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Estuaries are among the most critical zones for the transport and dispersion of various
industrial pollutants and sediments. Although several studies in recent years have examined
wave induced circulation, research on the Sefidrud River estuary has predominantly focused
on sedimentation processes and has typically been conducted using two dimensional
models. Three dimensional investigations within this region remain limited. This study
represents the first integrated application of a large scale wave model for the entire Caspian
Sea coupled with a high-resolution hydrodynamic model of the estuary, implemented using
the SW module of MIKE 21 for wave simulation and the Flow Model module of MIKE 3
for three-dimensional current modeling. Model validation was performed using measured
current velocity data during both high-flow and low-flow conditions. The simulation results
indicate that during the high flow season, the predominant flow pattern is directed from
west to east and toward the southeast. In contrast, during the low-flow season, currents tend
to move shoreward, flowing toward the estuary along the coastal zone. Based on the
modeling outcomes, current velocities during the high-flow period range from 0.01 to 1.5
m/s, with peak values reaching approximately 3.5 m/s during periods of elevated river
discharge (around 370 m?/s) combined with storm-induced winds. Overall, the strong
agreement between model predictions and observational data confirms that MIKE 3 is a
robust, reliable, and efficient tool for simulating estuarine hydrodynamics and coastal

marine processes.
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Introduction
Reinforced Estuaries are one of the most complex and dynamic hydrodynamic systems in

coastal areas and play an important role in regulating the exchange of mass, energy and
sediment between the river and the sea. In addition to their environmental functions, these
areas are also of great economic and social importance, as they are the focus of maritime
transport, fishing, tourism and key habitats for aquatic species. In recent decades, the
intensification of human pressures, including urban and industrial development, excessive
resource extraction, pollution and changes in river flow regimes, has caused the ecological
sustainability of estuaries to be more threatened than ever before [1-3]. In such
circumstances, a detailed understanding of hydrodynamic dynamics, especially patterns of
current, wave, turbulence and wave-current interactions, is essential for proper management,
environmental monitoring and design of coastal structures [4,5] Among the coastal estuaries
of Iran, the Sefidrud River estuary is considered one of the most sensitive areas in terms of
delta formation, sediment production, and pollution spread on the southern coast of the
Caspian Sea. With a significant discharge and high sediment load, the Sefidrud River plays
an important role in coastal nutrition, the sustainability of fishery ecosystems, and the
irrigation of agricultural lands. However, in recent years, the development of industrial
activities, land use change, and the entry of urban and agricultural pollutants have increased
concerns about the environmental quality of the estuary area. In such circumstances, a
detailed analysis of the hydrodynamic characteristics of this area can play a key role in
assessing the release of pollutants, sediment transport, and coastal stability [6-8]. Although
field measurements are the most accurate method for determining wave and current patterns
in an area, this method alone is not responsive for large areas and is very time-consuming
and costly. Therefore, the use of numerical models in simulating marine processes such as
currents, waves, pollutant emissions, water level fluctuations, and sediment transport has
become common and necessary because these models, in addition to reducing cost and time,
allow for changing parameters and improving simulation conditions [5, 6, 9]. Among the
existing models, the MIKE 21/3 FM model family has high accuracy and scientific
acceptance due to its flexible grid solution of Navier stokes equations, three- dimensional
simulation capability, consideration of wave-current interaction, and ability to precisely
adjust boundary conditions [10-12]. In recent years, significant progress has been made in
hydrodynamic modeling of the Caspian Sea and its surrounding coastal areas. Three-
dimensional modeling of temperature and currents at the basin scale has shown that the use
of wind and atmospheric pressure data can provide an accurate representation of the thermal

structure and anticyclonic circulation pattern in the Caspian Sea [7]. Investigation of the
flow pattern in the southeastern part of the Caspian Sea also indicates that under the
influence of variable winds, longshore currents are formed in the surface layers and two gyre
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systems dominate in the middle layers; while in deeper layers, a phase inversion
phenomenon of up to 180 degrees with respect to the surface layers is observed [8].
Three-dimensional simulations based on hydrostatic models have shown that the general
circulation pattern of the Caspian Sea is reproducible, however, seasonal and spatial
variations can lead to noticeable differences in the intensity and direction of the currents. [9]
In the field of tidal currents, the development of dynamic models based on Kelvin waves has
been introduced as a faster and more efficient alternative to the full MIKE 3-HD models,
and their ability to simulate short-term phenomena such as oil spills has been proven [10]. In
studies related to the effects of coastal structures, the results of numerical modeling of waves
around submerged breakwaters show that the change in the crest level of the structure

plays a decisive role in the dissipation of wave energy, the formation of eddies, and the
concentration or reduction of sediment within the structure [11]. In addition, the analysis of
hydrodynamics and morphological changes in the Sefidrud estuary using numerical models
and remote sensing data has shown that the main factors, including river discharge, sediment
load, and fluctuations in the Caspian Sea water level, directly control the flow structure and
sedimentation pattern [12].

