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ABSTRACT

Quay walls are sheltering structures used for protecting coastal regions against
wave-induced forces. Because of the random nature of the wave behavior, the
application of physical models for the study of wave-structure interaction can
be quite efficient. The aim of this study was to investigate the behavior of quay
walls under random waves through experimental methods. The study used walls
with vertical geometrical form, which were exposed to sea random waves under
the JONSWAP spectrum. Surface level and wall strain values were measured
using built-in sensors. A neural network model was developed using the feed-
forward method with the backpropagation algorithm to analyze the time series
of water surface level and strain. High coefficients of determination during the
training and verification phases were observed, indicating good network
performance. Self-correlation analysis of the time series showed that the data
exhibited first-degree Markov characteristics. This finding was taken into
consideration and increased the coefficients of determination in the neural

network model.

1. Introduction

The wide coastlines in the country, the concentration of
population and industry in the coastal areas, and
damages from stormy waves necessitate examining the
resistant structures against waves as one of the essential
requirements [1]. Numerous studies have been
conducted on the protection of coasts against waves. In
a study, Alami et al. tested a combination of reinforced
coastal structures to reduce wave energy and observed
that with a decrease in wave height, coasts are
subjected to less damage [2]. Quay walls are one of the
most important structures, which significantly protect
the coasts. In addition to bearing the sea waves that are
imposed randomly, these walls should resist other
forces such as earthquakes, sea currents, wind, and the
impact of floats on the sea according to the
environmental conditions. One of the important tools
for measuring the interaction between these factors is
the application of physical models used broadly by
researchers and engineers in recent years [3]. The
foundation of these models can be traced back to the
15th century when Leonardo DaVinci proposed the
physical principles underlying them. Later in the 17th
century, Newton provided a comprehensive

explanation of these principles. To study such physical
phenomena, it is essential to collect accurate data under
controlled conditions. The collected data can then be
processed and analyzed to gain insights into the
problem. However, despite numerous studies on the
reaction between quay walls and irregular waves, not
many have explored the relationship between wave-
induced forces and the internal forces acting on the
walls. In this research, the wall strain was measured by
identifying strain on the wall during interaction with
the random wave. The relationship between them was
specified via the experimental model [4]. The modeling
of the neural networks between the wave forces and the
wall strain determines the relationship between these
parameters, and the appropriate coefficient of
determination expresses the efficiency of this model.
Sainflou proposed a method for determining the
pressure resulting from irregular waves for the first
time. The advantage of his method was the feasibility
of its application. By this method, the pressure
distribution can be estimated approximately in a direct
line [5]. Rundgren (1958) showed that the Sainflou
method depicts the random waves force more than the
actual amount [6]. The Minikin theory was proposed in
1950 based on experimental observations on large
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walls under regular broken waves. Indeed, the work of
Mini Kane was the first experimental research that
investigated the effect of Ashlee in his studies in a
comprehensive way [7]. The most famous studies on
the impact of the waves on the quay walls and vertical
breakers were conducted by Goda in 2010 that are used
by engineers for designing [8]. In experimental
research, Vijayakrishna et al. (2004) investigated the
dynamic wall response against regular waves in
energy-absorbent structures [9]. Huge (2004) studied
the flexural anchor in offshore structures against waves
[10]. Nilamani et al. (2004) examined the impact of
roughness on the quay walls as intrusion and extrusion
chess blocks on the mentioned wall in an experimental
approach and also studied the upstream and
downstream waves and their effect on the implied
forces by the waves. The wall was thin and deformable,
and the back of the wall was considered vacant. The
advantage of their work was using irregular waves and
sloped walls with different slopes [11]. A method
presented by Cumo et al. (2010) is suitable for scaling
up impact pressures measured during small-scale
physical model tests. The method accounts for air
leakage's effect and applies to wave impact loads on
different coastal structures. This methodology's
applications to wave impacts on seawalls or caisson
breakwaters have been studied [12].

Based on the conducted experimental and numerical
studies, in the current research, the experimental study
on assessing interaction of quay walls and random
waves using ANN has been carried out using an
artificial neural network.

2. Methodology

2.1. Random waves

In general, the waves are divided into regular and
random waves. Random waves can be defined as a
combination of regular waves. The sea waves in the
stormy state are random [13]. In this condition, zero up
Crossing and Zero down Crossing methods and the
hydrodynamic wave features are mapped. The Zero up
crossing method is common and used in this research.

Figure 1 shows the Zero up crossing method [14, 15].
Zero up Crossing

AN/ ﬁ\(\/\ .
\/ N \{r/ ot

T

Figure 1. Random wave (field and experiential waves) [15]

2.2. Wave spectrum analysis

The random waves can be investigated using spectrum
analysis on the recorded waves, which in this regard,
spectrum density can offer a comprehensive
justification of the waves in the sea conditions.

Accordingly, the different spectrums, such as
Bretschnider in 1959, P-M in 1964, TMA in 1985, and
JONSWAP in 1974, were defined from the registered
data. Sorenson introduced the JONSWAP spectrum as
one of the most applicable spectrums in coastal
structure design [16, 17]. A recent study has undertaken
new research to create a spectrum that accurately
reflects Iran's climate. To achieve this objective, the
researchers utilized the JONSWAP spectrum, as
depicted by Equation (1) and illustrated in Figure 2.
These findings represent a significant step towards
understanding and modeling Iran's climate patterns
[14].

2 4
S() = Grimse 22/ ye M

Where y is usually considered 1.6 to 6; however, 3.3
has been introduced as the best value in most
references. The coefficient of y is the density ratio in
the maximum frequency spectrum JONSWAP to
spectrum P-M [18]. Also, a and f, Are defined in

equations (2) to (4).

a = e~ [(F=1)/(20%)] @)
a = 0076 (j/—i)_o'zz (3)
o™ 2

In these equations, F, Fetch length, W is the wind
velocity, f is the frequency, and f, is the peak
frequency.

JONSWAP
E"Z ax

Density

JONSWAP
E max

PM
E max

f (HZ)
Figure 2. JONSWAP wave spectrum [19]

2.3. Physical model and experiments

The specifications were prepared for the current
research, and the wave flume was designed and built in
the Tabriz University Marine Structures Laboratory.
The specifications used for experiments are as follows
(figure 4).

- Length of flume: 12.5m

- Width of flume: 1.15m

-The length flume floor from the ground level is 75cm.
-Inside flume height: 1.05 m

- Water depth (d): 60 cm
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-Wave generator type: hinged (Figure 3)

-Wall type: impermeable, without wave overhead,
clipped on the floor, free in the margins

-Used waves: random under the JONSWAP spectrum
-Water level sampling frequency: 10 Hz

-Sampling frequency from the wall strain: 50 Hz

/

/

Emergency switch /
/
\st

¥ P

Figure 3. Hinged wave maker: (a) Schematic figure, (b)
The hinged wave maker used in this research

Figure 4. Total view of the wave flume in the hydraulic
laboratory

2.4. Generation and wave mapping

The JONSWAP spectrum input data is fed into the
wave generator software via an input file, causing the
paddle to initiate movement. However, as the
numerical data may contain minor random fluctuations

on the spectrum curve, generating these insignificant
movements on the pedal is not feasible, and they must
be eliminated. Consequently, a suitable filter is applied
to the curve to remove any irregularities. The process
of wave generation can be broken down into three
simple steps, as illustrated in figures 5 and 6.

0.0014
0.0012 Measured spectrum from sensor
0.0010 Measured spectrum from sensor under filter

0.0008 JONSWAP spectrum

0.0006
0.0004
0.0002

S(f)

0 1 2 3 L) 5
fHz)
Figure 5. Primary spectrum (measured, filtered, and theoretic)
0.0014
0.0012
0.0010 P Measured spectrum from sensor

Measured spectrum from sensor under filter
0.0008 e
JONSWAP spectrum

8(f)

0.0006
0.0004 |
0.0002

2
fiHz)

Figure 6. Modified spectrum (measured, filtered and
theoretic)

-Generation of the primary wave based on the DSA
numerical model and obtaining the spectrum resulting
from the data mapped from sensor 1(MODO).
-Modification of the obtained spectrum from step 1
according to the theoretic spectrum (MOD1).
-Repetition of step 2 in order to reduce the difference
between the obtained spectrum and the theoretic
spectrum (MOD?2, 3).

2.5. Strain gauge

Strain gauges are TML Metal E-101R used for
measuring flexural anchors as half-bridge. The
sampling scope for the strain gauge varies from zero to
100Hz. Since the wall oscillation is faster than the
water surface oscillation, thus it is necessary to pay
attention to it in selecting the wall response sampling
frequency to prevent the undesired problem of aliasing.
In this research, the strain sampling frequency is 50Hz
[20]. The manner of connection of the half-bridge and
the details of the strain gauge are shown in Figure 7.
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Stramgaunge
program

Figure 7. a) wall, b) place of the strain gauge on the wall, c)
strain gauge schematic view, d) half-bridge connection to the
unilateral data logger, e,f) strain gauge connection to the
bilateral data logger, g) real image of strain gauge by special
sticker, h) data logger, i) data images mapped from the strain
gauge [20]

2.6. Experiments

Table 1 summarizes the experiments. The changes of
the effective height are Hs from 3.9 to 9.2 cm, and peak
frequency f, ranges from 0.8 to 1.24 Hz. Table 1
presents the results of the five water level sensors used
to measure fifteen waves in this study. For example,
wave number 8 had a height of 5.4 cm and a peak
frequency of 1.2 Hz at the water surface level, as
indicated in the table. In this table Hsis significant wave
height. To ensure accurate water level measurements in
each experiment, mapping was performed from the still
water surface and saved in separate files as time series
data. Concurrently, strain gauges were installed on the
wall to determine the pure strain caused by each wave.
Consequently, for wave number 8, Table 3 and the
strain gauge results corresponding to Table 2 were
proposed. As the strain gauge was only installed on the
wall, a time series file was created for strain
measurements.

The wave absorber at the end of the channel is a metal
mesh plate designed to absorb wave energy and prevent
wave reflection. By absorbing the wave energy, it
effectively eliminates the return wave and wave
reflection.

Table 1. specifications generated random waves by
JONSWAP spectrum based on the wave effective height
and peak frequency

Number of Tests Hs (cm) Peak Frequency
1 5 0.8
2 5.2 1.24
3 5 1
4 5.6 1.23
5 73 1.22
6 3.9 1.23
7 5.4 1
8 5.4 1.2
9 4.3 1.23
10 7.7 1.21
11 6 1.23
12 75 1.23
13 9.2 1.23
14 5.6 1.24
15 75 1.21

Table 2. mappings for determining the wave from the
water surface level sensors

Sensor Water Surface Water Static
Level Surface Level
WP1 sensor W1 WO001
WP2 sensor W2 WO002
WP3 sensor W3 W003
WP4 sensor W4 W004
WP5 sensor W5 WO005

Table 3. mappings for determining the strain from the
strain gauge built on the wall

The Strain File Name

Sensor Strain File Name for Wall Still State

SG1 El E

2.7. Artificial neural networks modeling

Artificial neural networks have become increasingly
prevalent in various fields, including engineering. In
hydraulic engineering, the backpropagation algorithm
is commonly utilized. Recent research has
demonstrated that using a three-layer backpropagation
algorithm can yield promising outcomes for prediction
and simulation purposes in this field [21]. In this
section, the neural network modeling was done based
on the time series mapped from the experiments. Based
on the research, the interaction between the wall and
random waves is being studied. In this context, the
water level time series are considered as input data,
while the strain time series is considered as output data.
The purpose is to analyze and understand the
relationship between the wall and the waves, with a
focus on measuring the strain and pressure exerted by
the waves on the wall. Hence, changes in the water
surface level can investigate the strain and pressure
changes.

2.8. Network structure

Figure 7 depicts the feed-forward neural network with
a backpropagation algorithm. This structure has been
used in predicting the engineering works time series
and is employed in this research. Based on this
structure, nonlinear mapping is done between the input
and output values. The feed-forward method is
achieved based on the linear combination of the input
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values leading to a nonlinear function. In Figure 8, i is
related to the input layer, % is associated with the
middle layer, j relates to neurons output, and k is the
weight of the neurons in the feed-forward method, the
connection among the neurons is done only by the
middle layer. Equation (5) depicts the network output.

Y=o [294:1 ij-f(Z?’ﬂ Wji-xi) + Wjo] (5)

Where w;; is the middle layer between neuron i from
the input layer and neuron j from the middle layer, w,

is the bios of neuron j , and f, is the actuator
function of the middle layer, wy; is the output layer

weight between neuron K from the output layer and j
from the middle layer, f, is the actuator function for

the output neuron, X; is the input value in the input

layer, ¥ and y are the calculative and observation

output values. The weights values differ in the middle
and output layers and change in the network phase. The
selective actuator functions are sigmoid logarithmic.
The time series used in neural networks are normalized.
Since these experimental data are related to some
waves, they will be as positive and negative. Thus, this
issue should be considered in their normalization. In
the chapter on the analysis of the normalized form, the
division of the time series was used as the maximum
absolute value of the data in the time series. The data
are used in this section based on this normalized
method. On the other hand, applying this method is
simple and common in engineering works [21].

Input Layer Hidden Layer ~ OutputLayer

¥y p
k W;l Compare I‘—

& JEmor

Ydjuskd we ighl\

| Back propagation Training |

Figure 8. feed-forward neural network structure with the
backpropagation algorithm with three layers [21]

2.9. Neural networks model

Various techniques are available for training and
validating neural networks. A widely adopted approach
for validation involves selecting one-third of the input
and output time series from the beginning and one-third
from the end [21]. The training process involves
creating a model, and based on the model, the
validation is predicted. To assess the quality of the
network, regression coefficients are calculated for both
the training and validation phases. The coefficient of

determination, as expressed in equation (6), indicates
how well the model performs, with a value closer to
one indicating better performance. The Root Mean
Square Error coefficient, as expressed in equation (7),
is another metric used to evaluate model performance,
with values closer to zero indicating superior
performance.

X (E - E)?

R2 = 1 _,\—_ (6)
?’=1(Ei - E)2
N _F)2
RMSE = |R=Cif @)
N

R?, RMSE, N, E; and E are coefficient of determination
Root Mean Square Error, number of observations,
strains obtained in the experiment (prediction values),
and the average of strains related to the strain time
series [22].

3. Results and discussion

If the time series of the water surface level is shown
with W;and the strain time series is depicted by E;, the
third-fourth W, is considered as the training input from
the beginning and one-fourth W as verification input
from the end, and one-fourth E; as verification output
from the end. Table 4 summarizes the values of the
coefficient of determination in the training section (R?)
and verification (R2) based on the network architecture.
The network architecture inserts the input, middle, and
output neurons. For instance, the (2-1-3) is meant the
number of input neurons 2, central neuron 1 and output
neuron 3. As is seen from Table 4, after 200 repetitions
with network architecture of (1-5-1), the coefficients of
determination are constant. Thus, R2=0.7699,
R?=0.7743 are considered as coefficients.

