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Abstract 
The Makran coastline, a strategic maritime region, has remained understudied regarding its 

hydrodynamic behavior. This study applies numerical simulations to analyze wave patterns in the 

northern Gulf of Oman, focusing on wave height (HS), power (P), and mean wave direction 

(MWD) through Fuzzy Logic transformation and overlaying techniques. Seasonal and annual 

variations reveal that HS ranges from 0.07 to 1.9 m, peaking during the summer with an average 

of 0.7 m, while winter and spring exhibit calmer conditions with an average HS of 0.4 m. Wave 

power (P) shows a marked increase in summer, reaching up to 10.2 kW/m, with an annual mean 

ranging from 0.02 to 5.3 kW/m. Wave direction shifts seasonally, predominantly from 171° to 

247° during winter and spring, and between 189° to 191° in summer and autumn. Spatial analysis 

highlights intensified hydrodynamic activity in the eastern region, influenced by oceanic 

conditions and the monsoon, while the western sector remains relatively calmer. Omega-shaped 

coasts and bays demonstrate more stable conditions, whereas headlands and capes experience 

significant hydrodynamic intensification. These findings provide critical insights for coastal 

management and sustainable development, enabling policymakers to balance maritime potential 

with risk mitigation. By integrating hydrodynamic dynamics into coastal planning, resilient 

strategies can be established for the sustainable utilization of the Makran region’s resources. 
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1. Introduction 
The coastline has perpetually captivated human societies, serving as a focal area for settlement 

and development. Over 40% of the global population resides within 100 km of the coast [1], driven 

by factors such as food security, ocean transportation, and favorable climatic conditions [2,3]. 
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However, these regions face significant challenges, such as coastal erosion and inundation [4,5]. 

These challenges, often driven by weather patterns and hydrodynamic behaviors in seas and 

oceans, pose serious threats to coastal human settlements [6,7]. Understanding the hydrodynamic 

conditions of coastal regions, as well as the morphological responses of shorelines to these 

conditions, is essential for effective coastal development [8]. 

One of the key regions where such an understanding is required is the west part of the Makran 

coast. This coastal area, located in the northern Gulf of Oman, is characterized by its dry and 

windy conditions, with limited rainfall and the presence of several seasonal rivers [9]. Despite 

some human settlements, this region remains sparsely populated. Development plans, however, 

have designated this coastal region for significant marine development, increasing the need to 

understand its hydrodynamic patterns. Therefore, the objective of this study is to analyze the 

patterns of hydrodynamic variables along this coastline, with a focus on integrating them using 

Fuzzy Logic techniques. 

Some investigation of hydrodynamic conditions had been conducted in the coastal and offshore 

area of the northern Gulf of Oman through numerical simulation studies. For instance, Allahdadi 

et al., [10] utilized the MIKE 21 Spectral Waves (SW) to simulate the waves due to the Cyclone 

Gonu in June 2007 in the Gulf of Oman. The model was calibrated using data from the Chabahar 

buoy. The numerical model was used to analyze the behavior of Cyclone Gonu, starting from its 

formation in the Arabian Sea. In another research, utilizing the coupled models MIKE 21 SW and 

MIKE 21 hydrodynamic (HD), Moghaddam et al., [11] examined the local wave and wave-

induced currents in Ramin Port, located in the northern part of the Gulf of Oman. The primary 

objective of utilizing the model was to find solutions for the sedimentation issues occurring within 

the port basins. The model encompasses both regional and offshore domains and has been 

validated using data from the Chabahar buoy. In order to examine the effects of constructing Beris 

port in the northern Gulf of Oman, Sayehbani and Ghaderi, [12] conducted a study on the 

hydrodynamic conditions of the area. They compared the conditions before and after the 

construction of the breakwater, focusing on the months of July and August when wind activity is 

quite strong. To analyze the wave pattern and current behavior near the port and its potential 

impact on sedimentation, they utilized the MIKE 21 SW and MIKE 21 HD models. In continuation 

of the studies on the impact of the construction of Beris Port, Ghaderi and Rahbani, [13] conducted 

a simultaneous investigation using hydrodynamical simulation and remote sensing (RS) imagery. 

They expanded the spatial and temporal range of their study to analyze the wave and current 

patterns as well as long-term shoreline changes. For the hydrodynamical study, they utilized the 

MIKE 21 Coupled model, ECMWF wind and wave data, and Chabahar buoy wave data. The 

findings of their study highlight the sedimentation problems faced by the port and its surrounding 

beaches.  Armanfar et al., [14] utilized climate change scenarios to evaluate the vulnerability of the 

coastal areas in the Chabahar region (in the northeast part of the Gulf of Oman). They employed 

MIKE  21 numerical modeling to simulate the potential impacts of sea level rise, changes in 

significant wave height, and alterations in tidal patterns. The assessment focused on estimating 

possible changes until the year 2100. The findings indicated that a significant portion of the coastal 

zones in the Chabahar area face the risk of inundation due to sea storms and potential climate 

change. Siahsarani et al., [15] conducted a study focused on the analysis of Cyclone Gonu behavior 

and its impact on the storm surge in the Gulf of Oman. They conducted a numerical simulation 

that involved coupling wave and hydrodynamic models, specifically using MIKE 21 SW and 

MIKE 3 HD, along with measured data. The aim of the study was to investigate the role of 

variables in the model setup and their influence on coastal areas while studying the behavior of 

Cyclone Gonu. Foroutani et al., [16] investigated Tropical Cyclone Ashobaa in the Gulf of Oman 
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through numerical simulation. Their findings indicated that during storm conditions, there are 

substantial changes in water level, current speed, and even current direction in the Chabahar 

region.  

