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Abstract. Saleh Bay is a semi-enclosed marine ecosystem that is vulnerable 
to nutrient inputs from surrounding watersheds. This study aimed to map the 
spatial distribution of watershed-derived nutrients and assess their 
implications for coastal water quality using numerical modeling. 
Simulations incorporated wind, tides, bathymetry, river discharge, and in-
situ concentrations of dissolved oxygen (DO), nitrate (NO₃), ammonia 
(NH₄), and phosphate (PO₄). Hydrodynamic model validation against the 
current Copernicus Marine Service data showed strong performance, with 

RMSE values of 0.0316–0.0340 and correlation coefficients exceeding 0.97. 
Nutrient simulations indicated generally low NH₄ (<0.003 mg/L) and PO₄ 
(<0.010 mg/L) concentrations, with localized coastal increases of up to 
0.005 mg/L for NH₄ and ≥0.014 mg/L for PO₄. NO₃ concentrations were 
relatively higher, ranging from <0.03 mg/L offshore to >0.055 mg/L near 
the Bera River mouth. DO concentrations decreased to below 3 mg/L in the 
southern coastal areas during the low tide. Although direct nutrient 
validation is limited by field data availability, the validated hydrodynamic 

model provides a reliable basis for nutrient transport simulations. These 
results highlight the dominant role of tidal dynamics and watershed inputs, 
and demonstrate the usefulness of numerical modeling for sustainable 
coastal water quality management. 

Keywords: Coastal water quality, nutrient distribution, nutrient modelling, 
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1 Introduction 

Saleh Bay, located northeast of Sumbawa Island, West Nusa Tenggara, is a semi-enclosed 

water body connected to the Flores Sea. The bay is ecologically important because of its high 

biodiversity, particularly in coral reef ecosystems [1]. However, increasing human activity in 
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the surrounding watersheds threatens its sustainability through inputs of sediments, nutrients, 

pesticides, and other pollutants [2, 3]. These inputs contribute to water quality degradation, 

eutrophication, and coral reef decline [4]. 

Key stressors are nutrient enrichment and organic pollution. Elevated nitrate and 

phosphate levels, primarily from agriculture, domestic waste, and detergents, are the main 

drivers of eutrophication, while dissolved oxygen (DO) serves as a critical indicator of the 

organic load in aquatic system [5-7]. The Bera watershed, which drains into Saleh Bay, plays 

a major role in transporting these pollutants and thus directly influences the ecological 

conditions of the bay [8, 9]. 

Numerical modelling provides an effective approach for analyzing interactions between 

hydrodynamic processes and coastal water quality, particularly for assessing the transport 
and distribution of nutrients and pollutants that influence ecosystem health [10, 11]. Nutrient 

enrichment in coastal waters, especially nitrate (NO₃), ammonia (NH ₃), and phosphate (PO₄), 

is widely recognized as a key driver of eutrophication, leading to harmful algal blooms, 

hypoxia, and degradation of coral reef ecosystems [5, 7, 12]. In tropical coastal systems, 

strong land–sea interactions combined with high rainfall further intensify the delivery of 

land-derived nutrients into semi-enclosed bays, accelerating water quality deterioration and 

altering biogeochemical processes [13]. 

Despite the ecological importance of Saleh Bay and the increasing anthropogenic 

pressure from surrounding watersheds, integrated numerical modelling of the nutrient 

distribution in this area remains limited. Most previous studies have focused on 

hydrodynamic characteristics or observational assessments without explicitly coupling 

validated hydrodynamic models with nutrient transport and transformation processes [14]. In 
contrast, studies on other tropical and semi-enclosed coastal systems have demonstrated that 

coupling hydrodynamic circulation with nutrient and biogeochemical modules provides 

critical insights into nutrient pathways, accumulation zones, and potential hypoxia risks [2, 

11]. Therefore, this study addresses a clear research gap by applying a validated MIKE 21 

hydrodynamic–Ecolab framework to simulate nutrient distribution from the Bera Watershed 

into Saleh Bay, thereby supporting evidence-based coastal water quality management. 

2 Study area 

This study was conducted in the Bera Watershed, Saleh Bay, West Nusa Tenggara, as shown 

in Fig. 1. Field data collection was carried out by a BRIN research team in 2024, including 
water sampling and field surveys to characterize the research station locations. The collected 

field data were subsequently processed and analyzed in April and September, representing 

the First and Second Transitional Seasons, respectively. 
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Fig. 1. Research map location, Bera Watershed, Saleh Bay, NTB. 

3 Data and methods 

3.1 Tools and materials 

The tools used in this research included a laptop as the main hardware, ArcGIS software for 

map production and spatial data processing, WRPlot software for generating wind roses, and 

MIKE 21 software for modelling current patterns and nutrient distribution from the 

watershed. Microsoft Excel was used for sorting and filtering the data. 

Table 1. Research data. 