Table 4. Results of BP-FFNN model in prediction of the
water surface level strain

ANN h R? R?
architecture  P°C (Calibration)  (Training)

1-2-1 50 0.7683 0.7681
1-2-1 100 0.7686 0.7688
1-2-1 150 0.7686 0.7701
1-2-1 200 0.7690 0.7710
1-2-1 250 0.7690 0.7710
1-2-1 300 0.7690 0.7710
1-2-1 400 0.7690 0.7710
1-2-1 500 0.7690 0.7710
1-3-1 200 0.7692 0.7713
1-4-1 200 0.7695 0.7731
1-5-1 200 0.7699 0.7743
1-6-1 200 0.7699 0.7743
1-7-1 200 0.7699 0.7743
1-5-1 300 0.7699 0.7743

Figure 9 shows the experimental and calculation results
of water surface level strain prediction of the neural
network model. Figure 9 depicts the regression curve
for training, verification, and water surface level strain
prediction. The obtained conversion coefficients for
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training and verification depict better performance of
the neural network models.

Figure 9 shows the experimental and calculation results
of water surface level strain prediction of the neural
network model.

T T T T T T

Dy clalibration verification

5| — Observed strain
- += Computed strain

Normalized stram

a5 1 1 L z 1 L . 1

0 20 40 &0 1000 1200 10 1600 1600

time (s)

= L
¢l = Observed strain
=~ Computed strain

Normalized stramn

.
200 ) D 20 58 550 %0 [ES) )
time (s)

Figure 9. experimental and calculation results of strain
prediction

Figure 10 depicts the regression curve for training,
verification, and predicting water surface level strain.
The obtained conversion coefficients for training and
verification depict better performance of the neural
network models. If there is a linear curve between time
series y; and the same time series with a step
backward y;_,, the first-grade self-correlation is
established, and if there is a linear curve between vy;,
and y,_,, the second-grade self-correlation is
established, and this trend is continued if the inputs x;,
and output y,, are assumed, according to the Markov
chain of rules, can be used for the prediction of the time

series of first-grade Markov y;, X; = [;t ] and for

t-1
Xt
second grade Markov vy, X; = |y¢—1| that provide
Vt-2

better results relative to X, = [x;]. Because the
behavior is not completely linear, all cases are usually
considered in prediction. In Figure 11, the curve
between E, and E,_; has been drawn and R? =

0.5998 was achieved, and Figure 12 shows R? =
0.0122 between E; andE;_,. Thus, the date on the
strain time series is first-grade Markov.

Verification Calibration
04 : ' Ty
Fitted line Fir’tcd line
4 (R07699) 03| (R=0.7743)
n "
1
=% =4
E g
S S
© © 4
02
03
'
[} 1 1 1 1 0‘4":0 1 1 1 1
04 02 0 02 04 94 02 0 02 04
Observed Observed

Figure 10. regression curve for training, verification, and
water surface level strain prediction
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The results of the neural network model are shown
according to Table 5, considering first and second-
grade Markov equations for strain and pressure. In
these tables, it is seen that the value of R2 is increased
by considering the first-grade Markov. On the other

hand, in the case that [Z'ft ] is considered in
t—1

determining input strain instead of [W], the value of R

increases from 0.7773 to 0.8109.

Table 5. Results obtained from BP-FFNN model in
prediction of strain from water surface level

ANN R2 R?
Input Output ) epoch v t
architecture (Calibration) (Training)

(W] E, 1-5-1 200 0.7699 0.7743
Wt
E, E, 2-8-1 250 0.8418 0.8109
t7

W,

Ei_4 E; 3-9-1 250 0.6536 0.6395
Er 5

4- Conclusion

The present study aimed to investigate the behavior of
quay walls under the influence of random waves, using
experimental methods. Vertical geometrical form walls
were exposed to sea waves with JONSWAP spectrum,
and their surface level and wall strain values were
measured using built-in sensors. The study utilized a
neural network model, which employed the feed-
forward method with the backpropagation algorithm.
The model used time series data of water surface levels
and strains to predict their behavior. Finally, the
following results can be mentioned:

- The results of the study showed that the high
conversion coefficients in the training and verification
phases of the artificial neural networks modeling
indicate better network performance.

The BP-FFNN model was able to predict the water
surface level strain, and the best ANN architecture was
(1-5-1), with epoch 200 and coefficients of
determination Calibration and Training of 0.7743 and
0.7699, respectively, which are acceptable coefficients.
- The data on the series showed first-grade self-
correlation (first-grade Markov) between water surface
level and wall strain.

- The best ANN architecture was (2-8-1), with epoch
250 and coefficients of determination Calibration and
Training of 0.8418 and 0.8109, respectively. Moreover,
the first-grade Markov performed better than higher
grades of Markov.
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1. Introduction

ABSTRACT

Given the necessity of knowing the probability and risk of future tsunamis in
actions related to tsunami hazard mitigation, the Probabilistic Tsunami Hazard
analysis (PTHA) approach has been accepted as the basis for tsunami risk
assessment studies for high-risk areas such as the Makran region. Considering
the uncertainties associated with fault parameters and the random nature of
earthquake occurrence in PTHA, simulation a large number of potential tsunami
scenarios is required in future tsunami studies of the Makran Subduction Zone
(MSZ). In order to optimize the number of scenarios in these studies,
appropriate values for the ranges and change intervals of some uncertain seismic
parameters in different scenarios are determined in the present study. For this,
the values used in previous studies for earthquake magnitude and depth as well
as dip and rake angles of MSZ's tsunamigenic earthquakes are investigated; and
the effects of variations in these parameters on the tsunami waves are evaluated
through numerical modeling based on non-linear shallow water equations and
sensitivity analysis.

The obtained results show that a minimum value of MwO0.1 for the interval of
earthquake magnitude variations must set in developing potential tsunami
scenarios for the Makran region. Also, considering two or three values in the
range of 2° to 20° and 10 km to 30 km, respectively, as probable values for the
dip angle of the subduction zone and the depth of tsunamigenic earthquakes
seems sufficient. However, if the minimum number of scenarios is desired,
selecting a unit value for the dip angle in the range of 10° to 15° and a constant
earthquake depth of 10 km can be acceptable. Also, for rake angle a constant
value of 90° can be considered in different scenarios.

recognized as the most common cause of tsunamis.

Tsunamis, despite their infrequent occurrence, are
considered one of the greatest threats to human
communities. According to available statistics, the
2004 Indian Ocean tsunami, with over 220,000 human
casualties, remains the deadliest natural disaster of the
present century by a large margin. The list also includes
the 2011 Tohoku tsunami and 2018 Sulawesi tsunami.
The significant loss of life and property damage
associated with tsunamis makes them a high-risk event,
despite their low probability. Therefore, understanding
and assessing tsunamis and preparing for them is of
utmost importance and special attention in coastal areas
at risk.

Although any factor that suddenly displaces a large
volume of seawater falls among the sources of tsunami
(like landslide, volcanic activity ...), the earthquakes
resulted from the subduction of tectonic plates are

According to "Global Historical Tsunami Database"
[1] from 1900 to the present, more than 80% of
potential tsunamis have been triggered by earthquakes.
Among the earth's subduction zones, the Makran
Subduction Zone (MSZ) is known as s susceptible
region for generating tsunamis in the Indian Ocean
(along with the Sunda subduction zone). Formed as a
result of the collision of the Arabian plate with the
Eurasian plate, this zone extends approximately 900
kilometers along the northwest of the Indian Ocean,
adjacent to the southern coasts of Iran and Pakistan.
The available evidences suggest fewer huge
earthquakes in the Makran region compared to other
subduction zones; however several significant
earthquakes and tsunami events have been reported in
this area. The most notable of these is the earthquake
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and accompanying tsunami in 1945, which caused the
death of over 4,000 people totally [2].

Before 2004, the occurrence of tsunamis in the Sunda
subduction zone (at least its northern part) was
considered unexpected, mostly because of the lack of
historical data related to large earthquakes during the
past 200 years. Following the occurrence of the
massive earthquake and tsunami in 2004, more detailed
studies revealed evidence of large tsunamis in the
1000-year-old sediment layers [3]. A similar situation
could be true for the Makran region, especially in
relation with its western part, which has showed lower
seismic activity compared to the eastern part and has
not experienced a major earthquake in recent centuries
(at least in the past 600 years) [4].

Numerous studies have been conducted regarding the
assessment of tsunamis in the Makran region. These
studies initially focused on the modeling of the 1945
tsunami (or similar tsunamis) [5, 6, 7, 8, 9, and 10].
Subsequently, another category of studies formed,
based on a deterministic analysis approach, in which
limited and specific scenarios of potential earthquakes
and tsunamis (mostly worst-case scenarios) were
simulated [11, 12, and 13]. In recent years, a new series
of studies has emerged to determine the probability of
tsunami intensity, using a probabilistic tsunami hazard
analysis (PTHA) approach [3, 14 and 15]. In these
studies, by estimating earthquake occurrence rates, all
possible tsunami scenarios, ranging from small to large
events, along with all estimable uncertainties, are
considered to assess tsunami risk.

Considering the need for probabilistic assessment and
risk estimation of future tsunamis in decision-making
processes related to tsunami hazard mitigation [16],
PTHA studies for tsunami-prone regions is essential.
For example, according to the American loading
standard (ASCE/SEI 7-16), which can be considered
the most comprehensive reference for considering the
effects of tsunamis in structural design, the "design
tsunami™ is defined as an event with a 2% probability
of being exceeded in a 50-year period and it should be
determined based on a site-specific probabilistic
tsunami hazard analysis approach [17].

In the PTHA approach all tsunami sources and
uncertainties associated with tsunamis are usually
considered through the implementation of a logic tree
approach. The existing uncertainties, containing
epistemic uncertainties related to fault parameters and
aleatory uncertainties related to the random nature of
earthquake occurrence and the inability to predict their
magnitude and location, lead to the creation of various
nodes in the developed logical tree. As a result, the
PTHA approach involves simulating a large number of
defined scenarios, the number of which reaches
thousands depending on the diversity of uncertain
parameters and the intervals for their values.

It should be noted that the necessity of simulating a
large number of possible tsunami scenarios in the
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Makran region does not only include PTHA-related
studies. Since the MSZ is located on the margins of the
Indian Ocean at a very short distance from the coasts,
it is a nearfield tsunami source for many neighboring
countries such as Iran, Pakistan, Oman, and India. Its
possible earthquakes can occur in close proximity to
coastal areas or even inland. This means that the
resulting tsunamis will reach the coasts of neighboring
countries within a very short time interval (between 20
minutes to 1 hour), which makes the tsunami warning
process very difficult. Therefore post-event tsunami
simulation is not feasible for tsunami warning centers,
and it is essential to have comprehensive databases
extracted from pre-simulated probable tsunami
scenarios available at these centers.

It is obvious that simulating a very large number of
tsunami scenarios is computationally and time-
intensive and is not desirable. What causes the
multiplicity of these scenarios is the variations in the
uncertain values of fault parameters and the random
information related to the magnitude and location of
earthquakes in different scenarios. In order to prevent
unnecessary growth in the number of scenarios, the
mentioned parameters variations should occur within
the range of real and logical values. Furthermore, the
steps of changes should be optimally selected in a way
that excessive small steps do not cause the number of
scenarios to increase unnecessarily. At the same time,
it is necessary to avoid applying large change intervals
leading to missing scenarios with serious differences.
With the aim of preventing the simulation of an
excessive number of tsunami scenarios in future studies
of tsunami assessment in the MSZ, in the present study
suitable values for the range and steps of changes for
some seismic parameters in different scenarios are
determined. For this purpose, firstly the proposed or
applied values for earthquake magnitude and depth as
well as dip and rake angles of MSZ's tsunamigenic
earthquakes in previous studies are investigated. Then,
the effects of variations in these parameters on the
subsequent tsunamis are evaluated through numerical
modeling and sensitivity analysis. In the numerical
modeling, the initial tsunami wave is generated using
Okada's rectangular elastic half-space model [18]; the
wave propagation is calculated based on the nonlinear
shallow water equations solved in a nested grid model
domain centered on the Chabahar Bay area. Finally, the
tsunami wave height in the vicinity of the bay is
evaluated as a sensitivity parameter for simulation.

2. Uncertain Seismic Parameters

For the modeling of seismic tsunamis, the occurrence
of the earthquake is usually considered instantaneous
and the temporal changes of ground deformation are
disregarded. Thus, the generated seabed displacement
is identically transferred to the water free surface
providing the initial tsunami wave. Among the several
algorithms have been proposed to calculate the seabed
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dislocation, the Okada’s half-space elastic method [18]
is used in the intended numerical model. In this
method, the deformation of the seabed is calculated
using analytical stress-strain relationships and
earthquake source parameters including fault length,
fault width, slip amount on the fault surface, dip angle,
strike angle, rake angle, and focal depth. Among these
parameters, the surface rupture length (L), down-dip
rupture width (W), and slip amount on the fault surface
(4) are directly dependent on the earthquake
magnitude. The empirical relationship between seismic
moment (Mo) and moment magnitude (Mw) (Eq.(1)),
along with the seismic moment formula connecting the
released energy of the earthquake to the product of the
fault surface area, average slip in the fault zone, and the
rigidity of the earth (Eq.(2)), indicates the dependency.

2 M
M,, = Elogio J_g 1)
My = pALW )

Despite the advancements in human knowledge, it is
still not possible to accurately predict the magnitude
and location of future earthquakes. Possible
earthquakes can occur at any point along the fault or
subduction zone with different magnitudes and
dimensions. Therefore, within probable tsunami
scenarios for each region earthquakes with different
magnitudes are considered, and accordingly, the
parameters of fault length, width, and slip also vary.
The depth of earthquake is another uncertain seismic
parameter, which cannot be predicted for future events
and varies in the earthquake and tsunami scenarios.
Other required seismic parameters, such as the dip, slip,
and strike angles within a specific subduction zone, like
the Makran region, change within a limited range.
Although some studies on the structure and geology of
MSZ have been started in recent years (e.g.[19]), the
precise values of the dip and rake angles for the Makran
region have not been completely clear, and different
numbers have been reported for them in various
sources. Therefore, based on previous studies, the
magnitude and depth of MSZ's potential earthquakes,
as well as possible values for the dip and rake angles,
are investigated, and the appropriate values are
obtained for sensitivity analysis of these parameters.