While previous studies have provided valuable insights into the hydrodynamics of specific 

events or locations, none have offered a comprehensive assessment of wave patterns across the 

entire Makran coast. This study aims to fill this gap by using numerical simulations to analyze the 

spatiotemporal behavior of hydrodynamic variables along the Makran coastline, specifically 

focusing on wave height, wave power, and wave direction. The novelty of this research lies in the 

detailed analysis of wave patterns with sufficient accuracy to support coastal development projects 

in the region. To gain a comprehensive understanding of the hydrodynamic conditions, variables 

such as wave height (HS), power (P), and mean wave direction (MWD) are integrated using Fuzzy 

Logic techniques. This approach allows for a more realistic description of the hydrodynamic 

environment, representing a significant innovation in the study of coastal hydrodynamics. 

Furthermore, it provides a clearer assessment of the region's potential for sustainable development 

while mitigating hydrodynamic risks. 

 

2. Method 

2. Study Area 
Makran coast stretches along the Gulf of Oman for approximately 550 km (Fig. 1) [17]. This 

region is receiving significant attention from politicians and administrators, as it has been 

identified as an area with great potential for maritime development [18]. The development of 

marine industries along this coastline is still in its early stages. There are still no large-scale 

industries or ports in the area, but they are included in future development plans. Due to its 

proximity to the Arabian Sea and Indian Ocean, the region is constantly influenced by the climatic 

conditions of the northern Indian Ocean and the monsoon [19,20]. Additionally, previous reports 

and studies have highlighted the region’s vulnerability to tsunamis [21,22] and rising sea levels 

[23]. Makran coastal region encompasses a variety of landforms, such as sand spits and barrier 

islands primarily located in the western part of the region (Codes 2, 5, 8-11 and 15 in Fig 1). 

Additionally, there are mangrove forests and estuaries in both the eastern and western areas (Codes 

2, 8, 11, 15, 29 and 30 in Fig 1). High beaches and rocky coastline are spesifically the 

characteristics of eastern part (Codes 17, 23, 24, 26, and 28 in Fig 1). Human settlements can also 

be found in both the eastern and western parts (Codes 6, 23, 24, and 28 in Fig 1).  There are only 

two notable ports, namely Jask (Codes 6 in Fig 1) and Chabahar port (Codes 23 in Fig 1), in the 

area. These ports are both large and significant in terms of their infrastructure and capacity. The 

offshore part of the Makran region is significantly deep, reaching up to 2500-3000 m (Fig 1 C). 

Given the geomorphological diversity of the Makran region, with its eastern part adjacent to 

oceanic waters and its western part more distant from oceanic influence, it is essential to conduct 

a precise analysis of the hydrodynamic conditions, taking into account these variations. This study 

aims to address this gap by providing a detailed examination of these hydrodynamic differences. 

Despite the presence of several rivers, the area is generally characterized as dry and semi-arid, 

resulting in low water levels or complete dryness for most of the year. The majority of rainfall 

occurs during the winter season, specifically during the winter monsoon period [24]. The wind 

patterns in the eastern and western parts of the study area differs. In the western part, the prevailing 

wind direction is from the W and E, with wind speeds exceeding 6 m/s from the W and NW. In 

the eastern part however, the wind primarily blows from the SE, with a secondary direction of W-

SW [13]. The maximum wind speed in the southeast direction reaches up to 8 m/s. Figure 1 shows 

the bathymetry of the region utilizing GEBCO, and local depth data. To enhance the dissemination 
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of the findings, 30 major cities/villages of the area are identified in the figure, labeled as numbers 

1-30 (Table 1). 

 

 
Figure 1. A & B) location of the study area, and C) Bathymetry of the area 

 
Table 1. Location of zones in the study area 

Zone Name 
Lat (°N) 

Long (°E) 

 

 
Zone Name 

Lat (°N) 

Long (°E) 
 Zone Name 

Lat (°N) 

Long (°E) 