3.2 Data processing and analysis procedures 

This study employed a coupled hydrodynamic–water quality modelling framework to 

simulate nutrient distribution in Saleh Bay using secondary data on wind, tides, bathymetry, 

river discharge, and nutrient concentrations. Tidal circulation was simulated with the 

hydrodynamic model, while nutrient transport and transformation of DO, NO₃, NH₄, and PO₄ 

No Parameter Data source 

1 Wind ECMWF (https://www.ecmwf.int/) 

2 Tide BIG Station (https://srgi.big.go.id//) 

3 Bathymetry BATNAS (https://tanahair.indonesia.go.id/batnas) 

4 Water discharge GloFAS (https://global-flood.emergency.copernicus.eu/) 

5 
Nutrient 

Concentration 
BRIN In-Situ Data 2024 

6 Current Marine Copernicus (https://data.marine.copernicus.eu/) 
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were resolved using the Ecolab module. Model performance was evaluated against available 

observations using RMSE, and the validated outputs were analyzed to identify spatial–

temporal nutrient patterns and accumulation zones, as summarized in Fig. 2. 

 

Fig. 2. Research flowchart. 

3.2.1 Bathymetry 

Bathymetric data were obtained from the National Bathymetry Database (BATNAS) with a 

spatial resolution of 6 arcsec (~ 180 m). The dataset was cropped to the model domain and 

used to represent the seabed topography within the MIKE 21 model, providing essential input 

for simulating the hydrodynamic circulation and nutrient transport in Saleh Bay. 

3.2.2 Wind 

Bathymetric data were obtained from the National Bathymetry Database (BATNAS) with a 

spatial resolution of 6 arcsec (~ 180 m). The dataset was cropped to the model domain and 

used to represent the seabed topography within the MIKE 21 model, providing essential input 

for simulating the hydrodynamic circulation and nutrient transport in Saleh Bay. 
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Fig. 3. Wind patterns in Saleh Bay in April 2024. 

 

Fig. 4. Wind patterns in Saleh Bay in September 2024. 

3.2.3 Tides 

Tidal data were obtained from the Calabai Tidal Observation Station, provided by the 

Geospatial Information Agency (BIG). A 30-day sea-level dataset was analyzed using 

harmonic analysis to determine the main tidal constituents (M2, S2, K1, and O1). The 

Formzahl number was calculated to classify the tidal type, which was identified as a mixed 

tide with predominantly diurnal characteristics. The tidal elevation data were subsequently 

used as open-boundary forcing in the hydrodynamic model. 

𝐹 =
𝐾1+𝑂1

𝑀2+𝑆2
    (1) 

 

𝐹 : Formzahl Number 

𝐾1 : The main single tidal element caused by solar forces. 

𝑂1 : The main single tidal element caused by the gravitational pull of the Moon 

𝑀2 : Main double tidal element caused by lunar force 

𝑆2 : Main double-tidal element caused by solar force 
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Table 2. Tidal types based on the Formzahl number (𝐹) [15]. 

Formzahl Number (𝑭) Tidal Type 

𝐹 ≤ 0.25 Double Tide 

0.25 < ≤ 1.5𝐹  Mixed Tides Tend to Double 

1.5 < ≤ 3𝐹  Mixed Tide Tends to Single 

𝐹 >3 Single Ebb and Flow 

3.2.4 River water discharge 

River discharge data for 2024 were obtained from the Global Flood Awareness System 

(GloFAS), a distributed hydrological modelling system developed through collaboration 

between the European Commission and the ECMWF to monitor and predict flooding in 

major rivers worldwide. The dataset was provided in the NetCDF format, opened using ODV, 

and converted into. txt files were used for further processing. Seasonal averages for April and 

September 2024 were then calculated and used as inputs for hydrodynamic simulations in 

MIKE 21. 

3.3 Nutrient distribution model 

Numerical simulations were conducted using the MIKE 21 Flexible Mesh (FM) Integrated 

Model developed by the DHI. This two-dimensional (2D) model was selected because of its 

ability to capture the spatial and temporal dynamics of coastal and marine environments with 

high accuracy. The FM approach enables a detailed representation of the model domain by 

following the coastline geometry, bathymetry, and other complex features. The 
computational domain was discretized using an unstructured triangular mesh, with spatial 

refinement applied in nearshore areas and around river mouths influenced by watershed 

inputs, whereas coarser elements were used offshore. 

 

Fig. 5. Mesh domain model. 

The simulations were performed for two periods, April 1–30, 2024 and September 1–30, 

2024, using a fixed time step interval of 3600 s and a total of 720 time steps for each 

simulation (Appendix 4). Hydrodynamic initial conditions were defined as a constant water 
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level of 0.0 m, while tidal forcing at the open boundary was derived from the Calabai tidal 

station and wind forcing was applied using ECMWF datasets for April and September 2024. 

Bottom friction was represented using a constant Manning number of 32 m¹ᐟ³ s⁻¹, and 

horizontal turbulence was parameterized using the Smagorinsky formulation with a constant 

eddy viscosity of 0.28 m² s⁻¹, following default MIKE 21 settings (Table 3). 