3.1. Earthquake Magnitude

The earthquake magnitude is the most important
variable parameter in tsunami scenarios, as it affects
other dependent parameters such as fault length, fault
width, and slip amount on the fault surface. Subduction
earthquakes with magnitudes less than Mw?7.5 usually
do not generate tsunamis [20]. Earthquakes smaller
than this value (up to Mw6.5) may only cause slight
changes in sea level near the epicenter. On the other
hand, the largest probable earthquake in seismic
regions is determined based on seismicity and tectonic

11

characteristics. Different values have been reported as
the largest probable earthquake in the MSZ. Employing
the instrumental earthquake catalogues, due to their
short time period, underestimates the maximum
magnitude [15]. Based on the dependency of the largest
expected earthquake on the length of the continuous
fault system along the convergent plate boundary, a
moment magnitude Mw 9.0 earthquake, corresponding
to full rupture of the plate boundary, was considered as
the largest tsunami source in the Makran region [11].
According to the MSZ's approximate length of 900
kilometers, the occurrence of earthquakes up to Mw8.8
was found also possible [21]. Moreover, thermal
modeling results indicate the potential of MSZ for
generating earthquakes ranging from Mw8.7 to Mw?9.2
[22]. Therefore, to cover all potential tsunami-
generating earthquakes (in terms of magnitude), in
sensitivity analysis scenarios the magnitude of
earthquake varies between Mw7 and Mw9 at intervals
of 0.1. According to empirical relationships of Wells
and Coppersmith [23], the length, width, and slip of a
fault vary in proportion to the earthquake magnitude.
However, considering the formula between seismic
moment and moment magnitude (Eq.(1)) and the
equation for seismic moment (Eq.(2)), the predicted
values are slightly modified. Table 1 shows the changes
in earthquake magnitude and its related parameters
during the sensitivity analysis. It is obvious that other
seismic parameters are assumed to be constant during
this analysis (Table 2).

Table 1. Variation of earthquake magnitude and related
parameters during sensitivity analysis

Moment Fault length Fault Fault
magnitude  (km) width (km) slip (m)
Mw 7.0 40 20 111
Mw 7.1 50 20 1.25
Mw 7.2 60 20 1.47
Mw 7.3 70 20 1.79
Mw 7.4 80 20 2.21
Mw 7.5 90 20 2.77
Mw 7.6 110 30 2.14
Mw 7.7 120 30 2.76
Mw 7.8 150 30 3.12
Mw 7.9 170 30 3.89
Mw 8.0 200 40 3.51
Mw 8.1 230 40 4.31
Mw 8.2 270 40 5.18
Mw 8.3 320 40 6.18
Mw 8.4 380 50 5.88
Mw 8.5 440 50 7.17
Mw 8.6 520 60 7.14
Mw 8.7 600 60 8.74
Mw 8.8 710 60 10.44
Mw 8.9 830 70 10.81
Mw 9.0 980 70 12.93
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Table 2. The values of fixed seismic parameters for sensitivity analysis

Fixed seismic parameters

Sensitivity analysis

- Earthquake Fault Fault Fault Dip Rake Earthquake Strike
seismic parameter . . .
magnitude length width Slip angle angle depth angle
Earthquake magnitude --- -- -- --- 8° 90° 5km 270°
Dip angle Mw 8.7 600 km 60 km 8.74m --- 90° 5 km 270°
Rake angle Mw 8.7 600 km 60 km 8.74m 8° 5 km 270°
Earthquake depth Mw 8.7 600 km 60 km 8.74m 8° 90° 270°
3.2. Dip Angle 3.3. Rake angle

Dip angle of a subduction zone, presenting the angle
between the oceanic plate and the continental plate,
describes the contact between the two tectonic plates
according to the geometry of contact surface. With
regards to increase in curvature of the contact area of
the two plates with increasing depth, the dip angle of a
subduction zone is not constant and usually grows with
the depth of the earthquake. Due to the low level of
seismic activity in the MSZ and limited data on past
earthquakes, there is not accurate information
regarding the dip angle and its variations with depth. In
a study by Byrne et al. [24] on some earthquakes in the
Makran region, the estimated dip angle values range
from 7° to 27° (Table 3). According to the estimated
value of 7° for the dip angle of the 1945 earthquake,
many studies related to simulating the tsunami in the
MSZ have used 7° as the dip angle [6, 9, 11, 25, and
26]. However, other values such as 10° [27] and 3° [28]
have also been considered. Rashidi et al. [3] in
modeling of Makran's potential tsunamis, set the dip
angle range between 2° and 8°; maybe based on the
results obtained from seismic reflection profiles along
the MSZ indicating a relatively small dip angle
between 2° and 8° [29]. With regard to the
aforementioned points, for the sensitivity analysis of
the dip angle the range of this parameter is considered
to be 2° and 20° (in 3° degree intervals). The values of
other seismic parameters are provided in Table 2.

Table 3. Seismic parameters of Makran earthquakes [24]

Date Latitude Longitude Dip Rake depth
(°N) (°E) angle (°) angle (°) (m)
T::éﬂ 2515  63.48 89 7 27
'f;ff’ 2504  63.49 68 7 20
igg;l 2560  65.22 80 10 18
532'913 2499  62.75 84 9 18
'f;fz;e 2504  61.22 114 22 33
,16\;;;2.18 2483  63.14 84 9 20
fgsgz 2488 6321 70 23 18
31‘3'3’529 2522 63.09 88 27 18
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The rake angle determines the movement of a fault
relative to its strike, where values of 0° and 90°
respectively represent strike-slip faulting and dip-slip
faulting. Usually dip-slip faulting, by creating vertical
displacement in the seafloor, leads to the formation of
tsunami. A study of 36 earthquakes that generated
tsunamis in different subduction zones shows that their
average rake angle is approximately 91° [30]. However,
full dip-slip faulting is rare in nature, and dip-slip faults
often also have a component of strike-slip motion.
According to Table 3, the estimated rake angle for dip-
slip earthquakes in the MSZ varies between 68° and
114°. Considering the estimated value of 89° for the
rake angle of the 1945 earthquake, simulations of the
MSZ tsunami usually adopt a value of 89° or 90° for
this seismic parameter. However, other values such as
100° have also been considered in some studies [31].
Therefore, for sensitivity analysis, the rake angle in
simulations ranges from 70° to 120° (in 10° intervals).

3.4. Earthquake depth

The typical depth of earthquakes that generate tsunamis
is less than 30 kilometers [31]. Earthquakes with
greater source depths cannot effectively transfer energy
to the seafloor and are unable to cause significant
displacement of the ocean bed. The average depth of
the 36 studied tsunamigenic earthquakes is estimated to
be around 25 kilometers [30]. Table 3 indicates that the
estimated depth of the earthquakes in the Makran
region is less than 33 kilometers. Considering the depth
of 27 kilometers for the 1945 earthquake, simulations
of the MSZ tsunamis often assume a quake depth of 25
kilometers. Based on the above, the range of source
depth variations for sensitivity analysis is considered to
be values less than 35 kilometers (in 5-kilometer
intervals).

3. Numerical Modeling

Like the usual approach of tsunami simulation, the
variations in the free surface elevation obtained from
tsunami generation phase (initial tsunami wave) are
introduced as initial conditions to the tsunami
propagation equations. Since the wavelengths of
seismic tsunamis (hundreds of kilometers) are much
larger than the ocean depth (a few kilometers), their
propagation is usually calculated using shallow water
equations, which are the simplest type of depth-
averaged wave equations. In the MOST model [32],
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used as the numerical model in this study, non-linear
shallow water equations (NSW) are employed, which
are expressed in Cartesian coordinates as follows:

o(+d) | d(um+d)) | dwn+d) _

at + dx + dy =0 ®)
ou 0w o dG+d) _ 0d
6t+u6x+v6y+g ox  Jox )
O v dard) o 0d
at+uax+vay+g dy _gay ®)

where 7 represents the free surface elevation (tsunami
wave height), d is the still water depth, g is the
gravitational acceleration, and u and v are the mean
velocities at depth in the x and y directions,
respectively. Considering that tsunami waves may
travel long distances on the order of hundreds or
thousands of kilometers before reaching coastal areas,
for a more accurate representation of wave propagation
over this long distance, factors such as seabed
topography and the Coriolis force are also taken into
account in the MOST model. Additionally, the effects
of wave dispersion, which are not seen in the NSW
equations, are approximately considered in the MOST
model by utilizing the inherent numerical dispersion of
the finite difference method.

Batrrpatry (m)

2545N

6045 E 60.S0E 60SSE 6060 E

Figure 1. Values of hydrographic and topographic data of
modeling grids; large-scale grid (top), intermediate grid
(middle), coastal grid (bottom). The white circle indicates the
position of the numerical wave station.

Due to the very long wavelengths of seismic tsunamis,
considering computational points containing water
depth information at distances apart (on the order of
kilometers) may be sufficient for modeling tsunami
generation and propagation in deep water. However, as
the tsunami waves propagate towards the shore and the
water depth decreases, the wavelength of the waves
decrease. On the other hand, the impact of tsunami
waves on coasts and the extent of run-up mainly depend
on the complex effects of sea depth and coastal
topography in the vicinity of the coastal region.
Therefore, the governing equations for tsunami
propagation (Eq.(3) to Eq.(5)) are solved here in a
three-level nested grid model domain; moving from
deep water toward the target coastal areas (Chabahar
Bay) the grid resolution increases (Figure 1).

4. Results

In order to evaluate the results of sensitivity analysis,
the wave height of the tsunami resulting from the
simulations has been extracted at a point near Chabahar
port (60.62° E - 25.28°N) with a depth of approximately
50 meters (Figure 1). The recorded time series of waves
during the sensitivity analysis of earthquake magnitude
are shown in Figure 2 in two separate graphs (due to
significant changes in tsunami wave height with
earthquakes size). Also, Figure 3 shows the maximum
recorded tsunami wave height for all earthquakes.
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Figure 2. Time series of tsunami waves recorded during the
sensitivity analysis of earthquake magnitude.
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It is observed that, as expected, the height of the
tsunami wave increases with the magnitude of the
earthquake. However, as can be seen in Figures 2 and
3, this trend is violated in some cases, and the height of
the waves does not always increase with the increase in
earthquake magnitude.

By carefully examining Table 1, it can be realized that
the main cause of this is mainly related to variations in
the amount of slip in the scenarios. For example,
between Mw8.5 to Mw8.6 and also Mw8.8 to 8.9
earthquake scenarios, the amount of slip does not
increase significantly, and as a result, the calculated
wave height does not rise significantly either. The
source of this non-uniform trend is related to the way
of determining the amount of slip in the scenarios; here,
for each scenario, firstly the length and width of the
fault was estimated according to the earthquake
magnitude and the applied empirical relationships, and
then the amount of slip was determined in such a way
that the relationship between magnitude and
earthquake moment (Eq.(1)) is satisfied. This has
caused the amount of slip, which is a key parameter
determining the height of tsunami waves, to not change
proportionally with the earthquake magnitude in
sensitivity analysis scenarios (Table 1). Another point
is related to the pattern of tsunami wave propagation
near the coast; due to the variation in fault size in
different scenarios, the pattern of tsunami wave
propagation also changes, which leads to wave
reflection and amplification, and can cause larger
waves for smaller earthquake scenarios.

The time series in Figure 4, corresponding to the
sensitivity analysis of dip angle, demonstrate that with
an increase in the of dip angle, the ocean floor uplift
and subsequently the tsunami wave height increase.
However, the tsunami height changes due to dip angle
variation are not significant, as shown in Figure 5 (the
numbers inside the circles). The maximum tsunami
wave height varies by approximately 10% for
successive scenarios with a 3° change in dip angle.
The variations of tsunami wave height with changes in
the rake angle are shown in Figures 6 and 7. Based on
the obtained results, the changes in tsunami height due
to changes in the rake angle are very small (about 5%).
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Additionally, as expected, the maximum tsunami wave
height is observed during the rake angle of 90 degrees
(full dip-slip faulting).
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Figure 4. Time series of tsunami waves recorded during the
sensitivity analysis of dip angle.
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Figure 6. Time series of tsunami waves recorded during the
sensitivity analysis of rake angle.
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Figure 7. Variation of maximum tsunami wave height with rake
angle. The numbers inside the circles indicate the amount of
change in wave height between successive intervals of rake
angle.

The simulation results related to the sensitivity analysis
of the depth of the earthquake (Figures 8 and 9) indicate
that although, as expected, with an increase in the focal
depth, the displacement of the ground surface and
subsequently the tsunami wave height decrease, but
this trend is not accurate in the first step, meaning that
a of 5-kilometer earthquake depth has resulted in
smaller waves in comparison to a similar earthquake at
a depth of 10 kilometers.
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Figure 8. Time series of tsunami waves recorded during the
sensitivity analysis of earthquake depth.
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Figure 9. Variation of maximum tsunami wave height with
earthquake depth. The numbers inside the circles indicate the
amount of change in wave height between successive intervals
of earthquake depth.

In order to be more sure about the accuracy of the
results of the of earthquake depth sensitivity analysis,
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in addition to the nearshore wave station, the tsunami
wave height has also been recorded at another point in
the deep water area of Chabahar Port (at a depth of
1600 meters) (Figures 10 and 11). Again, it is observed
that an earthquake depth of 10 kilometers creates the
highest wave height. Furthermore, the changes in
tsunami height due to a 5-kilometer change in
earthquake depth are relatively small (less than 10
percent). the comparison of the recorded waves at the
two numerical stations also shows that the nearshore
waves (with a height of 2.5 to 3 meters) are higher than
the deep water waves (with a height of 1 to 1.5
meters).This can be attributed to the increase in the
height tsunami waves as they approaches the coast due
to shoaling.
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Figure 10. Time series of tsunami waves recorded during the
sensitivity analysis of earthquake depth (at the deep water
numerical wave station).
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Figure 11. Variation of maximum tsunami wave height with
earthquake depth. The numbers inside the circles indicate the
amount of change in wave height between successive intervals
of earthquake depth (at the deep water numerical wave station).

5. Conclusion

The review of studies on MSZ's tsunami hazard
assessment showed that PTHA is currently recognized
as an essential approach for conducting these studies.
Therefore, due to taking into consideration all of the
uncertainties associated with tsunamis in PTHA, the
simulation of a large number of possible tsunami
scenarios will be inevitable for future MSZ's tsunami
studies, which requires high computational costs. The
number of these scenarios are a function of the diversity
of included uncertain seismic parameters and the
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considered intervals for their values. In order to reduce
and optimize the number of scenarios in future studies
of tsunami assessment in the Makran region, the
proposed values of some MSZ's uncertain seismic
parameters, including earthquake magnitude and depth
as well as dip and rake angles, in previous studies were
investigated. After that, using numerical modeling and
sensitivity analysis, the effects of variations in the
mentioned parameters on the subsequent tsunamis were
evaluated. Finally, based on the obtained results, the
range and change interval of these seismic parameters
are suggested as following:

Earthquake magnitude: Since change in earthquake
magnitude in intervals of Mw 0.1 considerably affect
the tsunami waves, with an average change of
approximately 20% in wave height at each step (Figure
2 and 3), use of a value of Mw 0.1 as the minimum
interval of earthquake magnitude variations seems
necessary for comprehensive tsunami scenarios in the
Makran region. However, considering that tsunamis
caused by earthquakes smaller than Mw 8 are less
hazardous and have wave heights less than 1 meter
(Figure 3), in order to reduce the number of simulation
scenarios, it is possible to set slightly larger steps for
magnitude variations in this range (Mw <8).