1 
Bunji-ye 

Karbasi 

25.93048 

57.31323 
 11 

Gabrik & Jask 

Protected Area 

25.64053 

58.43555 
 21 Pozm Bay 

25.39705 

60.24757 

2 
Kuh 

Mobarak 

25.81495 

57.36336 
 12 Gougsar 

25.55259 

58.85217 
 22 

Chabahar 

Bay 

25.45441 

60.49167 

3 Gāvbandi 
25.78589 

57.49725 
 13 Lirak 

25.47730 

58.96959 
 23 Chahbahar 

25.29404 

60.66402 

4 Rig 
25.77291 

57.67578 
 14 Kalirak 

25.42460 

59.07945 
 24 Lipār 

25.26020 

60.84942 

5 
Jāsk-e-

kohne 

25.74879 

57.77878 
 15 Khowr Rapch 

25.45963 

59.22262 
 25 

Rudik-e 

Molladad 

25.21703 

61.04211 

6 Jask 
25.67641 

57.80693 
 16 Khowr Galak 

25.48877 

59.36922 
 26 Beris 

25.14394 

61.18974 

7 Hojdān 
25.70982 

57.94357 
 17 Kalāt 

25.41747 

59.58070 
 27 Poshot 

25.09217 

61.33887 

8 Shahreni 
25.64608 

58.03730 
 18 Birdaf 

25.41375 

59.80901 
 28 Pasabandar 

25.06598 

61.41234 

9 Karap 
25.61141 

58.15128 
 19 Tang 

25.37591 

59.89553 
 29 

Mangrove 

Gwadar 

25.17594 

61.47860 

10 
Khowr 

Jagin 

25.59748 

58.27522 
 20 Gurdim Bay 

25.39829 

60.06286 
 30 

Khowr 

Bahokalat 

25.20328 

61.57267 

 

2.2. Numerical Model Description 
To assess the characteristics of waves in the Makran region, we have utilized the numerical 

model MIKE 21, which was developed by the Danish Hydraulic Institute (DHI) [25]. Although 
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various other numerical models, such as WAM [26], WW3 [27], SWAN [28], TOMAWAC [29], 

and ROMS [30], are available for simulating hydrodynamic conditions, MIKE 21 was selected 

due to its exceptional performance, comprehensive tools for data preparation and output analysis, 

and proven accuracy in numerous studies [12,13,31–35]. The MIKE 21 model is highly capable 

and widely employed for simulating wave and current characteristics in various environments, 

including river entrances, gulf interiors, coastal areas, as well as shallow and deep waters 

[11,12,26,31]. It is developed based on the fundamental principles of shallow water equations and 

the depth-integrated incompressible Reynolds averaged Navier-Stokes equations. The Spectral 

Waves (SW) module is designed to simulate the growth, decay, and transformation of wind-

generated waves and swell in offshore and coastal areas. In this module, the waves are 

characterized using the density spectrum 𝑁(𝜎, 𝜃) , where 𝜎  represents the relative angular 

frequency (𝜎 = 2𝜋𝑓)  and 𝜃  represents the direction of wave propagation. The equation that 

governs the behavior of these waves is the wave action balance equation, which can be expressed 

in either cartesian or spherical coordinates (Eq. 1). 

 
𝜕𝑁

𝜕𝑡
+ 𝛻. (𝑣⃗𝑁) =

𝑠

𝜎
      →

𝜕

𝜕𝑡
𝑁 +

𝜕

𝜕𝑥
𝐶𝑥𝑁 +

𝜕

𝜕𝑦
𝐶𝑦𝑁 +

𝜕

𝜕𝜎
𝐶𝜎𝑁 +

𝜕

𝜕𝜃
𝐶𝜃𝑁 =

𝑠

𝜎
  (1) 

 

where 𝑁 represents the density of wave action, 𝐶𝑥, 𝐶𝑦, 𝐶𝜎, and 𝐶𝜃 are parameters describing 

the velocity of the wave in geographical and spectral coordinate systems, and the term ‘𝑠 ’ 

represents the combination of five distinct energy sources, as described in Eq. 2. 

 

𝑠 = 𝑠𝑖𝑛 + 𝑠𝑛𝑙 + 𝑠𝑑𝑠 + 𝑠𝑏𝑜𝑡 + 𝑠𝑠𝑢𝑟𝑓                                                                                                                                              (2) 

 

In the context of energy generation, 𝑠𝑖𝑛 represents the wind-generated energy,  𝑠𝑛𝑙 represents 

the transfer of wave energy resulting from the interaction between waves, 𝑠𝑑𝑠 accounts for the 

dissipation of wave energy caused by white capping, 𝑠𝑏𝑜𝑡 refers to the dissipation due to bottom 

friction, and 𝑠𝑠𝑢𝑟𝑓 represents the dissipation of wave energy resulting from breaking induced by 

changes in water depth [25,26,36]. 

Utilizing the spectral wave simulation feature within the MIKE 21 software package, spectral 

moments of order 𝑖 are calculated using equation 3 to ascertain spectral wave parameters. 

 

𝑚𝑖 = ∫ ∫ 𝐸(𝑓, 𝜃)
∞

0

2𝜋

0
𝑓𝑖𝑑𝑓 𝑑𝜃,                                                                                                                                              (3) 

 

where 𝐸(𝑓, 𝜃)  denotes the directional wave energy spectrum, and 𝑓  denote the wave 

frequency. 

In the following, the key parameters associated with wave characteristics—namely, significant 

wave height (𝐻𝑠), mean wave period (𝑇𝑚), and energy period (𝑇𝑒)—are determined using the 

following equations. 

 

𝐻𝑠 = 4√𝑚0                                                                                                                                                   (4) 

𝑇𝑚 =
𝑚0

𝑚1
                                                                                                                                                        (5) 

𝑇𝑒 =
𝑚−1

𝑚0
                                                                                                                                                        (6) 

 

The wave power, denoted as the energy flux per unit crest length (P), is computed through the 

application of the directional wave power formulation, as expressed in Eq. 7. 
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𝑃⃗⃗ = 𝜌𝑔 ∫ ∫ 𝐶𝑔
⃗⃗⃗⃗⃗(𝑓, 𝜃) 𝐸 (𝑓, 𝜃)𝑑𝑓 𝑑𝜃

∞

0

2𝜋

0
,                                                                                                      (7) 

 

where 𝜌, 𝑔 and 𝐶𝑔 are the density of seawater, the acceleration due to gravity, and  group 

velocity respectively. 