Table 3. Model scenario. 

Module Parameter Value 

  

Specification file Model Sebaran Nutrien Teluk Saleh.mfm 

Simulation period 
1 April 2024 - 30 April 2024 September 
2024 - 30 September 2024 

No. of time steps 720, 2 Model 

Time steps interval 3600s 

Module Selection Hydrodynamics (HD) Ecolab 

HD 

Flood and dry Standard flood and dry 

Initial conditions Constant 0.0 m 

Wind forcing 
AnginApril.dfs0 
AnginSeptember.dfs0 

Wave radiation (-) 

Eddy viscosity 
Smagorinsky formulation, Constant 0.28 

m2/s 

Bed resistance Manning number, Constant 32 m1/s 

Ecolab 
Initial conditions (0) Constant 

Boundaries condition Constant 

  

Result files  
HD.dfsu 
Ecolab.dfsu 

Simulation time About 5 hours 

PC specification (-) 

 

The model integrates two primary modules: the Hydrodynamic (HD) module and the 

ecolabTM module. The HD module simulates current circulation and tidal-induced water-

level variations, providing a basis for understanding water mass transport and nutrient 

dispersion across the study area. The simulations incorporated multiple tidal phases and wind 
forcing to capture the influence of hydrodynamic drivers on pollutant transport. River 

discharge from the Bera Watershed was imposed at the Brang Bera, Brang Maronge, and 

Brang Kolong river mouths using the seasonal average values for April and September 2024 

(Table 4). 
Table 4. River discharge. 

 

The Ecolab module was used to simulate water quality parameters, including dissolved 

oxygen (DO), nitrate (NO₃), ammonia (NH₄), and phosphate (PO₄). The initial and boundary 

concentrations for all nutrients were specified as constant values based on in situ 

measurements collected in 2024, with river boundary concentrations representing land-

River Time Discharge (m3/s) 

Brang Maronge 
Apr-24 0.4375 

Sep-24 0.4688 

Brang Bera 
Apr-24 3.75 

Sep-24 2.1875 

Brang Kolong 
Apr-24 0.5623 

Sep-24 0.6765 
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derived inputs and open boundary values representing offshore background conditions 

(Table 5). 

Table 5. Nutrient concentration data. 

 

This module accounts for key biogeochemical processes, such as nitrification, 

denitrification, organic matter remineralization, and interactions with aquatic biota [16]. 

Owing to limited temporal nutrient observations, no extensive parameter calibration was 
performed, and the reaction parameters followed the default Ecolab coastal water 

configuration. The integration of the HD and Ecolab modules provides a comprehensive 

framework for assessing nutrient transport, transformation, and potential eutrophication, 

thereby supporting evidence-based coastal and marine management. The general equations 

used in the hydrodynamic and ecolabic modules to describe the hydrodynamic processes and 

solute transport are as follows: 

 
𝜕𝜂

𝜕𝑡 
+

𝜕(ℎ𝑢)

𝜕𝑥 
 +

𝜕(ℎ𝑣)

𝜕𝑦 
=  0       (2) 

𝜕(ℎ𝑢)

𝜕𝑡
 +  

𝜕(ℎ𝑢²)

𝜕𝑥
 +

 𝜕(ℎ𝑢𝑣)

𝜕𝑦
=  −𝑔ℎ

𝜕𝜂

𝜕𝑥 
+  𝐹𝑥    (3) 

𝜕(ℎ𝑢)

𝜕𝑡
 +  

𝜕(ℎ𝑢²)

𝜕𝑥
 +

 𝜕(ℎ𝑢𝑣)

𝜕𝑦
=  −𝑔ℎ

𝜕𝜂

𝜕𝑥 
+  𝐹𝑦    (4) 

 

𝜂  : Water surface elevation (m). 

ℎ= η + d : Total water depth (m) 

𝑢, 𝑣  : Directional current speed𝑥and (m/s)𝑦 

𝑔   : Acceleration of gravity 

𝐹𝑥, 𝐹𝑦 : External forces (wind, Coriolis force, and friction) 

 
𝜕𝐶

𝜕𝑡
+ 𝑢

𝜕𝐶

𝜕𝑥
+ 𝑣

𝜕𝐶

𝜕𝑦
= 𝐷𝑥

𝜕2𝐶

𝜕𝑥2 + 𝐷𝑦
𝜕2𝐶

𝜕𝑦2 + 𝑅(𝐶)    (5) 

 

𝐶 : Concentration of dissolved substances (mg/L) 

𝑡 : Time (s) 

𝑢, 𝑣  : Current velocity component (m/s) of HD module 

𝐷𝑥 , 𝐷𝑦: Horizontal dispersion coefficient (m²/s) 

𝑅(𝐶) : Reaction rate (mg/L/s) depending on the type of pollutant 

3.4 Model scenario 

The model was simulated for a 30-day period covering two representative seasons: April 