Dip angle: according to the slight changes in tsunami
height caused by 3-degree variations in dip angle
(Figure 4), considering two or three values in the range
of 2° to 20° degrees as possible values for the dip angle
seems sufficient for developing MSZ's tsunami
scenarios. However, if the minimum number of
scenarios is desired, due to the direct relationship
between dip angle and tsunami height (Figure 5), a
constant value in the range of 10 to 15 degrees can be
set for the this angle (with a little overestimation of
tsunami waves).

Rake angle: Due to the very slight changes in waves of
tsunami height corresponding to variations in rake
angle (Figures 6 and 7), it is not necessary to change
the rake angle values when possible tsunami scenarios
of MSZ is defined. Considering a constant value of 90
degrees for the slope angle, as the value leading to
maximum tsunami wave height (Figure 7), in different
scenarios seems reasonable.

Earthquake depth: since the 5-kilometer variations in
earthquake depth leads to small changes in tsunami
height (Figures 8 to 11), larger intervals of depth
variations can be applied in MSZ's tsunami scenarios
(for example, depth values of 10, 20, and 30
kilometers). Furthermore, as earthquake depth of 10
and 15 kilometers creates the highest tsunami wave
height, in order to reduce the number of scenarios, it is
possible to consider one of these two values as the fixed
earthquake depth value.
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Implementing carbon capture and storage (CCS) technologies is essential to
mitigate the damaging effects of climate change due to the earth’s temperature
increase. However, despite the potential benefits of CCS, its acceptance has
been slow. This paper identifies and examines the barriers to CCS acceptance,

Keywords: which include technical, economic, regulatory, and social factors. Economic
g'c";‘ate change barriers include the lack of financial incentives while regulatory barriers include

the absence of a comprehensive legal framework. Lastly, social barriers include
the lack of public awareness and understanding of CCS and the negative
perception of technology. Technical barriers include a deficiency of desired
infrastructure in all stages of CCS including capture, transportation, and storage.

Adaptation barriers
System thinking

1. Introduction

Global warming means the average temperature
increase on the surface of the earth, which is mainly
attributed to human actions e.g. the combustion of
fossil fuels [1]. The Paris Agreement (PA) is an
internationally voluntary compliance treaty to limit the
increase in the global average temperature to less than
2°C above pre-industrial levels, with a further goal of
pursuing efforts to maintain the temperature rise below
1.5°C. Recently, the emphasis has been on keeping
global warming below 1.5°C by the end of this century,
as highlighted by world leaders [2]. Carbon, capture,
and storage (CCS) technology has the potential to
prolong the operational lifespan of power plants,
cement producing plants, and oil refineries that would
have been decommissioned because of their high
emission levels. It has the potential to lower carbon
dioxide emissions by around 80-90% for a typical
contemporary conventional power plant [3].

Globally, the current capacity of CCS facilities to
capture CO2 is approximately 45 million metric tons.
However, to effectively combat climate change, this
capacity must be increased to capture over 220 million
metric tons of CO2 annually. The total CO2 emissions
worldwide are over 34 billion metric tons, highlighting
the urgent need for significant improvements in CCS
technology and infrastructure [4]. The successful
implementation of CCS technologies depends on
several important factors, including economic
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feasibility and public acceptance, as well as
technological progress and environmental impact [5].
It can be concluded that CCS is a system of a complex
nature that includes not only the technical aspects of
capture, transport, and storage but also it is an
organizational system that involves a group of people
together with workers, managers, and all other
stakeholders [6]. The complex system can be divided
into four subsystems including:
1. Human and organizational subsystem

2. Capture
3. Transportation
4. Storage

Each of the subsystems has its barriers and obstacles
preventing technology acceptance and extensive
utilization. In general, the paper is divided into two
types of barriers, human and organizational challenges,
and technical challenges.

2. Human and Structural Barriers

Studying the social barriers of CCS is as important as
studying the technical barriers of CCS technology.
Error! Reference source not found. shows the
triangle of social acceptance. Socio-political
acceptance pertains to the broad acceptance of policies
and technologies by key social actors such as
policymakers and the general public. On the other
hand, market acceptance is more specific and considers
the diffusion of innovations among consumers and the
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decisions by investors who operate in national and/or
multinational markets. Lastly, “public acceptance is the
acceptance of particular projects at the local level by all
stakeholders, which includes residents and local
authorities in the area of growth” [7].

Based on a survey, the main challenges attributed to
social acceptance revolve around human and
organizational behaviors. These obstacles can be
summarized as follows [8]:

(1) the cost and recovery of expenses,

(2) the absence of a financial incentive,

(3) the presence of risks of long-term liability, and

(4) the lack of an all-encompassing regulatory
framework

The current high cost and uncertainties are two
significant obstacles to the implementation of CCS [9].
The key challenge to the extensive utilization of CCS
technology is “the expense related to its deployment”

[10]. Lowering the cost of CO2 capture is crucial in
reducing the overall cost of CCS, as it accounts for
around 70% of the total cost. The operating expenses
of CCS are considerably higher than its capital costs
due to the commercial prices of fuel and electricity. If
the energy generated by the facility could be utilized,
the operating expenses would significantly decrease
[11].

CCS liability is typically categorized as either
operational or post-injection. Operational liability
pertains to health, safety, and environmental risks
associated with the capture, transportation, and
injection of CO2. Conversely, post-injection liability
covers health, safety, environmental, and climate risks
caused by CO2 that travel from the intended storage
site to another subsurface unit or back to the
atmosphere [12].
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Figure 1. The triangle of social acceptance [7]

“The liability throughout the lifecycle of CCS can pose
a significant challenge which eventually can be a
barrier to the CCS investment and utilization of the
technology” [13]. The storage of significant amounts of
CO2 will result in considerable financial obligations.
Therefore, entities operating within this sector must
have the ability and willingness to take on such
responsibilities [14]. Projects usually demand
substantial capital investment and infrastructure,
leading to a prolonged investment period. As a result,

investors who intend to support CCS projects must be
prepared to make a long-term investment commitment
[15]. Lack of financial inspiration and lack of financial
support from the government reduce the investment in
technology [16]. Relying solely on public funding as
the primary source of investment for CCS is not
sufficient to sustain the required level of investment in
CCS. CCS facilities require significant capital
investments, which leads to high material costs for
projects, ultimately reducing their economic viability



Maryam Shourideh,Sirous Yasseri / IJCOE 2023, 8(4); p.18-30

[17]. Barriers to investment in CCS are listed as follows
[18]:

e Lack of financial motivation for investing in
carbon dioxide capture and storage.

e Cross-chain risk is a possible difficulty. This
risk can be addressed by the government where
the establishment of shared transport and
storage infrastructure by either investing in the
infrastructure directly or creating a regulatory
framework that enables cost-effective network
development.

e The absence of a clearly defined legal and
regulatory framework that plans the liabilities
of carbon dioxide storage operators may pose
a long-term liability risk that discourages
private sector investment.

e Lack of adequate financial support through
grants, concessional loans, accelerated
depreciation, or other means to attract private
investment in carbon capture and storage
projects.

e Failure to identify and evaluate further policy
measures that can mitigate specific financial
risks.

e Lack of research data and information to
measure the influence of various risk
categories on the cost of debt discourages
private sector investments.

The regulations for enforcement aim to ensure the
safety and security of the process, proper storage, and
monitoring and verification before and after injection
[19] [20]. In Canada, the regulations were designed to
promote the development of CCS by eliminating
barriers to long-term CO2 storage and security [21].
Insufficient environmental regulations on CO2
emissions have been a significant obstacle to the
implementation of carbon capture in power plants [22].
The policy complications such as lack of appropriate
supervision and lack of regulations such as dividing the
liability between public and non-governmental
organizations and insufficient  environmental
regulations on CO2 all create an unsafe environment
for the CCS technology practice and can be barriers to
its implementation [16] [22]. Other barriers such as
inadequate government support can be an obstacle to
the wide use of CCS. Despite some countries, such as
China, the USA, and Australia, being able to overcome
the obstacles associated with CCS projects, their
implementation is currently experiencing a slowdown
due to inadequate government support [23]. “Trust in
decision-makers and perceptions of procedural and
distributive justice are crucial factors that can influence
the success of deploying specific projects” [24]. Public
trust is higher in non-governmental organizations
compared to governmental industrial organizations
[25]. The absence of incentives, political will, and
public support are among the factors that may lead to
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public opposition, consequently contributing to
discouraging CCS technology usage [26]. Companies
in the CCS industry are expected to exhibit a
commitment to mitigating potential incidents and
hazards through the conduction of environmental and
health-related risk assessments. This expectation is
placed not only by the public, customers, and
governments but also by in-plant personnel [27].
Noting that numerous projects are being pursued
jointly by the industry and government, it becomes
challenging to determine who should be responsible for
leading the communication plan. Some people believe
that it is the government’s responsibility to reach out to
the public and lead education initiatives. It is
acknowledged that a collaborative strategy would yield
the best results by creating unified messages from
different stakeholder groups, thereby reducing the
likelihood of any misunderstandings [28]. Limited and
insufficient knowledge of technology as a whole also
creates a problem and thus decreases the funding of the
technology [16].

Table 1. Number of workers in a carbon capture plant [29]

Project Operation
Jobs Jobs
- 1,680 -
Steel mill 3,030 170 - 310
- Refinery 440 - 760 40 - 70
5 @ Cementplant  430-—690 60— 110
= i=]
e = Hydrogen
o plant 175 -300 20-30
)
=3 Ethanol plant 30-50 5-10
o
c Coal power 1,800 —
§ plant 3,350 160 - 300
8 Natural gas
. combined- 1,140 - 2,
% cycle power 090 100180
a plant
Trunk line
(20” diameter 1,250 — 8-20
£ o pipeline, 200 2,190
S5 miles long)
% § Feeder line
=g (12” diameter ) )
8 & pipeline, 50 220370 2-5
0.£ miles long)

According to Table 1, in the short term, there could be
a larger pool of available workers because the project
jobs need a larger number of skilled workers and as
soon as the facilities start to operate, the number of
workers decreases during the operating phase [29]. In
the long run, a potential obstacle could arise due to the
lack of skilled labor [10].

Integrating CCS systems presents challenges both
technically and organizationally, and there is currently
no clear plan on how this integration will be
accomplished. Moreover, it is unclear how mature and
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scalable the current CCS technologies are, and the pace
at which they can be further developed is uncertain
[30].

3. Technical Barriers

“Carbon capture plants are large process plants with
impacts relating to appearance, emissions, noise,
traffic, safety and environmental hazards and other
potential impacts” [14]. All these terms can be a barrier
to the development of CCS plants. From a technical
perspective, the behavior or quality of one component
in a system can affect other components. For instance,
the quality of the capture stage can determine the level
of impurities in the system. This, in turn, can lead to
consequences like “corrosion during transport and
injection, as well as the geochemistry of the storage in
the long run” [31]. The introduction of CCS in different
industries may have an impact on the competitive
environment. This is because the cost of implementing
CCS is higher, which could affect the competition
between sectors that adopt CCS and those in regions
that do not face similar restrictions [32]. When it comes
to CO2 utilization, there are two primary aims in
increasing urea yield. Firstly, the fluctuating prices and
demand for urea and NH3 make it difficult to conduct
long-term assessments. Secondly, there is the potential
issue of high capital costs associated with
implementing CO2 capture infrastructure [33].
Utilizing CO2 in the process of concrete curing has a
main barrier which is the financial constraints when it
comes to adopting new technologies due to operating
in a fiercely competitive market where capital is limited
[33].

Oil and gas reservoirs that have been depleted are
located all over the world. Nevertheless, it is uncertain
that people will readily accept the notion of storing
CO2 inreservoirs that are situated near residential areas
or beneath them. As a result, CO2 must be transported
to distant fields, away from the source, which adds to
the cost of CCS projects [34]. Infrastructure
limitations, including the absence of storage facilities
nearby and inadequate connectivity to transportation
and storage infrastructure, can pose significant
obstacles to the implementation of CCS [32]. The
ownership and operation of the various components in
a carbon capture chain by different companies can be
an obstacle to the project if any of these elements
become unavailable during its lifespan [35]. Reliance
on the availability of some equipment in the CCS chain
could result in extra costs and potentially discourage
investment in the project.

Currently, the global storage capacity for CO2 is
substantial however determining the portion of the
capacity that can be utilized needs considering a range
of factors such as geography, injection, as well as the
necessary institutional and business capacities [37].
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Broadly speaking, areas where storage supply
estimates are well-established, indicate that Carbon
Capture and Storage (CCS) is not likely to face
limitations due to the availability of local storage
resources. On the other hand, in areas beyond the
developed regions, the availability of storage resources
is uncertain. However, considering the global
distribution of sedimentary basins, very few sites may
experience local storage resource limitations [10].

For retrofit projects, in case the power plant site lacks
sufficient space to accommodate the CO2 capture
facility, the plant may not be feasible for CCS retrofit
from a technical standpoint [37]. Due to the extra
energy required for the capture process, there will be an
increase in emissions during transportation in the CCS
life cycle as a result of the fuel penalty [38]. For
example, a significant rise in direct emissions of
Ammonia (NH3) is predicted compared to the non-
CCS scenario. Ammonia is a poisonous and toxic gas
[38].

“This can be a possible barrier since according to
energy system transition models that aim to restrict
global warming to below 2°C, the consumption of
fossil fuel reserves by 2050 is estimated to be 26% if
CCS technology is not employed. However, if CCS is
employed, the estimated consumption of fossil fuel
reserves by 2050 is 37%” [10].

One obstacle to the implementation of CCS is the weak
manufacturing ability of certain countries, which
obstructs their ability to develop profitable carbon
capture technologies. Governments must consider their
interest in promoting the growth of domestic CCS
technologies against the option of importing potentially
better technologies from foreign countries [39].
Moreover, the affordability of decarbonization
alternatives can be a barrier to the implementation of
carbon capture in certain situations [14].

4. Uncertainties of CCS

There are uncertainties in the deployment of CCS,
which include technical, economic, political, and
financial issues, as well as acceptance by the
communities, without the government's support to
make CCS a part of the climate mitigation mix. There
is a need to provide evidence and analysis to inform and
assure the government and investors, regarding
financing climate change mitigation measures. The
first step is to identify the known uncertainties and seek
solutions to reduce, mitigate, and manage their impact.
The effects of some of these uncertainties, together
with suggested methods for assessing and their
mitigation are summarized in Error! Reference
source not found..
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Table 2. Uncertainties and recommended actions

Key uncertainties

References

Diversity of methods
The wide range of methods available in technology poses a challenge for investors and
policymakers, as it introduces uncertainty. While choosing a method early on can expedite
development, it also carries the risk of committing to less effective technologies.

[40]

Secure storage
The long-term CO2 geological storage safety is uncertain, and there is a lack of confidence
in methods for accurately assessing and managing the associated risks.

[41]

Scaling up and timeline for implementation
There is a lack of clarity regarding the feasibility and pace at which CCS technologies can
be effectively scaled up, and improved to reach maturity level.

[42]

Integration of CCS systems
It is uncertain how CCS systems would be integrated to act as one system. Integration of
elements of CCS is a technical challenge, as well as organization and governance issues.