The wave power flux (P), in kW/m, can be calculated using Eq 8 [37,38]. 
 

𝑃 =
𝜌𝑔2

64𝜋
 𝐻𝑠

2𝑇𝑒  ≈  0.49 𝐻𝑠
2𝑇𝑒 ,                                                                                                                     (8) 

 

2.3. Model Settings and Calibration 
A mesh file prepared for the simulation comprising 6636 nodes and 10335 elements, and 

forming a flexible triangle. Three different mesh zone considered for the area (Fig. 2), where 

thinner mesh used for near shore area. The modeled area includes one land boundary (yellow line 

in Fig. 2), and three open boundaries of the eastern (green line in Fig. 2), the western (red line in 

Fig. 2), and the southern boundaries (blue line in Fig. 2).  The bathymetric data is derived from 

the modified GEBCO data, and local nearshore data from Chabahar buoy (Fig 1C). 

 

 
Figure 2. Mesh file with three open boundaries in the east (green), west (red) and south (blue) 

 

Wind data obtained from European Centre for Medium-Range Weather Forecasts (ECMWF) 

ERA-40 [39] with a time step of 6 hours. The data is formatted as u and v components, with a 

spatial resolution of 0.125˚ × 0.125˚.  (Fig. 3). According to the fig. 3 maximum wind speed is 

about 4 m/s. In the eastern part of the area, the prevailing wind direction is from the SE. In the 

central part, the wind speed is lower and predominantly originates from the E. In the western part, 

the prevailing wind direction is mostly from the NE. 
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Figure 3. The Averaged wind speed and direction, of the year 2018, over the area, derived out 

from ECMWF ERA-40  

 

Significant wave height (HS), Spectral peak period (Tp), and Mean Wave Direction (MWD) 

are variables obtained from the ECMWF ocean model to utilize to the three open boundaries of 

the model.  Initial conditions were set according to Anton et al.,  [40] and Ghaderi and Rahbani, 

[13] studies in the form of JONSWAP spectrum with a fetch of 100 km.  
The calibration of the model involved the selection of specific coefficients related to wave 

breaking, bottom friction, and white capping parameters [12,13,31,40].  To optimize the results, 

various coefficient values were employed across multiple model iterations. Following extensive 

simulations and a thorough review of analogous studies, the selected parameters were: for wave 

breaking, Gamma was set to 0.8 and Alpha to 1; for bottom friction, Nikuradse roughness was set 

to 0.04; and for white capping, cdis was set to 4.5 and Delta to 0.05. 

 

2.4. Model Validation 
Following the enhancement of the model's performance, an evaluation was conducted, 

comparing HS values simulated by MIKE 21 SW with those from the ECMWF ocean model data 

at the specified location illustrated in Fig. 2 (Fig. 4). Statistical parameters are imployed  assess 

the quality of the model results [40,41]. The Correlation Coefficient (CC) [42] demonstrates a 

strong correlation between the patterns of both data series, with a value of 0.95. This parameter 

for the same region is reported as 0.98 by Ghaderi and Rahbani, [13]. The Root Mean Square Error 

(RMSE) [43] is calculated as 0.14, the Bias parameter (BIAS) [44] is derived as -0.02, and 

Dispersion Index (SI) [45] is computed as 13.8%. These statistical values implied that model 

results in this investigation are reliable. 

 
Figure 4. Comparison of the HS obtained from the simulated MIKE 21 SW model and the 

ECMWF ocean model data in 2018 
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2.5. Fuzzy standardization and overlay 
After completing the numerical model and obtaining the outputs from the spectral wave model, 

this study employs Fuzzy Logic to integrate the values of these variables in a comprehensive 

manner. This integration allows for a simultaneous consideration of all variables [35,46], thereby 

providing a detailed description of the wave patterns along the Makran coastline. We employed 

Fuzzy Logic [47] to combine the values of three variables, HS, P, and MWD, to identify the 

sensivity of the region in response to the combination of these variables. Prior to the overlaying 

phase, it is necessary to standardize each variable, taking into account their diverse units and 

numerical ranges. In this study, standardization is achieved through the utilization of Fuzzy 

membership. Fuzzy membership assigns values to each variable within the range of zero to one, 

depending on the adopted concept [48–50]. 

In the sea and coastal zone, wave height serves as an indicative parameter of sea state [51], 

where higher fuzzy membership values signify a higher sea state. The variable HS is standardized 

using the Linear function with the min and max values of 0 and 2.2m (highest observed value) 

respectively.  Fig. 5 A illustrates annual average of HS and corresponding fuzzy membership values 

within a one-km buffer from the Makran shoreline. Within this buffer, the maximum and average 

HS are 1.06 and 0.58 m, respectively, yielding fuzzy membership values of 0.48 and 0.26 

consequently (Table 2). Wave power denotes the rate of wave energy transfer (to the coast) [52], 

and regions with higher fuzzy membership values experience greater wave power. Increased wave 

power has the potential to increase erosion and flooding in coastal regions, while a substantial 

significant wave height indicates the presence of hazards and challenges in sea state [53,54]. 