2024 (Transition Season I) and September 2024 (Transition Season II). Four tidal phases 

were analyzed: approaching low tide, lowest tide, approaching high tide, and highest tide. A 

6-hour spin-up period (21,600 s) using a slow-start scheme was applied to stabilize the initial 

conditions. The model resolved coupled hydrodynamic and nutrient transport processes using 
the Hydrodynamic (HD) and Ecolab modules, with tidal forcing prescribed from the Calabai 

River Basin Time DO NO₃ PO₄ NH₄ 

Brang Bera 
Apr-24 8.41 0.5 0.145 0.015 

Sep-24 7.97 0.5 0.058 0.013 

Brang 
Maronge 

Apr-24 7.81 0.5 0.073 0.009 

Sep-24 7.43 0.5 0.006 0.017 

Brang 
Kolong 

Apr-24 7.36 0.6 0.192 0.009 

Sep-24 7.30 0.5 0.188 0.030 

BIO Web of Conferences 220, 06010 (2026) https://doi.org/10.1051/bioconf/202622006010

ICMS 2025

8



station (BIG) and wind forcing from the ECMWF data to simulate circulation patterns and 

nutrient dynamics. 

3.5 Model validation and calibration 

The numerical model was calibrated and validated in two stages, focusing primarily on the 

hydrodynamic component (HD), as it controls nutrient advection and dispersion. 

Hydrodynamic simulations were validated against observed tidal elevations from the Calabai 

station (BIG) and current data from the Copernicus Marine Service using statistical 

indicators, including the Root Mean Square Error (RMSE), standard deviation, and 

correlation coefficient, to assess accuracy, variability, and phase agreement [17]. Model skill 

was further evaluated using Taylor diagrams, which provide an integrated representation of 

these statistical metrics [18]. Validation of the Ecolab nutrient module (NO₃, NH₄, and PO₄) 

was constrained by limited field observations available only for April and September 2024; 

therefore, no extensive calibration of biogeochemical reaction parameters was performed. 

Nutrient simulations relied on measured concentrations as initial and boundary conditions, 
whereas biogeochemical processes followed the default MIKE 21 Ecolab coastal water 

parameterization. Model performance for nutrient distribution was assessed qualitatively by 

comparing simulated spatial patterns and concentration ranges in situ, highlighting the need 

for higher-frequency nutrient monitoring in future studies. 

 

𝑅𝑀𝑆𝐸 = √
1

3
∑(𝑌𝑡 − 𝑌𝑡+1)2      (6) 

 

𝑌𝑡is the measurement data; in this case, the tidal data from the BIG station. is the model data, 

n is the number of measurement data.𝑌𝑡𝑌𝑡+1 

 

𝑆𝑇𝐷 = √∑
(𝑥1−𝑥)

𝑁−1

𝑁
𝑖=1        (7) 

 

𝑆𝑇𝐷is the standard deviation of the variable [19]. In this case, the tide at the BIG station.𝑥 𝑥𝑖 

 

𝑅 =
1

𝑁
∑ (𝑓𝑛−𝑓̅)(𝑟𝑛−𝑟̅)𝑁

𝑖=1

𝜎𝑓 𝜎𝑟
       (8) 

 

𝑅is the correlation coefficient, is the mean value, and and are the standard deviations of and 
respectively [18]. 

The RMSE assessment criteria refer to [20], which classifies results as Very Good if the 

value is between 0 and 0.5, good for a value of 0.5 to 0.6, fair in the range of 0.6 to 0.7, and 

poor if it exceeds 0.7. Meanwhile, according to [21] and [22], the RMSE value is considered 

low if it is less than half the standard deviation of the observation data. 

4 Results and discussion 

4.1 Validation of model results with field data 

Model validation for tidal dynamics was performed by comparing simulated sea-level 
elevations with observations from the Calabai tidal station (BIG) for April and September 

2024. The model reproduced the observed tidal patterns well, as shown in Fig. 6 and Fig. 7, 

with low discrepancies quantified using the Root Mean Square Error (RMSE). Admiralty 
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harmonic analysis yielded Formzahl values of 1.3329 in April and 1.2215 in September, 

indicating a mixed tide with a predominantly diurnal character [15], which is consistent with 

the observed tidal amplitude variations influenced by both diurnal and semidiurnal 

constituents. Minor deviations between simulated and observed tides are likely related to 

model resolution limitations and local environmental variability. 

 

Fig. 6. Comparison of tides in April 2024. 

 

Fig. 7. Comparison of tides in September 2024. 

Minor phase differences between observed and simulated tidal elevations are a common 

feature in hydrodynamic modelling and have been widely reported in coastal and estuarine 

studies [23, 24]. Such phase lags typically result from the combined effects of grid resolution, 
boundary forcing, and wave propagation [23]. In this study, the observed phase delays were 

small and temporally inconsistent, indicating that the dominant diurnal and semidiurnal tidal 

constituents were well represented, and that the tidal cycles remained well aligned. These 

minor discrepancies are therefore considered acceptable and do not compromise the ability 

of the model to simulate hydrodynamic conditions relevant to nutrient transport in Saleh Bay. 