[43]

Feasibility in terms of economic and financial aspects
The implementation of CCS carries significant uncertainty regarding its future financial
implications and risks, with policy factors strongly influencing the level of economic
uncertainty.

[9]

Policy, politics, and regulation
The implementation of CCS is significantly impacted by political and regulatory
uncertainties, as well as the selection and structure of policies

[44]

Public acceptance
Community acceptance is crucial to CCS development but acceptance is uncertain. Social
interactions shape attitudes towards CCS acceptance

[25]

Public knowledge
CCS deployment is directly affected by public knowledge of the technology.
The level of uncertainty in technology increases as
People’s understanding of it decreases.

[44]
[45]

Technology Uncertainties
CCS technologies, which can be complex and costly, often involve technologies that have
not yet been proven at a commercial scale. The uncertainties decrease with the wider use of
technology.

[14]

10

Other decarbonisation Options
Some possible alternatives for decarbonization include reducing demand, substituting
products, electrifying processes, improving efficiency, and switching fuels. It is uncertain
how much other decarbonisation methods will develop and how it will affect CCS.

[14]

5. Technology Readiness Level

“Technology Readiness Levels (TRL) are a
measurement system utilized to evaluate the level of
maturity of a specific technology” [46]. TRLs are
commonly used as a standard measure to indicate the
readiness level of new technologies or the modification
of existing ones for integration into a product [47]. A
TRL rating is assigned to each technology project after
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it is evaluated against the parameters for each
technology level, taking into consideration the project's
progress. TRL range from 1 to 9, with TRL 1 being the
lowest and TRL 9 being the most mature technology as
shown in Error! Reference source not found. [48]
[49].
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Figure 2. Technology Readiness Level (TRL) [49]

“To ensure that technology developed in science and
technology programs, or adopted from industry or any
other sources, is considered mature enough for the
previous product, then it must be assumed in a new
environment at TRL 6 and preferably in an operational
environment at TRL 77 [19][47][50][51][52].

Similarly, the technology readiness assessment can be
done for CCS technology. Error! Reference source
not found. shows that congestion is commonly
encountered in the development stages of technologies
at TRL 3, TRL 6, and TRL 7. “Progressing a

technology beyond TRL 3 usually requires additional
funding, while improving it beyond TRL 5 and TRL 7
necessitates significant investment and/or commercial
interests” [53]. When it comes to CO2 capture
technologies, amine solvents and physical solvents
have a TRL of 9 and are widely used where
encapsulated solvents and ionic liquids have the lowest
TRL of 2 to 3 among the liquid solvents [54][55]. TRL
9 means that the technology is mature enough and is in
commercial operation.
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Figure 3. CCS in terms of TRL [53]
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An issue with the TRL framework is that it cannot
convey the level of effort or difficulty needed to reach
the next TRL rank in a development cycle. This
deficiency suggests the need for modifying the TRL
framework to include the assessment of difficulty to
better understand timing and resource allocation [56].

6. Overcoming Barriers

Several countries have had programmes to build large-
scale CCS installations during the last two decades. By
the second quarter of 2023, 37 operational facilities
(equivalent to around 50.6 MtCO2/y) will be operating
worldwide [57]. The expenses associated with setting
up a pilot plant are typically significantly greater than
those of a full-scale installation. This is primarily
attributed to several factors, including economies of
scale, standardized  manufacturing  processes,
minimized contingencies, more affordable financing
options, and the utilization of shared CO2 transport and
storage infrastructure. [58][59].

CCS is fundamentally dependent on government
intervention in some form of incentive to store CO2
[26]. “In the absence of adequate climate-based
incentives, the majority of contemplated projects have
used captured CO2 for enhanced oil recovery (EOR),
and many are based on the relatively straightforward
removal of CO2 from natural gas” [60]. A market-
oriented approach, such as implementing an emission
cap and credit trading system, can be beneficial. It
allows companies that can perform abatement at the
lowest cost to take on most of the responsibility while
other firms purchase emission credits. This strategy
encourages continuous improvement in technology
efficiency, unlike command-and-control policies that
incentivize minimizing compliance costs with
performance or technology standards [22].

The cost of the CCS pilot plant exceeds the available
incentives, and this financial gap is worsened by
various risks specific to the technology. These risks
make the private sector reluctant to invest due to the
uncertainty surrounding the investment [18]. These are
primarily related to the need for a substantial new
infrastructure for CO2 transport and storage. The
process of identifying appropriate geological
formations for CO2 storage is both time-consuming
and expensive. Additionally, the potential cost of CO2
leakage is uncertain and can be considered an uncertain
risk under certain regulatory bases [61]. Developers
would not be inclined to provide infrastructure for the
transport and storage of CO2 without assurances of a
reliable and guaranteed source of CO2, even though it
would be more efficient to have infrastructure that can
accommodate multiple CO2 streams [62]. Therefore, to
cover the costs and risks associated with the
deployment of CCS infrastructure, it may be necessary
for the government to play a larger role by providing
financial support, such as regulating a fixed revenue for
CO2 storage and funding the assessment of storage
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sites. Social acceptance is directly influenced by
people’s trust in CCS shareholders. “People will accept
technology more if they have the opportunity to give
their opinion. The lack of significant attention given by
CCS experts to early and meaningful engagement
implies that there is an opportunity to enhance the
transfer of knowledge from the research literature on
public engagement to those responsible for
implementing it” [63].

The close connection between the success of CCS and
international commitments to  decarbonization
highlights the importance of coordinated efforts. “The
challenges encountered by the growing CCS industry
also indicate potential additional advantages that can be
derived from global collaboration” [64].

The Carbon Sequestration Leadership Forum (CSLF),
International Energy Agency (IEA), and Global
Carbon Capture and Storage Institute (GCCSI) are
well-known international organizations that have been
actively advocating for increased political commitment
towards the deployment of CCS technology. “Their

efforts have been primarily directed towards
advocating for the advancement of substantial
demonstration CCS initiatives, fostering the

development of CCS capabilities in non-OECD
(Organisation for Economic Cooperation and
Development) nations, and enhancing public and
political understanding of the technology” [64].
“International organizations have long helped create
awareness and tackle the challenges of climate change.
They serve three necessary tasks in driving climate
mitigation efforts, including” [65]:

1. Spreading research-based knowledge and
offering recommendations.

2. Monitoring the progress of nations in
achieving climate targets and analyzing data
provided by national governments.

3. Enabling collaboration between governmental
and non-governmental entities. Merging
international funds towards one large project
may be an important route toward CCS pilot
plants.

The law requires the Department of Energy (DOE) to
allocate funds for carbon capture demonstration
projects at different levels of technological
advancement and to continue funding projects related
to carbon storage. “To speed up the implementation of
commercial-scale CCS, various regional initiatives
have been introduced. These initiatives require
knowledge sharing as a prerequisite for receiving
public funding support. The idea behind this is to
accelerate innovation through experiential learning and
make the deployment of CCS more efficient and
effective” [66].

An implicit value on emissions has been placed by
regulation, which has also contributed to facilitating the
implementation of CCS. The possibility of a
forthcoming carbon tax has also been a factor in the
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decision to implement CCS. “This underscores the
significance of future policies, in addition to current
ones, in influencing an investor's support for a CCS
initiative” [67]. CCS deployment currently returning to
the political agenda in many countries, leading to an
increase in research funding. However, international
activity to date has arguably focused largely on the role
of research in finding ways to improve the economics
of CCS, but there is a much more fundamental need for
political action to encourage private investment in large
demonstration projects.

7. System Thinking
In this section, we lay the foundation of an SD model
to gain insight into CCS technology diffusion.
Technology diffusion encompasses a range of
processes, starting from research and development
(R&D) to the successful commercialization of
products, which involves promotional and marketing
efforts. The diffusion of technology holds significant
potential to influence and transform society [68]. The
socio-technical systems (STS) approach investigates
the connections between social/community aspects and
technical processes. STS approach encompasses
several levels of interaction, between mechanical
(hardware), informational (software), psychological
(people), and social (public). By adopting such a
comprehensive approach, the goal is to comprehend the
interdependent relationships among a range of social
and plants. “These elements engage with social
motivations and work together to achieve a set of social
goals that would otherwise be impossible” [69].
System thinking is an inclusive approach characterized
by considering various perspectives and involving
multiple stakeholders to adopt teamwork and
collaboration in addressing intricate issues. According
to Senge “Systems Thinking is a discipline for seeing
the entire system with all its connectivity and their
strength and feedback” [70].
That is there is a direct relationship between systems
thinking and the notion of a system. A system consists
of a set of interrelated components (variables). These
components together with their inter-relationship
define the system behaviour. The principles of systems
thinking are listed below [71]:

1) every system is made of subsystems and
sub-subsystems

2) The behaviour of a system is governed by
the strength of the relationship between its components
and feedback

3) There are balancing and reinforcing loops.
Balancing loops pushes the system toward stability
while reinforcing loops push the system toward
extremes, zero or infinity. The role of feedback is to
assure the stability and balance of a system,

4) Due to interactions between components
they may be emerging behaviour
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System-level modelling requires the combination of
individual process models to create a comprehensive
simulation of the entire CCS system. This approach
takes into account the interactions between various
components and their influence on the overall
performance of the system. Many forms of system
dynamic approach exist, that can be characterized using
the following concepts [72]:

1. State and force: This concept involves
understanding the current state of the system
and the forces that influence its behaviour.

2. Feedback loops: Feedback is present when the
interaction between elements A and B impacts
the manner or strength of B's effect on A.

3. Nonlinearity: Non-linearity is a common
characteristic of causal relationships that are
not proportional.

4. Deadlines: A situation that initially follows a
certain pattern can transform when a factor
with a specific deadline is considered by the
variable that is affected by it.

5. Structural change: In theory, a structure can
experience changes in causalities that can
occur at any time. These fluctuations serve as
a reflection of the system's history.

6. A system boundary. In regression models, two
types of variables can be observed [73]:

e “Endogenous variables: These are
variables that are influenced or determined
by other variables present in the model.

e Exogenous variables: These are variables
that are not influenced or explained by
other variables within the model. They are
external variables.”

The system boundary can help to identify internal or
external variables.
Systemic modelling is frequently used in the field of
industrial safety to detect potential hazards caused by
delays or subtle changes that may be challenging to
identify through manual or automated means.
Modelling plays a crucial role in connecting technical
elements with social or human aspects of organizations
[72]. Modelling the human behaviour and non-
technical part of CCS is important.
¢ It plays a crucial role in offering valuable insights
and data that can aid in policy development and
decision-making regarding CO2 capture and
storage. It enables the assessment of the potential
effects of various policy measures, such as carbon
pricing or subsidies, on the implementation and
efficacy of CCS technologies.
Modelling CCS systems helps in evaluating the
environmental impact of the entire process. It enables
the evaluation of other environmental aspects,
including air pollutants, water usage, and waste
generation. This data is crucial for assessing the
sustainability and environmental advantages of CCS
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projects. The technical part of the technology diffusion

includes:
“+ Modelling the capture process is important for
the assessment of different capture
technologies. It is important to find the most
cost-effective means of CO2 capture. It assists
in determining the effectiveness of CO2
capture, the energy demands involved, and the
potential environmental consequences.

¢+ Modelling the transport of CO2 is crucial for
determining the most economical methods of
transportation. This can be achieved through
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simulations of pipeline networks, taking into
account factors such as pressure drop, flow
rate, and distance to ensure efficiency and cost-
effectiveness [74].

Understanding the behaviour of CO2 in storage
sites is essential to guarantee the stability and
safety of the stored CO2 in the long term. This
involves analyzing factors like reservoir
characteristics, mechanisms that trap the CO2,
and pathways that could potentially lead to
leakage [74].
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Figure 4. SD model for the analysis of Carbon Capture technology diffusion

To build a system dynamics model for the analysis of
carbon capture technology diffusion, you would need
to consider several key components.

Several crucial variables are important for the diffusion
of carbon capture and storage (CCS) technology:

1. Policies and Regulations:  Supportive
government policies and regulations are vital
in facilitating the widespread adoption of CCS
technology. This includes incentives,
subsidies, and a carbon pricing system
[22][26].

2. Cost and Economics: The cost of
implementing CCS technology is a significant
factor in its diffusion. “Technological
advancements and economies of scale have the
potential to reduce the cost of CCS, thereby
increasing its request to industries and
investors” [16].
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3. Technological Developments: It is crucial to

continually invest in research and development
to enhance CCS technology and facilitate its
widespread adoption.  Advancements in
capture, storage, and monitoring techniques
can enhance efficiency, reliability, and safety,
making CCS more possible and attractive
[42][75].

Public Acceptance: Public approval of CCS
technology plays a vital role in its diffusion.
Raising awareness about the advantages and
safety of CCS is important to gather public
support and effectively address any concerns
or misunderstandings [25].

Infrastructure Development: The availability
of a well-developed infrastructure for CO2
transportation and storage is critical for the
diffusion of CCS technology. With increased
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usage and advancements in technology and
further improvements and innovations, the cost
of the technology is likely to drop, and
therefore it can be more widely adopted.
“Constructing pipelines, storage sites, and
related infrastructure can facilitate the
successful deployment of CCS projects” [76].
6. Collaboration: Collaboration between
countries, various CCS projects, and research
institutions is fundamental for the diffusion of
CCS technology. Sharing knowledge,
expertise, and best practices can facilitate the

global implementation of CCS at an
accelerated pace [77].
7. Long-term  stable  policy:  Attracting

investments heavily relies on the presence of
stable and enduring policies and regulations.
CCS liability is typically categorized as either
operational or post-injection. A long-term,
stable policy that covers post-injection liability
iS necessary to provide comprehensive. Figure
4 shows a system dynamic model for the
analysis of carbon capture technology
diffusion.

8. Conclusions

Judging from the literature surveyed, one can conclude
that there are several barriers to the acceptance and
implementation of CCS technology. Some of the
obstacles that implead the acceptance and
implementation of CCS technology are the following:
the high costs and financing uncertainties, insufficient
public awareness and trust, legal and regulatory
barriers, as well as technical and operational
challenges. Additionally, the lack of a clear policy
framework and political support might stop the
deployment of CCS projects in many countries.
Overcoming the aforementioned barriers requires
addressing the economic, social, and environmental
aspects of CCS and engaging stakeholders in a
transparent and participatory process. Furthermore,
policymakers need to provide a supportive regulatory
and financial environment to encourage the
deployment of CCS technology. Finally, public
awareness is required to raise awareness about the
benefits and risks of CCS and to build trust in
technology.

