

reliability of our model, an additional set of 

four bathymetric profiles was gathered from 

the field in 2011. These profiles were critical 

in calibrating and verifying the model, 

resulting in an accurate simulation of depths. 

Notably, at the Nile Delta, the tidal range is 

consistently low, averaging only 0.14 m over 

the past two decades, with a daily fluctuation 

of 0.60 m [25]. Moreover, grain size 

measurements reveal a decrease in D50 values 

from the beach towards the open sea, with 

beach values averaging about 0.25 mm. 

Sediments on the seabed up to a depth of six m 

exhibit approximately 0.11 mm [26]. 

 
Fig. 1. Study area map shows the location, bathymetry, wave buoy, and coastal structures. 

2.3. Numerical Model 

The Danish Hydraulic Institute (DHI) 

developed the MIKE21 Shoreline Morphology 

model, which was used as the primary tool in 

this study. The primary objective was to create 

a hybrid model integrating hydrodynamic and 

sediment transport components within the 

MIKE21 program framework. The software 
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consists of four main modules: Spectral Wave 

(MIKE21 SW), Hydrodynamic (MIKE21 HD), 

and Shoreline Morphology (MIKE21 SM) 

[27]. 

MIKE21 HD module solves equations related 

to mass momentum salinity and temperature 

[28]. MIKE21 SW is a model specifically 

developed for simulating two-dimensional 2D 

waves in coastal and offshore settings [29]. It 

utilizes a computational mesh that uses a finite 

volume technique grounded in the differential 

equations governing ocean wave dynamics 

[30,31]. The equations are stated as follows: 

𝑆

𝜎
=

𝜕𝑁

𝜕𝑡
+ 𝛻(𝑣⃗𝑁) (1) 

where: t: time, 𝑣 = (𝑐𝜎, 𝑐𝜃, 𝑐𝑥, 𝑐𝑦): 

propagation velocity in 4-D, 𝑁(𝜎, 𝜃, 𝑥, 𝑡): 

Represents the action-density, x and y: is the 

Cartesian-coordinates, and ∇: 4-D spatial 

differential operator (i.e. v, σ, and θ). 

MIKE21 ST is responsible for simulating 

sediment transport and takes into consideration 

currents interactions as well as turbulence, 

sediment concentration, and flow velocity. It 

computes bed load and suspended load 

transport, utilizing the Shields parameter and 

flow velocities. Vertical fluctuations in 

sediment concentration are determined using a 

diffusion equation. The MIKE21 SM shoreline 

continuity equation considers the effects of the 

results, particularly littoral drift gradients, on 

shoreline morphology. The one line theory, 

which separates the shoreface into 

perpendicular strips and determines shoreline 

position by integrating changes in sediment 

amount within each strip, is used in this 

equation. [32]. 

𝛥𝑁

𝛥𝑡
=

𝑣𝑜𝑙

𝑑𝐴𝑧
 (2) 

where: ΔN is used to signify the horizontal 

distance by shoreline moves in a direction 

perpendicular to the shore. dAz is the vertical 

area of the active profile within each shore 

face strip, and it is the area over which 

sediment (vol) is evenly distributed. Δt is the 

time step. 

2.4. Model calibration and verification 

Model calibration and verification procedures 

were carried out to assess the model's accuracy 

with important parameters within the study 

region. Three parameters are under 

investigation: wave height (Hs), wave period 

(Tp), and bed level. While data from the 

Damietta buoy in 2003 was used for model 

calibration, observed results from the same 

buoy in 2004 were examined for model 

verification. Depth data collected in 2011 was 

used for both calibration and verification 

purposes. 