Table 6. Tidal model validation results. 

Month RMSE R STD 

April 0.2296 0.9791 1,1241 

September 0.1943 0.9850 1,1231 

 

Based on the results in Table 6, the criteria from [19] indicate that the RMSE values for 

both months are categorized as Very Good because they are below 0.5. Furthermore, 

according to [21] and [22], the RMSE value is considered low if it is less than half the 
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standard deviation of observations. The RMSE values for April and September also satisfied 

these criteria. 

 

Fig. 8. Taylor diagram of the tides in April 2024. 

 

Fig. 9. Taylor diagram of the tides in September 2024. 

Fig. 8 and Fig. 9 show the Taylor Diagram as the result of the tidal model validation 

against observation data from Calabai Station in Saleh Bay for April and September 2024. 

This diagram represents the relationship between STD, R, and RMSE, which are commonly 

used in numerical model evaluation [18]. 
The model performance was evaluated using both scatter plots and Taylor diagrams, 

which were constructed from the same paired datasets of the simulated and observed current 

velocities. The zonal (u) and meridional (v) velocity components extracted from MIKE 21 

simulations were directly matched in time and space with the corresponding Copernicus 

Marine Service data for April 1–30, 2024 and September 1–30, 2024. 
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Fig. 10. Results of current speed comparison in April 2024. 

 

Fig. 11. Current speed comparison results in September 2024. 

Scatter plots (Fig. 10 and Fig. 11) and Taylor diagrams (Fig. 12 and Fig. 13), derived 

from the same paired datasets, consistently demonstrate excellent agreement between the 

modeled and observed current components. The validation results (Table 7) showed very 

low RMSE values of 0.0316 in April and 0.0340 in September, with identical standard 

deviations of 1.1142 and extremely high correlation coefficients (R = 0.9996 and 0.9900, 

respectively). These statistics indicate minimal deviation between simulations and 

observations, and confirm that the MIKE 21 model reliably reproduces current patterns in 

Saleh Bay with high accuracy and consistency. 

Table 7. Model flow validation results. 

Month RMSE R STD 

April 0.0316 0.9996 1,1142 

September 0.0340 0.9900 1,1142 

 

Fig. 12 and Fig. 13 present Taylor diagrams summarizing the performance of the MIKE 

21 current simulations against the Copernicus Marine Service data for April and September 

2024. Both periods exhibited correlation coefficients exceeding 0.99, low RMSE values 
(0.0316–0.0340 m/s), and comparable standard deviations, indicating excellent agreement 

between the modeled and observed current components. According to the performance 

classification of [18], the model achieved a “Very Good” rating for both months, confirming 

that the MIKE 21 model reliably and accurately represents the hydrodynamic conditions in 

Saleh Bay. 

-0.2

-0.1

0

0.1

0.2

-0.25 -0.15 -0.05 0.05 0.15 0.25

V
 C

o
m

p
o

n
en

t 
(m

/s
)

U Component (m/s)

Marine Copernicus Model

-0.2

-0.1

0

0.1

0.2

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

V
 C

o
m

p
o

n
en

t 
(m

/s
)

U Component (m/s)

Marine Copernicus Model

BIO Web of Conferences 220, 06010 (2026) https://doi.org/10.1051/bioconf/202622006010

ICMS 2025

12



 

Fig. 12. Taylor diagram of current in April 2024. 

 

Fig. 13. Taylor diagram of current in September 2024. 

4.2 Flow pattern of model results in Saleh Bay 

The simulation results show the spatial distribution of currents in Saleh Bay during April 

2024 across the four tidal phases (Fig. 14). During the approaching low tide, the dominant 

current flowed out of the bay through the southern boundary, with circulation patterns 

generally parallel to the shoreline in the western and southwestern regions. Current velocities 

in this phase range from 0.03–0.27 m/s, with the strongest values observed in the 
northwestern part of the bay. At low tide, the current direction remained relatively consistent, 

although the velocity decreased, particularly along the western and southwestern coasts, 

ranging from 0.03–0.21 m/s. When the tide begins to rise, currents begin entering the bay 

from the southeast and move northwestward across the central to northern areas, with 

velocities locally increasing up to 0.27 m/s in the northern region. At the highest tide, the 

current pattern continued to show inflow from the open sea toward the bay, although with 

reduced intensity, with velocities ranging between 0.03–0.15 m/s. These results indicate that 
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tidal forcing plays a major role in shaping circulation patterns, with ebb phases characterized 

by dominant outflow and flood phases characterized by dominant inflow. 

  

  

Fig. 14. Current speed in Saleh Bay in April 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 

highest tide and (d) the highest tide. 