List of Symbols

CCS Carbon Capture and Storage

Co2 Carbon Dioxide

COP United Nations Climate
Change Conferences

CSLF Carbon Sequestration
Leadership Forum

DoE Department of Energy

EOR Enhanced Oil Recovery
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GCcCsil Global Carbon Capture and
Storage Institute

IEA International Energy
Agency

IEAGHG IEA Greenhouse Gas R&D
Programme

NH3 Ammonia

OECD Organisation for Economic
Cooperation and
Development

PA Paris Agreement

R&D Research and Development

STS Socio-Technical System

TRL Technology Readiness
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measuring the changes in underlying bathymetric is very costly, developing
equilibrium beach profiles which can demonstrate the important features of the
Keywords: bottom topography is of importance. In order to assess the bottom topography
of the Caspian Sea in vicinity of Astara Port, some field measurements of beach
profiles were carried out. The purpose of this paper is to investigate the

Coastal bed profile
Caspian Sea

Dean’s equation influences of the breakwaters of Astara Port on beach morphological evolution
Cross-shore bed profile in the vicinity of them to identify how the extension of breakwaters altered the
Rubble mound structures sea bed topography. To describe evolving cross-shore profiles in the study area,
beach profile surveys were conducted by a single-beam echo sounder. Results
showed that the breakwaters considerably affected their surroundings.
Furthermore, comparisons of measured beach profiles with Dean's profile
model for the equilibrium beach profile illustrated that: while the Dean's profile
can precisely represent the time-mean profiles in the coastal area, it must be
used with care in the structure vicinity. As a result, the coefficient, A, in Dean's
equilibrium equation in the front of the breakwater will be about two or three
times more than as when it used for the coast without the structure. It is because
of the presence of coarser grains in front of the breakwater. It is while the power
term in Dean's equation is the same for both the cases without and with the
structure which is 2/3.
1. Introduction [8,15].In an article [18] showed that the strongest
Coastal protection engineering works, such as coastal current prevails in the autumn season and the
breakwaters, influencing waves, wave-induced near calm current prevails in the summer in the coastal area
shore currents, and sediment transport, are carried out of Astara. 93% of the days of the year the waves come
to protect coasts or harbors against the effects of waves from the northeast and the prevailing current is from
and long shore drift [19].The structures can affect north to south.differences of Hydrodynamic factors
bottom topography and the shoreline contour, resulting cause a variety of coastal conditions in the northern and
in overall and local deformations that would not evolve southern coastal regions of Iran. In this research, the
without the presence of them [13].Overall morphodynamic classification of Iranian coasts has
deformations can cause morphological evolution been investigated [17].Analysis of wind, sea Current
owing to the disturbance of long shore sediment characteristics, and wave height on the southern shores
movement, and the second ones can bring about of the Caspian Sea, especially on offshore shores It was
changes in movements of sediments in the vicinity of done in the north of Iran. According to the main factors

the coastal structures during a given storm event Affecting the waves caused by the wind, the
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atmospheric framework in the studied area with High
pressure was identified as the main factor that should
be considered in the formation of waves [14] . [10]
showed that As the wave's steepness rises, the location
of the formation of the bars moves toward the coast,
and the depth of water decreases at the beginning and
the ends of the bars; also, in terms of lowering in the
water level with the change in the height of the waves,
the position and the geometric shape of the bars will not
follow a certain trend. Numerous investigations have
been carried out to evaluate the effects of coastal
structures on beach morphologies [15]. Identified how
breakwaters with different layout alter asymmetry of
the salient [1]. Based on 14 years of data, they found
that the berm lowering rate was marginally larger at sea
walled sections in comparison to dune/beach sections.
Also, they didn’t find any convincing evidence to
prove the claimthat seawalls had caused higher
shoreline recession rates in the study area. However,
measuring changes in underlying bathymetric is so
expensive that numerous reliable numerical models
have been developed to simulate morphological
changes. As a result, many numerical studies have been
performed to understand the morphological evolution
around coastal structures. Since waves, wave-induced
nearshore  currents have decisive  effects on
sediment transport, these studies have placed
considerable importance on correctly modelling waves
and wave-induced nearshore currents. The results
obtained from this approach look encouraging [2,5,9].
Furthermore, an understanding of equilibrium
beach profiles may be useful in some problems of
coastal engineering [7]. Using equilibrium beach
profiles, which approximately demonstrate the
important features of cross-shore profiles a beach, the
response of beach profiles under changing
hydrodynamic conditions can be shown [12].

The best known and most commonly used equilibrium
beach profile form is Dean’s profile, which determines
the shape of equilibrium beach profile with regard to
the distance from the coastline and the sediment size.
The profile does not consider the effects of wave
climate, and coastal currents [7,11]. Some
equilibrium beach profiles have been characterized to
represent cross-shore profiles subject to different
conditions [3,7].

Beach profiles are likely to stay the same under long-
term wave climate and persistent sediment size, which
means that the long shore sediment transport is equal to
zero[4]. [6] proposed the power law approach, most
used form of equilibrium beach profile, but it is
commonly known as Dean’s profile. It can
mathematically define the shape of equilibrium beach
profile:
h=Ax2/3 )
Where h is water depth, x is seaward distance from the
shoreline and A is the sediment-dependent scale
parameter[7].
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2. Study Area

Astara port (38.4069 °N and 48.8815°E) is located at
the southwest of the Caspian Sea, North of Iran (Figure
1). In 1996, Astara port was mainly built as a port for
fishing, trading, and travelling. Due to the positive
effects the port had on the development of the region,
it has been enlarged. As a result, the northern
breakwater with a length of 470 m and the southern
breakwater with a length of 187 m have been built
(Figure 1).

Orman.

Figure 1. Location of Astara Port

The study area is exposed to Mediterranean climate
with warm summers, moderate and rainy winters. The
annual prevailing winds in the area are northerly,
northwesterly, and northeasterly. The water level of the
port, like that of the Caspian Sea, is currently around
27 m below the level of open seas. Since there are no
tides in the Caspian Sea [16] the tidal water-level
fluctuations are negligible in the port. Wave rose for
study site shows that the prevailing wave direction is
from the north-east. In addition, the dominating current
direction is southward (Figure 2).

Current speed (mis)
B Above 0.4000
B 03000 - 0.4000
0.2000 - 0.3000
0.1000 - 0.2000
0.0500 - 0.1000
Below 00500

ﬁds%‘

Figure 2. (a) Wave rose and (b) current rose for study area

The sea bed in the study area is mostly sand, with grain
size changing from 0.02 to 4 mm. To investigate the
effect of sediment size on the bed profile, about 22
samples were taken and tested for grain size
distribution. Figure 3 shows the grain size distribution
of bed sediment for samples 1-5 and 1-6 typically.
Then, the average sediment size, Dso, was computed for
all samples (Figure 4).
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Figure 3. Typical Grain size distribution of sediments:
Samples 1-5 (left) and 1-6 (Right)
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Figure 4. Average diameter of sediment size along the
Profile 1 to 4

3. Methodology

In this study, morphological evolution in the vicinity of
the breakwaters constructed in Astara Port was
monitored to investigate the effects of the structures on
beach morphological evolution. For this purpose,
changes in the bottom topography around the structure
were observed in different years. Besides, measured
profiles were compared with Dean's profile in the study
area. In order to assess changes in the bottom
topography due to the extension of breakwaters of
Astara Port, bathymetric surveys which surveyed by
the Iran National Cartographic Center (INCC) in 2009,
2011 and 2012 were used. Then four cross-shore
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bathymetric profiles were extracted for each year to
represent the cross-shore profiles of the study area
(Figure 5). The data had a vertical accuracy of £ 5 cm
and a horizontal accuracy of 1 m. The profiles are
spaced at intervals of approximately 400 m, with an
offshore extension of 1400 m.
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Figure 5. Locations of transects where cross-shore profiles

were measured

314500 315000

4. Results

Figures 6 to 8 compare cross-shore measured profiles
with relative Dean’s profiles which were determined
based on the best fit to measured profiles . The
equations for the best-fit profiles were extracted which
obey the Dean’s equation with different 'A' coefficients
(Figures 6 to 8). As can be seen from Figure 6,
the cross-shore profiles for sections 1, 2, and 4, in the
year 2009, are closed to each other which can be
represented by the Dean's equation y=A x2/3, where
A=0.047 for these cases. While, for Section 2 which
crosses the port structure, the shape of the profile is
completely different. It shows a deposition area inside
the port basin, and a desertion area outside the basin in
front of the breakwater (Figures 6 and 9). In this case,
the bed profile inside the port basin cannot be
represented by the Dean's equation, while outside the
basin itis well represented by Dean's equation with
parameter A=0.156 (Fig 6). Figure 9 also shows an
active area which extends about 700 meters from the
coastline toward the sea, where the depth is about 3.7
meter and all bed profiles meet each other.Like the year
2009, the profile pattern was repeated for the
years 2011 and 2012. As shown in figures 7 and 8, the
bed profiles for sections 1, 2, 4can fairly be
represented by Dean's formula, however, for section 2
which crosses the port structure, the Dean's formula is
only applicable to the offshore part of the profile which
is steeper and completely submerged. As shown in
these figures, the coefficient 'A' of Dean's formula is
increasing when we're getting closer to the port
structure along the coast. Especially, for the sections
crosses the breakwater, the coefficient 'A' increased
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rapidly. Since the A value depends on the sediment size
(D), it can be concluded that the size of sediments in
the neighborhood of the port structure is greater than
the area located far from the port. This fact is shown in
Fig.10, which is a plot of A versus D. As shown in this
figure, the position on A-D plot for profiles 1, 2 and 4
(sections which are far from the port structure) are apart
from for profile 3 (which is close to port breakwater).
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Profile1-2009-measured(m) [m]
Profile2-2009.measured(m) [m]
40 Profile3-2009-measured(m) [m]
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Figure 6. Measured Bed Profiles around the Astara Port
(Year 2009) in Comparison with Dean's Formula
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Figure 7. Measured Bed Profiles around the Astara Port
(Year 2011) in Comparison with Dean's Formula
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Figure 8. Measured Bed Profiles around the Astara Port
(YYear 2012) in Comparison with Dean's Formula
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5. Conclusion

Coastal protection engineering works may result in
changes in characterization of the hydrodynamics and
bottom topography of the nearshore domain. Since
measuring the changes in underlying bathymetric is
very costly, developing equilibrium beach profiles
which can demonstrate the important features of the
bottom topography is of importance. In order to assess
the bottom topography of the Caspian Sea in vicinity
of Astara Port, some field measurements of beach
profiles were carried out. The agreement between the
profiles and the equilibrium profile described by Dean
was investigated. In addition, investigating profiles in
the vicinity of Astara Port showed that the breakwaters
have caused the disturbance to the southward long
shore sand transport, leading to beach accretion on the
northern side and shoreline erosion in the lee of the
structures. It can be concluded that, the Dean's formula
(y=A x2/3) can be applied for all parts of the coast even
for the areas in vicinity of the coastal structures, while
the power term in the formula is (2/3) for all cases but
the coefficient 'A' for structure neighborhood is
inherently more than the other areas. The shape of bed
profile in structure neighborhood is steeper than the
other areas which resulted from the accumulation of
bigger sediments around the structure.
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1. Introduction

ABSTRACT

This study concentrates on the 61 tidal constituents of 17 stations on the north
of Oman Gulf (OG), Strait of Hormuz (SH) and Persian Gulf (PG). Five-years
tidal data (2014-2018, 30-minutes intervals) was achieved by Iran National
Cartographic Center to calculate mean levels of stations. Then, t_tide library
was used to calculate 61 tidal constituents by 95% of confidence in Matlab for
2018 data. Then, they sorted by the magnitude of the amplitude to express the
most significant ones in each stations. Results shows that the mean levels of the
northwest and northeast of PG are mirror images. Although the major diurnal
and semidiurnal tidal constituents of 11 stations are My, Ki, S; and Oy, by
changes in order of importance; in 6 stations, N2 constituent is more important
than O1. These exceptions go back to the stations of SH and northwest of PG,
which shows the importance of the SH bending and the shallowing of the
northwest of PG. Moreover, the top ten components of all stations are not 10
unique components and they include 21 components. Due to the Form factor,
F, all the studied stations are mainly mixed semidiurnal type. The predicted t-
tide tides show small errors compare with the original ones. The results also
showed that the range and components of harmonic astronomical tides are
influenced by local geography. On the head of PG, the Emam Khomeini’s tides
is sharp due to the shallow water, and the semidiurnal components (S, and N2)
are much stronger than the diurnal components (O, and P1). The Pol Port’s tides
is effected by narrowing of SH. Therefore, in some ports, non-tidal parameters
such as geographical shape or shallow water are effective while considering
astronomical components of moon and sun.

ocean fluctuates semidiurnal, diurnal or with other

For thousands of years, tides have been so important
economically and scientifically that have entered our
everyday language, and a saying like "time and tide
wait for no one" is a clear example. Tide is important
for navigation and ocean mixing. In the vertical mixing
of coastal waters with a horizontal scale of 10 km or
less and a time interval shorter than 24 hours, tides
plays an effective role [1]. Tides can suspend bed
sediments even in deep oceans. In addition, it can cause
internal waves on seamounts, continental slopes, and
midoceanic ridges, which dissipate lethal energy. In
tidal history, real oceanic tides are considered stable
because of their close association with astronomical
motions [2]. Since the earth's crust is elastic and rotates
counter-clockwise around its axis [3], due to the
difference in the gravity of the moon, sun, and other
celestial bodies, the earth's crust is bent under the
influence of the tidal potential [4] and as a result, the
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frequencies.

In classical analysis, it is customary to decompose the
recorded tidal observations into its components, and the
tidal signal is modeled as a finite sum of a sinusoidal
terms with specific frequencies, related to astronomical
parameters. These parameters are related to many
factors such as latitude, the north deviation of the
moon/sun from the equator, the hour angle of the
moon/sun, the deviation of the earth's rotation axis, the
inclination of the earth's rotation axis with respect to
the stars, the rotation of the plane of the celestial
sphere, and the temporal variations of the elliptic
inclination of the earth's rotation in the plane of the
celestial sphere and the angle of the moon's ellipse in a
plane depend on the plane of the celestial sphere [5-7].
These processes cause changes in tidal potential.
Fourier analysis is used to determine frequencies of
tidal spectrum. The spectrum does not look like the
oceanic wave spectrum. Oceanic waves have all
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possible frequencies by a continuous spectrum while
tides have precise discontinuous frequencies. It
consists of discrete lines related to astronomical
motions and harbor properties. Doodson (1922) [8]
expanded tidal potential as Fourier series using the
cleverly chosen frequencies, leads to an elegant
decomposition of tidal constituents into groups with
similar frequencies and spatial variability. Doodson’s
expansion included 399 constituents, of which 100 are
long period, 160 are daily, 115 are twice per day, and
14 are thrice per day. Although most constituents had
very small amplitudes, but the amplitude accuracy of
107 of the largest term requires at least 39 frequencies
be determined.

The Standard list of tidal constituents was prepared by
Mr. Bernard Simon of SHOM (Service hydrographique
et océanographique de la marine) and Cdr John Page of
the UKHO (The United Kingdom Hydrographic
Office) on behalf of IHO (The International
Hydrographic Organization) Tidal Committee, now it
is called the Tide, Water Level and Current Working
Group (TWCWG) [9]. By evolving tides at diverse
rates, there is not sometimes any apparent relationship
to astronomical force [10-13] and may change major
diurnal and semidiurnal tides (eg. Eastern Pacific [14],
Gulf of Maine [15], North Atlantic [16-17], China [18-
19] and Japan [20]).