Generally, greater wave height and a shorter wave period align with augmented risks and 

challenges in the sea state [55]. As a result, both variables are considered in this study. The P 

variable is subjected to standardization using the large function (midpoint=5, spread=5). The 

highest wave power value reaches up to 14 kW/m across the entire study area, primarily 

concentrated in the eastern part and during the summer period. Therefore, the midpoint of the large 

function is specified as 5. Fig. 5 B depicts the relationship between the annual average of P variable 

and the calculated fuzzy membership value within a one-km buffer from the shoreline. In this 

buffer, the maximum and average P values are 4.83 and 1.50 kW/m, respectively, resulting in 

fuzzy membership values of 0.46 and 0.04 consequently (Table 2).  The MWD variable undergoes 

standardization through a Gaussian function (midpoint=180, spread=0.005). This standardization 

is based on the premise that waves approaching the coast at oblique angles are more likely to attack 

the coastal area [56,57]. Consequently, a reversal of the Gaussian function is required for this 

standardization. In this process, waves arriving from the southern side (180 degree) are assigned 

the lowest fuzzy membership value, while oblique waves receive the highest fuzzy membership 

value. Depicted in Fig. 5 C, the relationship between annual average of MWD and fuzzy 

membership (within a one-km shoreline buffer) is modeled using a Reverse Gaussian function. 

The mean is approximately 270° (StDev 17.6), with computed maximum and average fuzzy 

membership values of 1.0 and 0.66, respectively (Table 1). 
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Table 2. Annual average of HS, P, and MWD variables for the year 2018 obtained from the 

output of the model and the standardized results through Fuzzy membership along the one-km 

buffer of Makran shoreline 

Variable 
Model output Fuzzy membership 

Min Max Mean StDev* Function Min Max Mean StDev 

HS 0.08 1.06 0.58 0.23 Liner 0.03 0.48 0.26 0.11 

P 0.02 4.83 1.50 1.30 Large 0.00 0.46 0.04 0.09 

MWD 106 269 196 17.63 Reverse Gaussian 0.00 1.00 0.66 0.31 

*Standard deviation 

 

 
Figure 5. Annual averaged HS, P, and MWD along the one-km buffer of Makran shoreline 

and their simultaneous fuzzy membership values (after standardized) through the introduced 

function. 

 

To achieve overlaying, the fuzzy GAMMA operator was employed [58]. The principles of this 

operator are elucidated in Equation 9, encompassing both fuzzy sum and fuzzy product operators.  
 

𝜇𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 = [1 − ∏ (1 − 𝜇1)𝑛
𝑖=1 ]𝛿 ×  [∏ 𝜇1

𝑛
𝑖=1 ]1−𝛿  (9) 

 

where, 𝜇𝐶𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 is the final result of the fuzzy combination, the 𝜇𝑖 is fuzzy value of each 

set 𝑖,  𝛿 is a weight parameter between 0 and 1, and, 𝑛 is the number of fuzzy sets.  The fuzzy 

GAMMA operator is governed by the 𝛿 parameter (gamma coefficient). Lower gamma 

coefficients mean low sensitivity class areas, while higher gamma coefficients signify areas with 

high sensitivity [59,60]. The selection of the δ parameter involves achieving a dynamic 

equilibrium between the impacts of augmenting and diminishing overlapping variables [59,61]. 𝛿 

parameter should be chosen wisely in order to correctly signify the influence of combined 

parameter in the area. We employed the operator function for this reason. 𝛿 value of 0.9 has been 

selected to establish adaptable compatibility between escalating and diminishing trends. 

 

3. Results and Discussion 

3.1. Simulated variables 
Considering the substantial variation in wave characteristics along the approximately 550 km 

Makran coast across different seasons, a brief overview of the seasonal conditions is first 

presented, followed by an explanation of the annual average results.  The wave height (HS) and 

wave power (P) along the Makran coast exhibit significant seasonal variations. In winter, the 
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eastern part faces higher HS (up to 0.68 m) than the western part (less than 0.38 m), with coastal 

zones showing varying maximum HS and P. Spring brings increased HS and P, especially in the 

eastern regions, with HS reaching up to 1.0 m and P up to 2.5 kW/m. Summer peaks with HS up to 

2.0 m in the east and maximum P reaching 13.5 kW/m in certain zones. Autumn sees a decline in 

HS and P, resembling spring conditions, with HS up to 1.0 m and P around 3.0 kW/m in the east. 

The direction of incoming waves shifts seasonally, primarily from the southwest in winter and 

spring, and from the south in summer and autumn (Table 3). Detailed illustrations and data for 

each season are provided in the appendix (A), with Fig. A1 to A4 depicting the averaged pattern 

of wave characteristics seasonally. 