The simulation results revealed the current patterns in Saleh Bay during September 2024 

across the four tidal phases (Fig. 15). During the approaching low tide, currents 
predominantly flowed out of the bay toward the southeast, with circulation patterns aligned 

parallel to the northern and northeastern coastlines. Velocities range from 0.03–0.24 m/s, 

with the strongest flows occurring in the northern and central parts of the bay. At low tide, 

the overall current direction remains relatively unchanged, although the velocities decrease 

along the western and eastern coasts, ranging from 0.03–0.18 m/s. As the tide rises, currents 

enter the bay from the southeast and move northwestward across the central region, forming 

a more organized circulation pattern, with velocities reaching up to 0.24 m/s. At the highest 

tide, inflow from the open sea persists but with reduced intensity, ranging from 0.03–0.12 

m/s. These results highlight the consistent tidal control on circulation dynamics, with ebb 

phases dominated by southeastward outflow and flood phases dominated by organized inflow 

from the southeast. 

 

a 
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Fig. 15. Current speed in Saleh Bay in September 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) 
the highest tide and (d) the highest tide. 

The variations in current patterns and velocities in Saleh Bay confirm that the water 

circulation in this semi-enclosed system is primarily governed by tidal forcing rather than 

seasonal influences. In both April and September 2024, the circulation patterns exhibited a 

strong correspondence with tidal phases, with currents consistently flowing into and out of 
the bay in response to sea level fluctuations. This finding is consistent with [25], who 

emphasized that tidal characteristics and bottom morphology are the dominant controls on 

the circulation in semi-enclosed coastal waters. These factors strongly influence the water 

mass exchange, circulation efficiency, and spatial distribution of materials within the bay. 

4.3 Nutrient distribution patterns based on model results in Saleh Bay 

4.3.1 DO distribution pattern of model results 

The modeling results indicate the spatial distribution of dissolved oxygen (DO) 

concentrations in Saleh Bay during April 2024 across the four tidal phases (Fig. 16). In the 

period preceding low tide, high DO concentrations (>6 mg/L) dominated the central and 

coastal zones of the bay, whereas the southern area exhibited relatively low levels, suggesting 

limited oxygen exchange beyond the model domain [25]. At the lowest tide, DO 
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concentrations declined and areas with values below 3 mg/L expanded, particularly along the 

coastline, likely driven by water mass stagnation and organic matter decomposition [26]. 

During the rising tide, the inflow of seawater transported oxygen into the southern bay, 

elevating DO levels in this region. At high tide, enhanced mixing resulted in a more uniform 

distribution, with concentrations generally exceeding 4 mg/L throughout the study area.  

  

  

Fig. 16. DO pattern in Saleh Bay in April 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

The modelling results illustrate the spatial distribution of dissolved oxygen (DO) in Saleh 

Bay during September 2024 across the four tidal phases (Fig. 17). In the period preceding 

the low tide, relatively high DO concentrations (>6 mg/L) dominated the central and coastal 

regions, although the southern shallow areas began to exhibit lower values, suggesting 

organic matter accumulation [27]. At the lowest tide, the zones with DO levels below 3 mg/L 

expanded considerably, particularly along the western coastline. During the rising tide, the 

inflowing seawater introduced additional oxygen, leading to localized increases in DO, albeit 

with an uneven distribution across the bay. At high tide, enhanced mixing produced a more 

homogeneous pattern, with concentrations generally exceeding 4 mg/L throughout most of 

the areas. 
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Fig. 17. DO pattern in Saleh Bay in September 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

The spatial distribution of dissolved oxygen and nutrients in Saleh Bay is strongly 

controlled by tidal-driven hydrodynamics, which regulate water exchange, mixing intensity, 

and residence time in this semi-enclosed system [3, 14]. During the low tide and ebb phases, 

weakened circulation promotes nutrient accumulation in nearshore areas, particularly near 
river mouths and along the western and southwestern coasts, where organic matter inputs 

from agriculture, domestic wastewater, and aquaculture increase oxygen consumption and 

lead to localized hypoxic conditions (DO < 3 mg/L) [10, 24]. In contrast, rising and high tide 

phases enhance tidal mixing and facilitate the intrusion of oxygen-rich offshore waters, 

resulting in more homogeneous DO distributions and the partial dilution of accumulated 

nutrients [14, 24]. Differences in nutrient behavior reflect their biogeochemical 

characteristics: low NH₄ concentrations indicate efficient nitrification under predominantly 

oxic and well-mixed conditions [28, 29], whereas NO₃ shows higher spatial variability owing 

to strong watershed-derived inputs and accumulation during weak tidal exchange [5, 10]. PO₄ 

exhibits more localized enrichment, suggesting strong control by sediment interactions and 

rapid biological uptake that limit its horizontal dispersion even under high tidal mixing [30, 
31]. Overall, tidal mixing acts as a key regulatory mechanism that can either intensify oxygen 

depletion and nutrient retention under low mixing conditions or mitigate eutrophication 

through dilution and redistribution during stronger tidal phases [14, 32]. 
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4.3.2 NH₄ distribution pattern from model results 

The modeling results illustrate the spatial distribution of ammonia (NH ₃) concentrations in 

Saleh Bay during April 2024 across the four tidal phases (Fig. 18). Overall, NH₄ levels were 

categorized as very low (<0.003 mg/L), as reflected by the predominance of dark to light blue 
shading across all phases. These values suggest that NH₄ pollution in Saleh Bay during April 

was minimal and remained below the seawater quality threshold for marine biota. Slight 

increases in NH₄ concentrations (0.003–0.005 mg/L) were observed in localized coastal areas 

of the east and northwest during ebb and high tide, likely linked to anthropogenic inputs or 

remobilization of ammonia from shallow sediments under varying hydrodynamic conditions 

[32]. 