Non-tidal variability introduces large errors into the
calculated amplitudes and phases of weaker tidal
constituents. The weaker tides have amplitudes smaller
than variability at the same frequency due to the other
processes such as wind set up and currents near the tide
gauge.

This research is planned to examine the tidal
constituents on major ports along the north Oman Gulf
(here after, OG) towards Persian Gulf (here after, PG).
These basins have different tidal variability that may
affects their tidal constituents.

The tidal circulation in PG was modeled by a
homogeneous two dimensional shallow-water model
with free surface and forced by seven tidal components
at its southern boundary [21]. The model accurately
reproduced the tidal phase and amplitude observed at
42 tidal gauges in the region. This accuracy was
attributed to the presence of seven components which
are able to interact nonlinearly. The amphidromic
points were also well positioned by the model due to a
proper choice of bathymetry. The tidal currents could
be strong in the Straits of Hormuz (here after, SH) and
in shallow areas; thus they would have an effect of the
hydrology of the region. The residual currents were
weak so that they were negligible for the large-scale
circulation on long periods. Finally, the sea-surface
elevation forecast by the model was in close agreement
with insitu measurements of pressure, performed
during the GOGP99 experiment [21].

Akbari et al., (2016) [22] were also simulated three
tidal semidiurnal (M-, S;, K2) and diurnal (K1, O1, Q1)
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amplitudes in PG and OG by FVCOM (Finite Volume
Coastal Ocean Model). They clearly showed that the
different characteristics of PG and OG. The
semidiurnal constituents (M2, Sz, Kz) has two
amphidromic points while diurnal constituents (K1, Oy,
and Q) had only one amphidromic points on PG. None
of them had amphidromic points on OG. The tide
simultaneously happens on OG is unlike PG. The
model showed that tides of PG is a constant wave with
two semi-diurnal and one diurnal amphidromic point.
But tides of OG and the Arabian Sea is a progressive
wave that moves on surfaces. The most important
semidiurnal and diurnal components in the entire
domain was M- and ki [22].

As can be seen, there are few near-shore studies of
various components on PG, OG and SH. This study
examines the components (61 constituents) near the
coast of PG and OG by a library function named t-tide.
These components will be checked on different ports of
area to see if they have non-tidal effects by their
geometric position.

2. Materials and Methods
2.1. Study area

The study area (48-62°E, 22-30°N) is a coastal area
along the north of OG and PG with their connection
through SH. Coastlines of the study area achieved by
Iranian Army Geographic Agency as a shape file with
the resolution of 30 seconds and plotted by ArcGIS 9.2
[23] software (Figure 1). The study area divided into
three parts: OG, SH and PG. PG also divided into two
parts of northeast and northwest because of its
geometric shape.
OG (also named Macran or Mecran in native
language), is a kind of strait (not an actual gulf) that
connects the Arabian Sea to the SH which then runs to
PG. OG is linked from three sides to the land by depths
less than 1000 m and to the open ocean on the other
side by depths more than 3000 m [24].
PG itself is a semi-enclosed marginal sea by total area
of 240,000 km? [25], completely located on a
continental shelf and downhill of OG. PG is a water
catchment area drawn from the northwest to the
southeast. Its length is 990 km while the width differs
from 56 km to 338 km by the mean depth of 35 meters
[1]. Its morphology is asymmetrical and the coastal
slope is more relaxed on the southern coast than the
northern coast [25]. SH, a curved waterway, separates
Iran's plateau from the Arabian Peninsula and links the
PG waters to OG and the Indian Ocean (here after, 10).
Since PG is located on the subtropical high-pressure-
zone, it is characterized by low precipitation (0.07-0.1
m yr[26]) and high aridity, resulting high evaporation
rates (above 2 m yr?* [27]; 1.4-2.1 m yr? [28-29]), 1.5
meters of the surface in a year [30-33]) by seasonal Sea
Surface Temperature (SST) changes [34]. High
precipitation is rare in this area [35-36]. This makes PG
as one of the most saline water of the world (36.6 to
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40.6 [37]) because of high evaporation, less
precipitation (less than 5 mm yr) and less river inflow
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Figure 1. The study area. Oman Gulf (OG), Strait of Hormuz (SH), and Persian Gulf (PG). Gray circle marks are tidal stations
(Table 1). The map is generated by ArcGIS [23] and the coastlines are achieved by Iranian Army Geographic Agency.

(0.15 m yr* [29]). The salinity is higher near the
southern part [1, 32]. The saline water forms a very
dense water especially in early November, when the air
temperature decreases and wind speed increases [37]. It
can also make some mesoscale eddies by the diameters
less than 50 meters [38]. The dense flow of PG travels
to OG by seasonal changes [39-43] to depths of 150 to
350 meters [44] through the south of SH. It makes
changes on the thermoclines of OG [45] and deepen it
to 1200 meters [46]. The less saline water of OG enters
PG through the north of SH and replaces the outflow of
PG [44, 47] for equilibrium [48]. This water is warmer
than surrounding waters [49-50].

Tides are complicated on PG and OG. Tides of PG co-
oscillate with SH while tides of OG co-oscillate with the
Arabian Sea [1] and they make different tidal conditions
in PG, SH and OG [51]. Due to the complex geometric
shape of the coastline, tides of PG fluctuates [52] and
has potential extracted energy [53]. PG has a diurnal and
semidiurnal fluctuations, which initially emitted energy
from SH into OG [52]. The tidal patterns of PG change
from semidiurnal to diurnal tides [1]. The tidal range is
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more than one meter (three meters on the head of PG
and one meter on the other parts) [54]. The dimensions
of PG are such that the resonance amplification of the
tides occur [1]. Therefore, PG tides are kinds of standing
tidal waves [1] by different amphidromic points (nodes)
of constituents. There are two amphidromic points for
semidiurnal constituents (M, and S;) and one
amphidromic point for diurnal constituents (K; and O1)
[55-57]. The magnitude of M is approximately 0.3 m to
0.5 m at each point of PG and its maximum is 0.8 m to
0.9 m at the head of PG and near SH. The magnitude of
S is about 30% of M». The O, amphidromic point is in
the north of Bahrain by the amplitude of about 0.3 m.
The Ki amphidromic point is near Bahrain by the
amplitude of about 0.5 m on the head of PG [52]. Near
the amphidromic points of the diurnal components (K:
and O;), where the diurnal tidal component is zero, it is
the semidiurnal tidal type, and near the amphidromic
points of the semidiurnal components (M; and S;), tides
is diurnal [21]. According to the information of the
National Oceanic and Atmospheric Administration
(NOAA) organization, the next effective recorded
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components of the world are M4, N2, Mg, MK3, Sa, MNa4,
NUz, S, MUy, 2N,. If PG and GO assumed as a unit
basin, the longitudinal axis of the area must be
considered as a channel with two gaps that may affect
the independent tides, where the phase of the tide-
generating force would depend upon the longitudinal
direction of this unified basin [51].

2.2. The tidal data

Seventeen tidal stations were chosen on the north of
OG, SH and PG (Figure 1). Two stations were located
on OG (Station 1-2: Chabahar and Konarak), six
stations are located on SH (Station 3-8: Bandzak,
Larak, Bahman Port, Shahid Rajaee Port, Pol Port, and
Khamir Port), four stations are located on the northeast
of PG (Station 9-12: Lengeh Port, Charak Port, Lavan,
and Taheri) and five stations are located on the
northwest of PG (Station 13-17: Ameri Port, Bushehr,
Genaveh Port, Butaheri, and Emam Khomeini Port),
respectively. Table 1 shows the location of station.

Table 1. Tidal stations of the study along the northern coasts of
OG, SH and PG

Basin Station No. and  Longitude Latitude
Name (°E) (°N)

Oman Gulf __St. 1 Chabahar 60.6165619 _ 25.3133678

(0G) St. 2 Konarak 60.4328461  25.3552799

St. 3 Bandzak 56.9478073 _ 27.0106392

St. 4 Larak 56.3809193  26.8866272

St.5 Bahman Port _ 56.2816048  26.9481812

Strait of Hormuz St. 6  Shahid 56.0767288  27.1017857
Rajaee Port

St. 7 Pol Port 55.7470436  26.9729309

St. 8 Khamir Port__ 55.5921097 _ 26.9380035

St. 9 Lengeh Port ~ 54.8850327  26.5486584

North- ~ St. 10 Charak Port  54.2820778  26.7251301

East St 11 Lavan 53.4027261  26.8010977

St. 12 Taheri 52.3495789  27.6610126

Persian St. 13 Ameri Port_ 51.0914993  28.5146675

Gulf St. 14 Bushehr 50.8374710  28.9896507

(PG North- St 15 CeNEN 55117720 205507763

West i 16 Butaheri 49.7747765  30.1060658

St 17 Emam g 5700100 30.4219837

Khomeini Port

Tidal information was achieved by Iran National
Cartographic Center, Water Management and Tidal
Affairs [58] by every 30 minutes’ interval for five
continuous available years (January 1, 2014 to
December 31, 2018). Mean Level (ML) achieved by
the average of these five years for each station. Since
long-term data are affected by the harbor modifications
[59-64] or changes of internal tide [65-66], only one-
year data (2018) was used to analysis tidal constituents.

2.3. Data Analysis

The tidal signal is simulated as the sum of finite sets of
sinusoids at specific frequencies related to
astronomical parameters. Since each tidal constituent is
assumed to be a harmonic function and couched in the
cosine term, it can be rewrite in a vectorization form of
a time series (Eqg. 1) as formulated by [67]:
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e(t) =% L H, cos(E; - g;) 1)
Consequently, the number of parameters is related to
the number of used (significant) constituents. The
t tide Matlab library allows the calculation of various
tidal constituents by the projection of series of
harmonic functions on the data. t_tide library was
written first on January 2011 [68], and then revised
[69]. It is available online [70] and used in other recent
studies [71-75].

In this research, the first 61 significant constituents are
used. Therefore, a set of programs has been rewritten
in MATLAB [76] to perform the harmonic analysis for
each station in 2018. This library is based on the
Fortran based tidal packages developed for the
Canadian government [77]. Outputs of the t_tide
library consists of 61 tidal constituents as SSA, MSM,
MM, MSF, MF, ALP1, 2Q1, SIG1, Q1, RHO1, 01,
TAUL, BET1, NO1, CHIL, PI1, P1, K1, PHI1, THE1,
J1, SO1, 001, UPS1, 0Q2, EPS2, 2N2, MU2, N2,
NU2, M2, MKS2, LDA2, L2, S2, K2, MSN2, ETA2,
MO3, M3, SO3, MK3, SK3, MN4, M4, SN4, MS4,
MK4, S4, SK4, 2MKS5, 2SK5, 2MN6, M6, 2MS6,
2MK6, 2SM6, MSK6, 3MK7, M8, M10 with
frequencies ranging from 0.0015 (MM constituents) to
0.3220 (M8 constituents) cycles per hour [69]
(hereafter cph). It was also used the shallow water
constituents [78-79] for OG and PG which was not
previously used on the documents of this area.
Frequencies, amplitudes and errors for each constituent
on each station was calculated by the 95% of
confidence intervals (here after 95% CI). Then, tidal
constituents sorted by the magnitude of the amplitude
to expresses the most significant constituents of the
stations.

New tides were also made according to the extracted
61-components to calculate the difference between the
predicted tides and the original ones [58] for seven
selected stations (Station 1: Chabahar, Station 4: Larak,
Station 8: Khamir Port, Station 9: Lengeh Port, Station
12: Taheri, Station 14: Bushehr, Station 17: Emam
Khomeini Port). Since Mean level on PG have shown
monthly [80] and seasonally [81] changes, therefore,
the predicted water levels by components are corrected
by the mean achieved water level of the time series of
2014-2018 for each station.

Form factor (F) was also calculated to classify stations
according to the nature of tides as Eq. 2 [82-84]:

2+ 2

where the symbols of the constituents indicate their
respective amplitudes. Type of tide was determined as
diurnal, semidiurnal and mixed by F factor (Table 2).

Table 2: The classification of tides due to the form factor values,
F [82-84].
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Value of F Type of tide

0-0.25 Semidiurnal

0.25-15 Mixed, mainly semidiurnal
1.5-3 Mixed, mainly diurnal

>3 Diurnal

3. Results and Discussion

3.1. The tidal times series

Figure 2 shows the mean value of stations (2014-2018).
It is obvious that Mean Level (ML) is not constant; it is
less on OG, becomes higher in SH, fall down in the
northeast of PG and again rises on the northwest of PG.
The highest values are referred to Emam Khomeini
Port (2.94 m) located on the northwest of PG (Station
17) and Pol Port (2.54 m) located on the SH (Station 7).
Emam Khomeini Port is a shallow port, and in other
studies such as [85], its tidal range was reported large
in compared with other regions of PG. Pol Port, which
is the shortest distance between Iran's southern coast
line and Qeshm Island, experiences high values of tides
due to the narrowness of the area, which is in agreement
with studies such as [53] and [86].

The lowest one is Lavan (0.96 m) located on the
northeast of PG (Station 11, Figure 2). The northwest
and northeast side of PG evokes a kind of mirror image
in the mind in terms of tidal mean levels.

Figure 3 represents the comparisons of 17 stations for
the first solar month of 2018 (January 1, 2018-January
31, 2018). Full moon was on 2 and 31 and new moon
was 17 of January 2018 during this month. As it is
obvious, tidal heights of stations, located on OG, are
approximately small. The SH tidal ranges are higher.
PG shows different styles. On the northeast, tidal
ranges are very small (Table 3), but it becomes higher
as it travels into the head of PG and it reaches to the
highest value on the 17" station, Emam Khomeini Port
(5.151 m).

Table 3. Tidal stations of the study along the north coasts of
OG, SH and PG.
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Figure 2. The Mean Level of each Station (January 1, 2014

December 31, 2018) calculated by tidal data [58].
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The results of a one-year (2018) t-tide analysis from the Lengeh Port, Taheri, Bushehr and Emam Khomaine
Iran National Cartographic Center, Water Management Port) located on OG, SH and PG on Figure 4. It is
and Tidal Affairs [58] and the predicted t-tide [69] tides obvious that the two-time series (the original time

by 61 tidal constituents have been prepared for seven series and the predicted one by 61 constituents) have
random stations (Chabahar, Larak, Khamir Port, small differences.
Original Time series Tidal prediction (t-tide Analysis) Original time series mjinus Prediction
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Figure 4. The original (blue) and predictional (green) tidal amplitudes (in meters) and their differences (origin-prediction) (black) for
Chabahar (located on OG), Larak and Khamir Port (located on SH), Lengeh Port and Taheri (located on the northeast of PG), Bushehr
and Emam Khomaine Port (located on the northwest of PG) for 2018.
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The difference between the actual tide and the
predicted tide in all stations is less than 0.2 meters. This
difference is even less than 0.1 meters in stations like
Lark, Langeh Port, Taheri and Bushehr. Comparing
Figure 2 and Figure 4 shows that the water level of
these stations are insignificant. In a station like Emam
Khomeini Port, which has a significant tidal range, the
predicted tide with 61 components has a significant

Significant Constituents

Insignificant Constituents

error, and therefore, more components should be
considered in the construction of Emam Khomeini
tides especially in spring tides.