 
Table 3. Summary of seasonal variations in wave height (HS) and wave power (P) along the 

makran coast 

Season 
Wave Height (HS) (m) Wave Power (P) (kW/m) 

Wave Direction 
West East Notable Zones (Z) West East Notable Zones (Z) 

Winter < 0.38 0.68 
Z 1-12: 0.36 m, 

Z 20-23: 0.4 m 

Max: 

0.45 

Max: 

1.0 

Z 1-17: 0.45 kW/m, 

Z 17-28: 1.0 kW/m 

Mainly SW, 

WSW in the 

west 

Spring < 0.48 1.0 
Z 1-12: 0.52 m, 

Z 17-23: 0.78 m 

Max: 

0.65 

Max: 

2.5 

Z 1-17: 0.65 kW/m, 

Z 17-28: 2.5 kW/m 

Mainly SW, 

consistent with 

winter 

Summer 2.0 < 0.80 
Z 1-12: 0.84 m, 

Z 17-23: > 1.0 m 

Max: 

2.2 

Max: 

13.5 

Z 1-10: 1.75 kW/m, 

Z 17-28: 13.5 kW/m 

Mainly S, SW 

within the 

coastal zone 

Autumn < 0.5 1.0 
Z 1-12: 0.60 m, 

Z 23-28: 0.94 m 

Max: 

1.0 

Max: 

3.0 

Z 1-12: 1.0 kW/m, 

Z 19-28: 3.0 kW/m 

Mainly S, 

similar to annual 

 

Despite the existence of several studies on the Makran coast, a gap in detailed, region-specific 

data has remained. This study addresses this gap by focusing on coastal zones, analyzing HS, P, 

and MWD data. The results illustrating the annual average wave pattern are presented in Fig. 6. 

In the eastern part, the maximal HS reaches up to 1.2 m, while in the western part, it is under 0.6 

m. Along the shoreline, from zone Bunji-ye Karbasi (1) to Gougsar (12), the maximum HS is 0.60 

m. Moving from zones Gougsar (12) to Kalāt (17), the maximal HS increases to 0.78 m, and further 

east side from zone Kalāt (17) to Chahbahar (23)  maximum HS increases up to  0.87 m. Zones 

Chahbahar (23) to Pasabandar (28) encounter a maximal HS of 1.0 m, whereas zones Pasabandar 

(28) to Khowr Bahokalat (30), situated in a deeper bay,  experiences a maximal HS of 0.8 m. The 

wave direction reveals two distinct zones, with the eastern part originating from the SbW direction 

and the western part from the SW direction. In coastal regions from zone Bunji-ye Karbasi (1) to 

Shahreni (8), the maximum P is 0.85 kW/m, escalating to 1.56 kW/m in zones Shahreni (8) to 

Khowr Galak (16), and peaking at 1.5 kW/m in zones Khowr Galak (16) to Pozm Bay (21). Zones 

Pozm Bay (21) to Chahbahar (23) exhibit a P surpassing 3.5 kW/m. Zones Chahbahar (23) to Beris 

(26) attain a maximal P of 4.5 kW/m, while zones Beris (26) to Pasabandar (28) reach a maximum 

of 5.2 kW/m. Finally, zones Pasabandar (28) to Khowr Bahokalat (30) register a P of less than 3.2 

kW/m. These findings highlight a clear spatial variation in wave energy distribution along the 

Makran coast. This spatial heterogeneity suggests that coastal development and erosion mitigation 

strategies should be tailored to the specific wave dynamics of each region, particularly in the high-

energy eastern zones where greater hydrodynamic forces pose increased risks to coastal 
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infrastructure. A notable example is the distinct hydrodynamic conditions at Beris Port, located in 

the eastern Makran region [12,13]. 
 

 
Figure 6. Annual pattern of A) averaged significant wave height, B) averaged wave power, 

and C) spatial variation diagram extracted from variables in a 1 km buffer from the Makran 

shoreline 

 

To describe the temporal (seasonal and annual) variations of variables HS, P, and MWD more 

specificly, box plots are used (Fig. 7 A-C). The spatial variations of HS in the winter season are 

limited, ranging between 0.07 and 0.6 m, with an average of 0.4 m.  During the spring season, HS 

reached a maximum of 0.95 m with an average of 0.4 m, notably higher in the eastern half of the 

Makran region (Fig. A2, in Appendix). As the summer season commences, the most significant 

variations in HS, up to 1.9 m with an average of 0.7 m, are observed throughout the entire area, 

with the eastern part experiencing higher HS (Fig. A3, in Appendix). In the autumn season, HS 

decreases, and the spatial variations in HS resemble those in the spring season. The annual average 

spatial variations in HS range from 0.08 to 1.1 m, with a mean of 0.5 m (Fig. 7A). The spatial and 

temporal variations in the variable P correspond to HS (Fig. 7 B). The spatial variations of P in the 

spring season range from 0.0 to 1.08 kW/m, with a mean of 0.3 kW/m. In the summer season, 

spatial variations exceed 10.2 kW/m, with an average of 2.0 kW/m. The annual average spatial 

variations in P range from 0.02 to 5.3 kW/m, with a mean of 0.9 kW/m. Saket and Etemad-Shahidi, 

[62] conducted an investigation into the long-term wave power within zones Kalirak (14), Tang 