Figure 2 depicts the procedures used to 

calibrate and verify the MIKE21 model. To 

evaluate the model's performance, we used 

statistical metrics such as correlation 

coefficient (CC), root mean square error 

(RMSE), bias, and scatter index (SI). Bias 

quantifies the difference between the model's 

predicted average values and the values 

observed on-site. The following equations 

apply to the parameters: 

𝑥̅ =  
1

𝑛
∑ 𝑥𝑛

𝑖=1  (3) 

𝑦̅ =  
1

𝑛
∑ 𝑦𝑛

𝑖=1  (4) 

𝐶𝐶 =
∑ (𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)𝑛

𝑖=1

√∑ (𝑥𝑖−𝑥̅)2𝑛

𝑖=1
∑ (𝑦𝑖−𝑦̅)2𝑛

𝑖=1

 (5) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑦 − 𝑥)2𝑛

𝑖=1  (6) 

𝐵𝐼𝐴𝑆 =
1

𝑛
∑ (𝑦 − 𝑥̅)𝑛

𝑖=1  (7) 

𝑆𝐼 =
√

1

𝑛
∑ (𝑦−𝑥−𝐵𝐼𝐴𝑆)2𝑛

𝑖=1

1

𝑛
∑ |𝑥𝑖|𝑛

𝑖=1

 (8) 

Where: n represents the number of data, x is 

the measured value, y is the simulated value, 

and x and y represent the average values. 
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Fig. 2. Flowchart for the model calibration and 

verification process. 

2.5. Long-term trend in LST 

Assessing long-term trends in sea state is an 

evolving area of research. Through our 

analysis, we have identified yearly trends in 

LST. This study uses two distinct 

methodologies for time series analysis to 

detect trend patterns within the LST dataset. 

These methodologies include the use of linear 

regression and Theil-Sen estimation. 

Following that, a detailed description of the 

methods used, as well as the results obtained 

from each approach, will be provided. 

2.5.1. Linear regression 

Linear regression is a statistical method for 

modelling the relationship between variables 

by fitting a linear equation to the data. It seeks 

to identify the best-fitting straight line that 

describes the linear relationship between 

variables. The line equation is represented as 

follows: 

𝑦 = 𝑎 + 𝑏 ∗ 𝑡 (9) 

where y represents the LST, t denotes time, 

and a and b are the regression coefficients. 

2.5.2. Theil-Sen estimator 

Theil-Sen estimator is a nonparametric 

technique for calculating the slope of a linear 

relationship between two variables. It 

computes the median of the slopes of all 

possible pairs of points in the dataset, resulting 

in a stronger estimate of the slope that is less 

affected by outliers than traditional linear 

regression methods [33,34]. Theil-Sen is more 

reliable because it is less sensitive to extreme 

values [35]. The Theil-Sen method's slope 

estimation formula is as follows: 

𝑆𝑙𝑜𝑝 = Median (
𝑦𝑖−𝑦𝑗

𝑡𝑖−𝑡𝑗
) (10) 

where y represents the LST at time ti and tj 

(ti>tj). 

3. Results and discussion 

3.1. Model calibration and verification 

Throughout the calibration phase, it became 

apparent that the model consistently achieved 

robust correlation values when compared to 

the observed values for all parameters. 

Specifically, the CC stood at 0.93, while for 

bed levels, the CC reached 0.99. Furthermore, 

the RMSE values consistently remained low, 

signifying a strong agreement between 

measured and simulated parameters. 

Nevertheless, certain instances did reveal a 

minor bias, particularly in Hs, where a 

negative bias of -0.03 was observed. During 

verification, the model maintained a high 

correlation with observed data, though some 

parameters exhibited slightly higher RMSE 

values (table 1). It's important to note that 

some parameters exhibited slightly higher 

RMSE values. Overall, the model accurately 

predicts critical parameters in the study area, 

with a strong agreement between modelled and 

observed parameters. 
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Table 1. Statistical metrics between simulated and observed parameters in the study area. 