  

  

Fig. 18. NH₄ pattern in Saleh Bay in April 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

The modelling results for September 2024 (Fig. 19) show a distribution pattern of NH₄ 

similar to that observed in April. Across all tidal phases, NH₄ concentrations remained very 

low (<0.003 mg/L), confirming that Saleh Bay waters are generally not under significant 

ammonia pollution pressure. Nonetheless, localized increases (0.003–0.005 mg/L) were more 

noticeable in September, particularly along the eastern and northwestern coasts. These 

increases may be linked to enhanced land runoff during the rainy season or the accumulation 

of organic matter from terrestrial nutrient inputs [34]. Importantly, these elevated 

concentrations were confined to nearshore zones and did not extend into the central bay, 
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suggesting that mixing and circulation processes remained effective in diluting the ammonia 

levels. 

  

  

Fig. 19. NH₄ pattern in Saleh Bay in September 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 

highest tide and (d) the highest tide.  

Differences in NH₄ distribution patterns between April and September 2024 indicate 

episodic land-based inputs and possible sediment remobilization in shallow coastal zones 
[35]. During the lowest tide and the transition toward high tide, NH₄ concentrations remained 

relatively low and were primarily concentrated along the southwest coast, likely influenced 

by anthropogenic activities, such as mariculture and land runoff [36]. During the highest tide 

phase, enhanced tidal mixing resulted in a slightly broader but still localized distribution, 

reflecting the role of tidal circulation in horizontally redistributing NH₄ within the bay. 

The consistently low NH₄ concentrations suggest efficient nitrogen transformation under 

predominantly oxic conditions. Regular tidal mixing enhances oxygen availability and 

promotes rapid nitrification, thereby limiting NH₄ accumulation despite ongoing 

anthropogenic inputs from aquaculture and terrestrial runoff [28, 29]. Localized NH₄ 

increases during low tide, further emphasizing the influence of reduced mixing and 

sediment–water interactions in coastal areas [36, 37]. These results highlight the dominant 
role of tidal dynamics in regulating the accumulation, transformation, and dispersion of NH₄ 

in Saleh Bay [7, 14]. 
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4.3.3 NO₃ distribution pattern from model results 

The modeling results illustrate the spatial distribution of NO₃ concentrations in Saleh Bay 

during April 2024 across four tidal phases, as presented in Fig. 20 the approach to the lowest 

tide, lowest tide, approach to the highest tide, and highest tide. Overall, NO₃ concentrations 
were categorized as low to moderate (<0.03 mg/L), indicated by the predominance of dark 

blue to light green shades across most of the bay. Nevertheless, localized areas with higher 

concentrations (>0.03–0.055 mg/L) were detected along the southwest and southern coasts, 

particularly during the lowest and highest tidal phases. This spatial pattern suggests potential 

nitrogen inputs from terrestrial sources, such as river discharge or surface runoff, transporting 

fertilizers and domestic waste. The accumulation of NO₃ in these areas is likely intensified 

during tidal transitions when the water mass exchange with the open sea is constrained, 

leading to nutrient retention in coastal zones [14]. 

  

  

Fig. 20. NO₃ pattern in Saleh Bay in April 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

The modeling results for September 2024 show a comparable distribution pattern, as 

presented in Fig. 21, covering the phases approaching the lowest tide, lowest tide, approach 

to the highest tide, and highest tide. Overall, NO₃ concentrations remained low (<0.03 mg/L); 

however, localized increases (0.03–0.045 mg/L) were observed along the southwest and 

northeast coasts. These elevated concentrations were most prominent during the lowest tide 

and approached the highest tide, which may be attributed to the accumulation of land-based 
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runoff during the wet season. Compared to April, the zones of elevated concentrations 

appeared more restricted but exhibited spatial shifts, reflecting seasonal differences in 

nitrogen inputs and the influence of local circulation dynamics on nutrient distribution [4]. 

  

  

Fig. 21. NO₃ pattern in Saleh Bay in September 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

Elevated NO₃ concentrations in April indicate episodic nutrient inputs from surface 
runoff, coastal activities, and possible sediment remobilization, with higher levels observed 

along the southwestern coast during low to near-high tide phases, likely associated with 

aquaculture and land-based inputs [28, 37]. Enhanced tidal mixing during high tides promotes 

a more uniform horizontal distribution, highlighting the role of tidal circulation in nutrient 

dispersion [7]. In contrast, September shows more spatially restricted and stable NO₃ 

patterns, with elevated concentrations persisting in nearshore zones during low tide, 

suggesting seasonal variability in nutrient inputs and sediment-related processes [13]. 