(19), Gurdim Bay (20), and Chabahar Bay (22), asserting that the monthly mean P fluctuates 

between 0.97 and 5.16 kW/m. Their findings are in concordance with the results of this study.  In 

the spring season, the spatial variations of MWD range from 171 to 247 degrees, with an average 

of 208 degrees, and a similar pattern is observed in the spring, with the difference that directional 

dispersion increases. In the summer and autumn seasons, the pattern of spatial and temporal 
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variations in MWD is similar, with mean values of 191 and 189 degrees, respectively. Ghaderi 

and Rahbani's (2023) investigation also elucidates that the directional dispersion of waves along 

the coastal region exhibits greater diversity during the winter season in contrast to other temporal 

periods. The annual average spatial variations in MWD are within the range of 159 to 237 degrees, 

with a mean of 197 degrees (Fig. 7 C). The long-term analysis conducted by Saket and Etemad-

Shahidi, [62] delineates the wave climate into three distinct temporal phases: the initial period 

spans from January to May, succeeded by a segment from June to August, and concluding with a 

phase spanning from September to December.  

Since the area under investigation is faced with open ocean, the verity of winds are dominared 

in the area, which differes seasonally. At the onset of winter, wind speeds decrease, whereas during 

summer, the presence of the monsoon intensifies, leading to the formation of persistent southerly 

to southwesterly winds [19,62]. Consequently, the region's wave pattern is influenced by seasonal 

variations in wind, thus, the height, power and direction of waves are videly different season by 

season.  These findings indicate that the distinct seasonal shifts in wave characteristics, particularly 

during the summer monsoon, can significantly affect sediment transport and coastal morphology. 

The variation in wave energy throughout the year suggests that coastal engineering solutions 

should be dynamic and flexible, taking into consideration not only the seasonal intensity of wave 

action but also the long-term impacts on shoreline stability and erosion patterns [63]. 

 

 
Figure 7. Box Plot of A) significant wave height, B) wave power, and C) mean wave direction 

(seasonally and annualy)  

 

3.2. Overlaying variables 
Overlaying three variables of HS, P and MWD, the area were categorized and illustrated 

seasonally (Fig. 8  A-D), and annually (Fig. 8  E). During the spring season, the difference between 

the eastern and western regions is not pronounced, especially in coastal areas, which exhibit 

minimal conditions (Fig. 8 A). However, in the spring and summer seasons, the stark disparity and 

delineation of conditions between the eastern and western regions become highly evident (Fig. 8 

B-C). This demarcation extends up to zone Kalāt (17) in the spring and penetrates up to zone 6 in 

the summer. In the autumn season, this demarcation reaches its maximum extent, up to zone 

Poshot (27) (Fig. 8 D). The results of overlaying the annual averages also indicate that this 

difference between the eastern and western sectors persists up to zone Kalāt (17). These findings 

highlight significant seasonal and spatial variations within the study area. Briefly, the eastern 
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region consistently exhibits higher scores compared to the western counterpart. The eastern region, 

adjacent to the Arabian Sea - Indian Ocean, is influenced by oceanic conditions and monsoon 

[11,19,64], while the western region is situated away from oceanic influences, there is a 

considerable reduction in depth, and the water body exhibits a semi-closed configuration. 
 

 
Figure 8. Overlaying outcomes of fuzzy layers (HS, P, MWD) through the GAMMA method 

seasonally (A-D) and annually (E) 

 

The seasonal and annual fluctuations of overlaying variables within a 1 km buffer from the 

shoreline are depicted in Fig. 9. The annual average overlaying variables score (black line in Fig. 

9) reveals that zones Bunji-ye Karbasi (1) to Gougsar (12) exhibit scores below 0.4. Notably, from 

zone Kalirak (14) to Khowr Galak (16), intermediate zones Tang- Gurdim Bay (19-20), Gurdim 

Bay- Pozm Bay (20-21), zone Chabahar Bay (22), and zone Mangrove Gwadar (29) experience a 

discernible reduction attributed to the omega-shaped coast. Despite higher scores for the MWD 

variable in these regions, variables HS and P register significantly lower scores (Fig. 9). 

Consequently, the overlayed variable indicate calm hydrodynamic conditions. In the western part, 

only a small segment of zones Lirak (13) and Kalāt (17) demonstrates overlaying variable scores 

surpassing 0.5.  In these two areas, the wave enters with an oblique angle toward the shore (Fig. 6 

C), resulting in a slight increase in the overall score of overlaying variables. In the eastern part, 

multiple regions exhibit annual average scores exceeding 0.5, such as zones Birdaf (18), Tang 

(19), Gurdim Bay (20), Pasabandar (28), and Khowr Bahokalat (30). Zones Birdaf, Gurdim Bay 

(20), and Khowr Bahokalat (30) represent open coastal areas, while zones Tang (19) and 

Pasabandar (29) constitute tombolo and capes, where waves with higher HS and greater P exert 

influence. Between zones Chahbahar - Poshot (23-27), the overall score of annual average 

overlaying variables varies from 0.6 to 0.8. These coastal areas, characterized by highlands and 

rocky coasts, are fully exposed to oceanic conditions.  Consequently, it is anticipated that the 

morphological response and coastal vulnerability in these regions to be significantly pronounced. 