Research conducted in the Caspian Sea in recent years shows that most studies have focused
on the entire basin scale and on the analysis of large-scale currents, gyre patterns, wind
effects, and temperature changes [13,14]. Also, some studies in coastal areas have
investigated wave patterns, longshore currents, sediment transport, and shoreline changes
using the MIKE 21, Delft3D, and FVCOM models [15,16] .Most studies have used two-
dimensional models, and the three-dimensional behavior of the flow, depth-dependent
velocity changes, and circulation patterns in different water layers have received less
attention. On the other hand, independent field data for low and high-water periods have
been used less in calibration, extensive and seasonal validation, and model evaluation.
Therefore, a comprehensive, three-dimensional, multi-scale study with sufficient field
verification is necessary to explain the hydrodynamic behavior of the Sefidrud estuary as
one of the most sensitive coastal areas in terms of ecological pressures.

In this study, large scale (entire Caspian Sea basin) and small scale (Sefidrud estuary) wave
modeling was performed using MIKE 21 SW module software to determine the wave
pattern, energy concentration, and stresses resulting from them in the area, and the
simultaneous effects of wind, river discharge, wave boundary conditions, and bed
topography were investigated in the form of a comprehensive hydrodynamic model. Then,
using MIKE 3 and the Flow Model module, a three dimensional model of the Sefidrud
estuary flows was simulated to more accurately evaluate the way river water enters the sea
and the dynamic behavior of the sea in the estuary area. Also, by validating the data in the
two high-water and low water seasons, flow patterns and velocity components were
extracted in three dimensions.
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Method

In this study, data from 8 boreholes, which collectively include 37 soil samples, were
utilized. These soil samples are divided into four groups based on the Unified Soil
Classification System (USCS). Among these samples, 14 are classified as CL, seven as GC,
13 as SC with a low plasticity index (PI&It;30), and three as SC with a high plasticity index
(PI>30). To estimate the dynamic properties of the soil, the investigation of the propagation
velocities of compressional and shear waves, as well as the differentiation of layers based on
the distribution of wave velocities in the soil, is conducted using geophysical tests in three
forms: in-situ tests, inter-borehole tests, and surface seismic tests. The velocities of
compressional and shear waves used in this study were extracted using the in-situ testing
method according to ASTM D7400 standards.

Results

The fitting of shear modulus estimation models on the results obtained from boreholes for
four types of soil CL, GC, SC with high plasticity index and SC with low plasticity index,
and for six models BMDIS, KM1, NY, SEB1, SEB2, and WMN are shown. The void ratio
of CL samples is in the range of 0.55 to 0.65, the degree of saturation of the samples is
usually in the range of 20% to 50%, the suction of the samples is in the range of less than
10000 kPa, and the shear modulus of the samples is between 100 MPa and 400 MPa.

Conclusions

In this study, the parameters of six experimental models were extracted to estimate the initial
shear stiffness of unsaturated and saturated soils for four soil types. The model parameters
were estimated using the Particle Swarm Optimization (PSO) method. The estimated initial
shear stiffness was compared with the corresponding values from seismic tests (in situ), and
the fitting error for each was presented. It can be concluded that the BMDJS and KM
models can better predict GC and SC soils with PI>30 compared to other soils. The NY
model reasonably estimated the initial shear stiffness for various soils. However, this model
does not reasonably estimate the initial shear modulus for SC soils with PI&It;30 in
saturated conditions when the void ratios are outside the range of 0.3 to 0.75. The SEB1 and
SEB2 models can better predict granular soils like GC and SC with PI&It;30 compared to
other soils. The results of the WMN model for SC soils with PI>30 and CL are more
consistent with the results of seismic tests. Additionally, this paper provided parameters for
all six discussed models that may be practically useful. It is suggested that the parameters of
each model be determined with higher accuracy through laboratory tests for similar soils.
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