Parameters 
Calibration  Verification 

CC Bias RMSE SI (%) 

 

CC Bias RMSE SI (%) 

Wave height (m) 0.93 0.03 0.18 0.29 

 

0.9 -0.03 0.23 0.31 

Wave period (s) 0.78 -0.29 1.04 0.15 

 

0.72 -0.19 1.26 0.19 

Bed level (m) 0.99 0.05 0.21 0.04 

 

0.99 0.09 0.21 0.04 

 

3.2. Wave climate 

Analysis of simulated wave data from 1940 to 

2020 revealed that waves primarily originate 

in the N-NW sector, accounting for 86% of all 

observed wave directions. Previous 

researchers have reported similar findings 

[36,37]. Figure 3 shows the monthly wave 

rose, simulated using MIKE 21 and spans 81 

years. Hs data extracted from the MIKE21 SW 

model at a depth of 12 m from the DP 

coastline reveal Hs variability ranging from 

0.01-4.94 m. The Tp ranged from 2.00 to 14.30 

seconds, with a predominant direction of 326°. 

The 81-year monthly averages of wave 

parameters show that during the winter season, 

Hs ranges from 0.55 to 1.55 m, with an 

average of 1.03 m, and Tp ranges from 5.40 to 

8.10 seconds. In contrast, during the summer, 

Hs ranges from 0.61 to 1.28 m and Tp from 

4.90 to 7.00 seconds. The average Hs along the 

study area's coast in spring and autumn is 0.85 

m. Monthly variations in Hs show that the 

highest maximums occur between November 

and March. Hs less than 1.00 m occur more 

than 68% of the year. Hs between 1.00 and 

2.00 m account for roughly 28% of all times, 

while Hs greater than 2.00 m account for about 

0.04% of the time. 

 
Fig. 3. Monthly wave rose over 81 years (1940–2020). 
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3.3. Longshore sediment transport 

Transport rates vary temporally and spatially, 

depending on the orientation of the Hs and the 

seasonal variations in the local wave climate. 

Consequently, an extensive analysis spanning 

81 years was carried out to evaluate LST 

variability. As a result, recent human activity 

in the region has seriously disrupted the 

natural equilibrium of the available sediment 

budget, leading to notable changes in LST 

(Figure 4). 

Notably, from 1940 to 1981, humans did not 

affect nearshore LST patterns, allowing 

sediments to move naturally. During this 

period, annual GLST fluctuated between 0.87 

and 1.5 million m³, with an average of 1.1 

million m³, while NLST varied between 0.49 

and 1.04 million m³, with an average of 0.73 

million m³. These estimates agree with 

previous findings in the study area. For 

instance, before the DP's construction, 

sediment transport was estimated at around 

0.66 million m³/yr to the east and 0.26 million 

m³/yr to the west, resulting in an NLST of 0.4 

million m³/yr to the east [22]. Other estimates 

for NLST included 0.8 million m³/yr [38] and 

a range of 0.6 to 1.8 million m³/yr [39]. 

However, because the DP jetties blocked 

sediment flow, LST values downstream of DP 

saw a sharp decline after DP construction. 

The maximum annual GLST was 1.07 million 

m³, while the lowest was 0.75 million m³. 

However, NLST varied from a low of 0.25 

million m³ in 1982 to a peak of 0.65 million 

m³. In contrast, the NLST averaged 0.42 

million m³/yr, while the GLST was 

approximately 0.9 million m³/yr. Furthermore, 

these results agree with the Frihy et al. study 

conducted after DP construction. According 

to this study, NLST is approximately 0.49 

million m³/yr along the coastline, compared to 

GLST of approximately 0.85 million m³/yr 

[37]. 

After the construction of protective structures 

in the eastern part, there were notable annual 

fluctuations in LST. The maximum GLST 

was 1.07 million m³, the minimum was 0.75 

million m³, and the average was around 0.9 

million m³. Furthermore, the maximum NLST 

is 0.65 million m³. In contrast, the initial year 

of construction had the lowest observed 

NLST value of 0.25 million m³. The average 

annual NLST for this period was around 0.42 

million m³/yr. 

 
Fig. 4. Annual variation in LST over 81 years (1940–2020). 
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3.4. Analysis of long-term trends in LST 

This section presents the LST trend analysis 

results for the DP coast, which were conducted 

using linear regression and Theil-Sen. 