Overall, NO₃ exhibits higher spatial variability than NH₄ due to its dominance under oxic 

conditions and strong watershed-derived inputs from the Bera Watershed [5, 28]. Limited 

water exchange during low tide favors nearshore NO₃ accumulation and increases 

eutrophication risk [10, 32], whereas flood tides enhance dispersion and partial export toward 
the central bay, underscoring the key role of tidal dynamics in regulating NO₃ retention and 

dilution in Saleh Bay [14]. 
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4.3.4 PO₄ distribution pattern from model results 

The modelling results indicate the spatial distribution of PO₄ concentrations in Saleh Bay in 

April 2024 across four tidal phases, as illustrated in Fig. 22, approaching low tide, low tide, 

approaching high tide, and high tide. Overall, PO₄ concentrations were low (<0.010 mg/L), 
as reflected by the predominance of blue shading across most of the bay. However, localized 

increases (≥0.014 mg/L) were detected along the southwest and northeast coasts, particularly 

during the approaching low-tide and high-tide phases. These localized enrichments suggest 

potential phosphate inputs from land-based runoff or river discharge as well as possible 

remobilization of shallow sediments during tidal fluctuations [29, 38]. 

  

  

Fig. 22. PO₄ pattern in Saleh Bay in April 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 
highest tide and (d) the highest tide. 

The modeling results illustrate the spatial distribution of PO₄ concentrations in Saleh Bay 

in September 2024 across four tidal phases, as shown in Fig. 23, approaching low tide, low 

tide, approaching high tide, and high tide. The overall distribution pattern was similar to that 

observed in April, with generally low concentrations (<0.010 mg/L) across most of the bay. 

Localized increases (≥0.014 mg/L) were detected along the western and southwestern coasts, 

particularly during the low-tide and high-tide phases. These elevated concentrations may 

reflect the influence of anthropogenic activities, such as mariculture or domestic runoff, in 

addition to natural processes, including nutrient resuspension from shallow sediments [37]. 
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This finding further highlights the critical role of tidal dynamics in regulating the horizontal 

distribution of phosphate in Saleh Bay [14]. 

  

  

Fig. 23. PO₄ pattern in Saleh Bay in September 2024 at (a) the lowest ebb, (b) the lowest ebb, (c) the 

highest tide and (d) the highest tide. 

The occurrence of locally elevated PO₄ concentrations in April indicates the influence of 

land-based inputs, such as rainfall-induced runoff, domestic sewage, aquaculture activities, 
and the remobilization of shallow sediments [28, 38, 39]. Recurring enrichment along the 

southwest and northeast coasts suggests persistent anthropogenic pressure in these areas [7]. 

The relatively narrow horizontal distribution during most tidal phases implies that tidal 

dynamics were not sufficient to disperse PO₄ widely, and that phosphate was rapidly 

assimilated by phytoplankton or retained through sediment interactions [10, 31]. 

In September, PO₄ distributions appeared more stable, with elevated concentrations 

remaining localized in coastal zones, particularly during low and high tides, likely linked to 

seasonal land runoff and aquaculture inputs [37]. Reduced mixing during low tide enhanced 

PO retention, whereas increased dispersion during high tide reflected the role of tidal mixing, 

although the overall spread remained limited. These results confirm that PO dynamics in 

Saleh Bay are primarily controlled by land-derived inputs and modulated by local circulation 
and tidal processes [30, 38]. 
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5 Conclusion 

The modeling results show that nutrient distributions (NH₄, NO₃, and PO₄) in Saleh Bay are 

primarily concentrated in nearshore waters, especially around river estuaries connected to the 

Bera Watershed, highlighting the dominant influence of land-based inputs. NH₄ and PO₄ 

concentrations were generally low but exhibited localized enrichments exceeding 0.005 mg/L 

and 0.014 mg/L along the western and southwestern coasts, while NO₃ reached higher levels 

(>0.055 mg/L) near the southwest coast, reflecting watershed-derived inputs from 

agricultural runoff and domestic effluents. These spatial patterns indicated that nutrient 

accumulation is closely linked to estuarine proximity and limited water exchange. The results 

demonstrate the value of numerical modeling in identifying pollution-prone zones and 

supporting integrated coastal management. From a management perspective, nutrient load 
reduction in the Bera Watershed through improved agricultural practices, wastewater 

treatment, and erosion control, supported by routine monitoring in high-risk coastal areas, is 

recommended. Despite the limitations related to the absence of in situ nutrient validation and 

the use of a two-dimensional model, this framework provides a strong basis for future studies 

employing more intensive observations and three-dimensional ecosystem-coupled models to 

better assess eutrophication risks in Saleh Bay. 
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