In the study conducted by Siahsarani et al., [15], focusing on the investigation of the Gonu cyclone 

in the Gulf of Oman, it was articulated that a tropical cyclone has the potential to inflict damage, 
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both economic and environmental, to the coastal areas of Chabahar (the eastern zones in this 

study). Additionally, Ghaderi and Rahbani's [65] examination of the vulnerability of the eastern 

coast of Makran highlighted the susceptibility of these regions. These findings indicate that the 

high scores in eastern regions, influenced by oceanic conditions, may increase coastal 

vulnerability, highlighting the need for targeted management strategies to mitigate erosion and 

damage from extreme weather events. 
 

 
Figure 9. The results of overlaying fuzzy layers (HS, P, MWD) using the GAMMA method, in 

a buffer of one km from Makran shore (The code for the indicator areas is provided at the top of 

the chart) 

 

4. Conclusions 
The primary objective of this study is to furnish detailed information on the wave patterns of 

the Makran coasts. Given the strategic importance of the Makran coasts for maritime development, 

a comprehensive understanding of their hydrodynamic conditions becomes essential. A numerical 

simulation was conducted to investigate the hydrodynamic conditions of the aera. The output 

results were utilized to analyze the seasonal and annual averages of wave height, wave power, and 

wave direction in the nearshore zone.For simultaneous analysis of variables, the data was 

subjected to Fuzzy Logic  transformation using the fuzzy-GAMMA operator, and the values of all 

three variables were overlaid.  
From a temporal perspective, the pattern of wave height and wave power can be categorized 

into three periods: winter and spring, characterized by minimal hydrodynamic conditions; 

summer, exhibiting maximum hydrodynamic conditions; and autumn, marking the onset of a 

decline in hydrodynamic conditions. The wave direction pattern in the nearshore zone falls into 

two periods: winter and spring, where the predominant wave direction is primarily south-

southwest, and summer and autumn, where the waves are predominantly southern direction, 

besides the dispersion of directions within this timeframe is diverse.  In terms of spatial variations, 

the hydrodynamic conditions are notably higher in the eastern section, particularly from the Kalāt 

zone to the Khowr Bahokalat zone, where both wave height and wave power are elevated, leading 

to increased coastal impact and erosion. Conversely, the western section generally exhibits lower 

hydrodynamic conditions, characterized by reduced wave height and wave power, resulting in less 

significant coastal effects. These variations are influenced by geographical features such as the 

coastline's orientation and bathymetric characteristics, which affect wave propagation and energy 

distribution. In the omega-shaped coast and bays, hydrodynamic conditions are generally minimal, 

except for the Gwadar Bay, which, due to its expansive entrance, experiences higher 

hydrodynamic conditions compared to other bays. The results of overlaying variable scores 

indicate that the hydrodynamic conditions in the coastal zone align with the analysis of temporal 

and spatial patterns of wave height and wave power. However, in certain locations such as 
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headlands, and capes, the hydrodynamic conditions have increased due to the oblique angle of 

waves in the nearshore zone.  
Key findings include: 
• Wave Height (HS): Ranges from 0.07 to 1.9 m, peaking during summer with an average 

of 0.7 m. Winter and spring show calmer conditions with an average HS of 0.4 m. This 

parameter serves as an indicator of sea state and is crucial for understanding potential 

impacts on coastal infrastructure and erosion. 
• Wave Power (P): Shows significant seasonal variation, with a marked increase in 

summer, reaching up to 10.2 kW/m, and an annual mean ranging from 0.02 to 5.3 kW/m. 

Increased wave power can lead to enhanced erosion and flooding risks, necessitating 

careful consideration in coastal development planning. 

• Wave Direction (MWD): Exhibits seasonal variation, primarily ranging from 171° to 

247° during winter and spring, and from 189° to 191° in summer and autumn. Waves 

approaching from the southern direction (180 degrees) exert minimal impact on the 

coastline, whereas oblique waves have a more pronounced effect, influencing coastal 

sediment transport and erosion patterns. 
The findings of this study, along with similar studies, will assist planners and policymakers in 

developing management goals for coastal development. By integrating hydrodynamic dynamics 

into coastal planning, resilient strategies can be established for the sustainable utilization of the 

Makran region’s resources, balancing maritime potential with risk mitigation. 

 

Appendix 

 

 
Figure A1: Winter season; Pattern of A) averaged significant wave height, B) averaged wave 

power, and C) spatial variation diagram extracted from variables in a 1 km buffer from the 

Makran shoreline  
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Figure A2: Spring season; Pattern of A) averaged significant wave height, B) averaged wave 

power, and C) spatial variation diagram extracted from variables in a 1 km buffer from the 

Makran shoreline  

 
Figure A3: Summer season; Pattern of A) averaged significant wave height, B) averaged wave 

power, and C) spatial variation diagram extracted from variables in a 1 km buffer from the 

Makran shoreline 



Integrating Fuzzy Logic and Numerical Modeling … 

 
WINTER 2025, Vol 11, No 1, JOURNAL OF HYDRAULIC STRUCTURES 

Shahid Chamran University of Ahvaz 

                                                                                

105 

 
Figure A4: Autumn season; Pattern of A) averaged significant wave height, B) averaged wave 

power, and C) spatial variation diagram extracted from variables in a 1 km buffer from the 

Makran shoreline 
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