Although both methods show consistent trends 

in LST prior to and following human 

interventions, this suggests that they are 

effective at capturing temporal variations. In 

contrast, both methods produce positive trends 

over the study periods, even though the 

magnitudes vary. The first step is to apply 

linear regression to investigate LST trends 

prior to and following the DP construction and 

subsequent coastal protection. Table 2 shows 

the linear regression results for LST trends 

throughout the study periods. 

The results indicated that before the port's 

construction (1940–1981), GLST and NLST 

showed very slight trends, with 1140 m³/yr and 

244 m³/yr, respectively. However, significant 

increases in both GLST and NLST trends were 

observed after DP (1982–2003), with GLST 

rising to 4680 m³/yr and NLST reaching 3962 

m³/yr. However, there was a noticeable drop in 

both GLST and NLST trends after the 

installation of coastal protection structures 

(2004-2020). Likewise, GLST decreased to 

2978 m³/yr and NLST to 2176 m³/yr, 

respectively. 

Table 2. Linear regression slopes for annual LST 

data. 

Period Trend  
Slop (m³/yr) 

GLST NLST 

1940-1981 +ve 1140 244 

1982-2003 +ve 4680 3962 

2004-2020 +ve 2978 2176 

 

Following that, LST data from all study 

periods were used to estimate long-term trends 

using the Theil-Sen method. In Table 3, the 

estimated trends based on yearly LST values 

are illustrated. As shown in Table 3, the 

analysis revealed significant changes in LST 

trends. 

Prior to the DP construction, GLST and NLST 

had positive trends of 2190 and 990 m³/yr, 

respectively. However, GLST and NLST 

trends increased significantly during the DP's 

construction, reaching 4400 and 2560 m³/yr, 

respectively. However, both GLST and NLST 

trends have decreased substantially due to the 

construction of coastal protection structures. 

Likewise, GLST decreased to 3210 m³/year 

and NLST to 1940 m³/year. 

Notable is the apparent increase in GLST 

trends, which increased by nearly 100% 

following the implementation of DP. 

Following the installation of protective 

structures, GLST trends were declined by 

27%. In terms of NLST, there was a significant 

increase of 160% following the DP 

construction, followed by a 24% decrease after 

the beginning of coastal protection. 

Table 3. Theil-Sen slopes for annual LST data. 

Period Trend 
Slop (m³/yr) 

GLST NLST 

1940-1981 +ve 2190 990 

1982-2003 +ve 4400 2560 

2004-2020 +ve 3210 1940 

 

Based on previous results of linear regression 

and Theil-Sen for trend analysis of LST data, 

both methods show changes in LST values 

over time. Both approaches show a significant 

increase in both GLST and NLST trends 

following the construction of DP, indicating a 

significant disruption in LST. In contrast, after 

the construction of coastal protection 

structures, both methods show a decline in 

GLST and NLST trends, indicating that these 

structures helped to stabilise sediment 

dynamics and mitigate the effects of human 

activities. 

Both linear regression and the Theil-Sen 

provide valuable information on LST data 
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trends and how they respond to human 

interventions. For example, before the 

construction of DP, linear regression shows a 

GLST trend of 1140 m³/yr, while the Theil-Sen 

method shows a significantly higher value of 

2190 m³/yr. Similarly, for NLST during the 

same period, linear regression reports a slope 

of 244 m³/yr, while the Theil-Sen method 

shows a higher value of 990 m³/yr. These 

differences emphasise the estimation method's 

sensitivity to dataset characteristics, 

particularly outliers and data distribution. 

However, Theil-Sen provides more accurate 

estimates of trends, being less influenced by 

outliers in the data, which is evident in the 

smaller differences between trend values 

compared to linear regression. 

3.5. LST and wave climate analysis 

Furthermore, the study investigated the 

relationships between GLST, NLST, and wave 

climate. This analysis is used in the study to 

evaluate how human activities affect coastal 

dynamics and sediment transport processes. 

The correlation values (R) in Table 4 

demonstrate interesting patterns in the 

association between wave parameters and LST 

over the study period. For example, during the 

pre-port building phase, Hs and Tp had good 

correlations with GLST at 0.92 and 0.84, 

respectively, and NLST at 0.81 and 0.79. After 

DP construction, there was a noticeable shift in 

correlation values, particularly for NLST. 

Notably, the correlation between NLST and Hs 

declined to 0.59, whereas NLST and Tp 

declined to 0.60. 

In contrast, Hs and Tp showed positive 

correlations with GLST (0.96 and 0.85, 

respectively) and NLST (0.79 and 0.77, 

respectively) during the post-coastal protection 

structures phase. This demonstrates the 

effectiveness of these structures in restoring 

some aspects of the natural balance of LST. 

These correlation values demonstrate the 

complicated relations between wave 

characteristics and sediment transport patterns 

along the coast, emphasizing how varied 

human interventions affect these correlations. 

Understanding these relationships is essential 

for understanding coastal dynamics and LST 

processes, which significantly affect coastal 

management and sustainable development.

Table 4. Wave parameter correlation coefficient (R) with LST throughout the study periods. 

Wave parameter 
1940-1981  1982-2003  2004-2020 

  
GLST NLST 

 
GLST NLST 

 
GLST NLST 

Hs 0.92 0.81 
 

0.94 0.59 
 

0.96 0.79 

Tp 0.84 0.79 
 

0.82 0.60 
 

0.85 0.77 

 

4. Conclusion 

The study highlights that human coastal 

interventions have significant effects on LST 

patterns. Using an extensive 81-year wave 

dataset, the study provides unique insights into 

the area's coastal dynamics. The construction 

of DP has disrupted the natural equilibrium of 

sediment transport, resulting in erosion and 

deposition changes along the coastline. 

However, coastal protection structures have 

been crucial in mitigating these effects and 

contributing to a more balanced shoreline, 

particularly on the eastern side of the port. 

The study used two independent methods, 

linear regression and Theil-Sen, to identify 

trends in LST. Consistently positive trends 

were revealed both before and after human 

interventions in the trend analysis carried out 

using Theil-Sen and linear regression. 

However, Theil-Sen provides more accurate 

estimates of trends, being less influenced by 
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outliers in the data. The Theil-Sen results 

highlighted that trend values increased due to 

the construction of the port, with GLST rising 

from 2190 m³/yr to 4400 m³/yr and NLST 

rising from 990 m³/yr to 2560 m³/yr. However, 

both GLST and NLST experienced significant 

decreases following coastal protection (3210-

1940 m³/yr, respectively). 

Additionally, correlation analysis revealed 

dynamic relationships between wave 

parameters and sediment transport patterns, 

underscoring the importance of understanding 

these interactions for coastal management. The 

correlations between wave parameters and 

LST demonstrate the intricate relationships 

influenced by human interventions. 

Understanding the implications of these 

development projects is crucial for coastal 

management and sustainable development 

efforts. The study highlights the importance of 

a comprehensive approach that considers both 

the short-term effects of construction and the 

long-term consequences for coastal 

morphology. The planning and implementation 

of new infrastructure projects are expected to 

change the morphology of the coast and 

sediment transport patterns, potentially 

increasing susceptibility to coastal hazards. 

Without proactive measures in place to 

manage sediment effectively, these 

developments may further exacerbate the 

degradation of coastal environments and 

compromise the resilience of coastal areas. 

Based on this study, the following is 

recommended for future study: 

More research is needed to develop a 

comprehensive strategy that considers the 

short- and long-term impacts of construction 

on coastal morphology. Additionally, 

identifying other factors that influence coastal 

dynamics is critical. For example, investigate 

the effects of rising sea levels, changing wave 

climates, and extreme events on coastal 

morphology and sediment transport patterns. 

By continuing to investigate these factors, we 

will gain a better understanding of how to 

address the challenges that coastal areas face 

around the world, ultimately leading to more 

sustainable coastal environments. 
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