3.2. The tidal constituents

Amplitude of each tidal constituent are provided on
Figure 5. The important point of Figure 5 is the
discreteness of the frequency of the components, which
is acceptable in the characteristics of tides.
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Figure 5. The predicted components of the selected station for Chabahar (located on OG), Larak and Khamir Port (located on SH),
Lengeh Port and Taheri (located on the northeast of PG), Bushehr and Emam Khomaine Port (located on the northwest of PG) by t-
tide library for 2018.
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By the comparison of stations, it can be clearly seen
that the tidal components in different stations do not
have the same values and their types may also differ
from one station to another. The main components (Kg,
01, P1, M2, Sy, and Np) with a frequency less than 0.1
cph in all stations are of the order greater than 10 m.
Components with a frequency of more than 0.2 cph are
variable in each station and some components may not
?e seen in some stations in even the order less than 10°
m.

Table 4 shows the first ten tidal components at each
station. It can be seen that the tidal components My, Sz,
K1, and Oy are the top four components in ten stations.
There are also seven exception stations that are related
to SH and PG. In the Bandzak, Shahid Rajaei Port, Pol
Port and Khmir Port stations on SH, the O; component
is less important than the N> component, and N
occupies the fourth rank in the components. In the
northeast of the PG, the N, component reaches the third
level of importance at Taheri station. In the northwest
of PG, in Emam Khomeini Port station (station 17), the
N2 component has the fourth position and the O;
component has the fifth position. In Butahari port
(station 16), component S; ranks fifth, and components
Ma, K1, Oy, and N2 occupy the positions of the first to
fourth ranks, respectively.

These exception stations go back to SH and northwest
of PG, which shows the importance of the bending of
SH and the shallowing of the northwest of PG. Emami
et al., (2019) showed that the shape of the coastline is
effective in the tidal pattern [86]. This study confirm
that the type of tidal component is different, especially
in SH because of its bend which is in agreement with
[87].

From the fifth to the tenth component, there are many
changes in the type of important components’ rank
(Table 4). The top ten components of stations include
21 components in total. If we consider these 21

components, the
changes again.
Figure 6 shows the classification of stations according
to the region and type of importance. It can be seen that
some of the components are not prioritized in some
stations, so the investigation of one station can be
different from another station and cannot be
generalized.

In many ports of the world, the tide is non-linear and
many other components of the tide become important.
On the head of PG, it can be seen that the tidal waves
in Emam Khomeini port (Station 17) are very sharp
(Table 3 and Figure 6) due to the shallowing of the area
and after the M, and K; components, the semi-diurnal
S, and N, components are stronger than the diurnal
components of O; and P; (Table 4). Other components
of the order of seven to ten are also semidiurnal or
quarterdiurnal. In extreme cases, the incoming waves
steepens so much the leading edge is nearly vertical,
and the wave propagates as solitary wave and can form
a tidal bore. These tides steepen and become non-
linear.

The calculated t-tide amplitudes of four major
semidiurnal (M., S2) and diurnal (O;, K1) constituents
(as reported by [1, 21-22]) is shown on Figure 6. At
some stations (Bandzak, Shahid Rajaei Port, Pol Port,
Khamir Port, Taheri, Ameri Port, Bushehr, Butaheri
and Emam Khomeini Port), one of these constituents is
missing as the four top tidal constituents.

3.3. F factor

Figure 7 also shows the form factor, F, according to Eq.
2, for the stations. The comparison of Table 2 and
Figure 7 clearly shows that in no station the F factor is
greater than 1.5 m and none of them are less than 0.25,
therefore, therefore, all the studied stations on Iranian
coasts are mainly mixed semidiurnal tides.

importance of the components

Table 4. The first 10 top tidal constituents achieved by the tidal analysis of 2018 for stations by at-tide along the north coasts of OG,

SH and PG
. - Order of Importance
Basin No. Stations Names 1 5 3 i £ 6 5 5 5 16
1 Chabahar M2 Kl s2 o1 N2 P1 K2 1 SSA  NU2
Oman Gulf (OG) 2 Eo?]t;?ali M2 Kl s2 o1 N2 P1 K2 (1301 Q1 MU2
3 Bandzak M2 KL S2 N2 o1 P1 K2 MU2 ETA2 Q1
4 Larak M2 Kl s2 o1 N2 P1 K2 Q1 MM M4
. 5 Bahman Port M2 Kl s2 o1 N2 P1 J K2 1 MSF
Strait of Hormuz (SH) 5 gyahid Rajaee Port M2 S2 KL N2 Ol PL K2  NU2 81 L2
7 Pol Port M2 Kl S2 N2 01 P1 K2 MK3 M4 Q1
8 Khamir Port M2 S2 K1 N2 o1 P1 K2 MK3 M4 MS4
9 Lengeh Port M2 K1 01 s2 N2 P1 K2 Q1 MSF L2
North 10 Charak Port M2 Kl 01 82 N2 P1 MSF NO1 Q1 K2
East 11 Lavan M2 Kl 01 82 P1 N2 K2 MSF Q1 NO1
. 12 Taheri M2 Kl N2 S2 o1 P1 L2 MSF K2 MM
(Zirls;?lgG) 13 Ameri Port M2 KL Ol s2 PL N2  MSF QL K2 001
14 Bushehr M2 Kl 01 S2 P1 N2 K2 Q1 SSA 001
’\VI\%;? 15 Genaveh Port M2 KL 01 s2 P1 N2 NO1 MSF K2 MK3
16 Butaheri M2 Kl 01 N2 S2 P1 MSF MM Q1 MK3
17 Emam Khomeini Port M2 KL S2 N2 01 P1 M4 K2 L2 MS4
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5. Conclusions

The body forces act directly on deep oceanic waters,
but not directly in coastal regions. In open ocean, the
tidal range is less than one meter. At the entrance
opening of special points such as gently sloping
surfaces, funnel-like or chimney-like surfaces is higher
due to the reflection of the wave and its Refraction. The
tidal range can be enhanced in funnel-like or chimney-
like surfaces due to the shape of the coastline and the
narrowness of the entrance opening. In this study, two
areas with different appearances have been examined
via tides. Persian Gulf (PG) connects Oman Gulf (OG)
through the Strait of Hormuz (SH) as a narrow funnel-
like shape.

Results show that the range and components of
harmonic astronomical components are strongly
influenced by local geography especially on SH and
PG. On the head of PG, tides are strong because tides
propagate into very shallow water e.g. river estuary.
Tides steepen and become non-linear. Emam
Khomainei Port is a good example of the shallow water
condition because of the estuary of Khur-e-Mousa.
Semidiurnal tides are very important components on
this station.
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Contrary to the studies mentioned four important tidal
components are My, S;, Ki and O; on PG, this study
clearly showed that in the stations like Bandazk, Shahid
Rajaee Port, Pol Port, Khamir Port, Taheri, and Imam
Khomeini Port, the N, component is more important
than the O; component. Except for the M, component,
which is the most important component of all studied
area, the order of importance of other components
changes on the stations. This issue is related to the
geographical changes of the region in terms of
appearance shape or depth. Further studies regarding
the wave reflection by the coastline which is effective
in increasing the range, or the rotation of the tidal
waves in the mouth of the strait which increases the
energy of the tidal wave, or atmospheric effects such as
wind, pressure and precipitation is recommended.

List of Major Symbols

F Form Factor

K, Lunar-Solar, diurnal

K2 Lunar-Solar, semidiurnal
M, Main Lunar, semidiurnal
N, Lunar elliptic, semidiurnal
O, Main Lunar, diurnal

P, Main Solar, diurnal

S, Main Solar, semidiurnal
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ABSTRACT

The major challenge in marine environment imaging lies in addressing the
haziness induced by natural phenomena, such as absorption and scattering in
underwater scenes. This haze significantly impacts the visual quality of
underwater images, necessitating improvement. This paper presents a novel
approach aimed at enhancing the efficiency of Gaussian filters for reducing
Gaussian noise in underwater images. The method introduces a pipeline
structure in the Gaussian filter implementation and evaluates the influence of
employing approximate adders on overall performance. Simulation results
reveal a notable speed enhancement exceeding 150%, coupled with a substantial
reduction in power consumption exceeding 34%. However, these advantages
are tempered by an increase in spatial requirements. The study recognizes the
inherent tradeoff between output quality and power, highlighting the
applicability of the proposed design in error-resilient applications, particularly
in image and video processing domains. In essence, the presented approach
offers a compelling solution where the benefits of accelerated speed and
reduced power consumption outweigh spatial constraints, contributing to the
advancement of underwater image enhancement techniques.

1. Introduction

problems, introducing issues like image blur, haziness,
and the presence of bluish or greenish hues in

Underwater imaging instruments are essential for
remote sensing due to Earth's significant water
coverage. Optical sensors capture acoustic signals, but
resulting images suffer from issues like limited light
range, lighting disruptions, low contrast, and color
degradation. These disturbances necessitate pre-
processing before crucial image processing tasks.
Edge-preserving filters help denoise images without
compromising quality or edges. Pre-processing
involves correcting illumination, suppressing noise,
enhancing contrast, and adjusting colors. Underwater
images require pre-processing due to degradation
caused by light  transmission  properties,
environmental factors, and video capture challenges.
Identifying suitable filters for effective pre-processing
is a key focus in addressing these issues.

Exploring the underwater environment through video
and images is a complex and fascinating endeavor,
marked by challenges such as noise, limited visibility,
light scattering, attenuation issues, non-uniform
lighting, and other inherent factors of seawater [1, 2].
The use of artificial light sources exacerbates
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underwater images. This leads to absorption,
scattering, color distortion, and noise [3]. These
challenges pose a significant hurdle for researchers
seeking to harness computer technology for in-depth
studies, especially in the classification, recognition,
and segmentation of coral reef components and
various fish species.

Understanding underwater ecology is crucial for
effective  marine resource management and
monitoring. Consequently, image analysis techniques
rooted in computer vision and image processing
technologies have been developed to facilitate proper
monitoring of marine resources. Despite these
advancements, there has been no comprehensive
guantitative or qualitative assessment of all
underwater marine resources, as noted in [4, 5].
Underwater images often exhibit poor visibility, a
foggy appearance, and misty issues, with blurring
occurring due to wave surfaces during object
acquisition. Additionally, these images are prone to
unwanted noise and increased scattering effects.
Distortions vary across images acquired at different
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times. Researchers globally are exploring a range of
techniques, from simple approaches to multilayered
deep techniques, to mitigate distortion effects on
underwater images. The ideal technique should strike
a balance between effectiveness and complexity.

The PCA  fusion-based method integrates
homomorphic filters, adaptive histogram equalization,
and median filters for individual color channels. This
technique is applied to fuse two images, enhancing
color contrast and resulting in improved qualitative
outcomes [6]. CLAHE proves effective in enhancing
the visual quality of underwater images by addressing
issues such as uneven illumination. It achieves
adaptability through the application of adaptive
histogram equalization and introduces a weighted map
to enhance the visibility of distant objects [7]. The
combination method involves integrating CLAHE and
dark channel prior for image enhancement. This
approach includes identifying the presence of artificial
light, removing it if detected, and subsequently
applying CLAHE to improve the overall quality of
underwater images [8].

Histogram equalization image enhancement method
was introduced to advance CLAHE, involving the
conversion of RGB input images to the HSV color
space. Individual components (Hue, Saturation, and
Value) underwent histogram equalization, leading to
improved visual quality in the output image compared
to the input [9]. Additionally, a method named mixture
contrast limited adaptive histogram equalization was
developed, where the RGB input image was
transformed into the HSV color space [10]. Both
CLAHE-RGB and CLAHE-HSV images were
generated and combined using Euclidean norm,
contributing to enhanced underwater image quality.
In addressing the challenge of edge identification in
acoustic underwater images, the study detailed in [11]
enhanced these images by utilizing Wiener filtering to
reduce speckle noise while preserving high-frequency
components. Furthermore, a median filter was applied
to eliminate small objects. Performance evaluation
included the extraction of local minimum and
maximum values through morphological operations.
The resulting edge maps, when compared with Canny
and Sobel algorithms, demonstrated superior
performance over conventional methods, although
some noise contamination persisted.

In [12], an approach to identify edges in underwater
images was proposed, utilizing fractional order
differentiation. The study introduced a texture
enhancement filter based on the Griinwald-Letnikov
(G-L) fractional differential operator. An analysis was
conducted on diverse underwater images using both
conventional and fractional differential operators,
with results compared to the Riemann-Liouville
fractional differential operator technique (R-L). The
suggested method demonstrated superior performance
compared to traditional and R-L-based approaches,
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particularly in recognizing edges in low-contrast
underwater images. It offered heightened accuracy,
improved brightness, and increased information
extraction.

In [13], the enhancement of underwater image quality
was pursued through the application of edge detection
methods and the utilization of the Lab color model.
The authors executed edge detection subsequent to
color correction and contrast enhancement. Faced with
challenges such as light illumination, water velocity,
and suspended particles, the preference was given to
color detection instead of direct edge recognition,
aiming for improved results in underwater image
processing. Although their approach successfully
identified object shapes, some residual noise
remained. To enhance future edge detection outcomes,
the authors conveyed their intention to incorporate
deep networks for automated operations.

Numerous underwater image enhancement algorithms
have been proposed, leveraging texture and color
features for feature database creation and improved
image attribute description [14-16]. While histogram
equalization is a common method for visual cue
equalization, its simplicity often results in less
appealing enhanced images. Model-based algorithms
introduce some complexity, and recent deep neural
network-based methods, although offering better
quality, demand significant computational resources.
The challenge lies in striking a balance between image
quality and computational complexity. In this context,
we propose an approximate pipeline Gaussian filter
for enhanced underwater image improvement, aiming
for an optimal trade-off.

2. Hardware Platforms for Image Processing

Multiple hardware platforms are accessible for
deploying vision algorithms, including general-
purpose computers, digital signal processors (DSPs),
graphical processing units (GPUs), and reconfigurable
devices like field-programmable gate arrays (FPGAS).
In the field of image processing, FPGAs exhibit
superior performance in complex computations, while
GPUs excel in simpler tasks. Modern FPGASs
empower system designers to create high-performance
computing applications with significant parallelism
[17].

Recent advances in computer vision, particularly in
object detection, motion tracking, and semantic
segmentation, have heightened interest in digital
image processing (DIP) techniques. To address the
need for rapid prototyping, low power consumption,
and low latency, hardware accelerators, such as
custom processors and co-processors, offer an
alternative to software implementations. Meeting the
demands of real-time image processing requires more
processing power than conventional processors can
provide. FPGA implementations outperform DSPs
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and GPPs for algorithms leveraging substantial
parallelism [18, 19]. Traditional DSP arrays, with
fixed architectures and relatively short lifespans, can
be expensive to program line by line with thousands
of lines of code [20]. The memory bandwidth of
contemporary FPGAs far exceeds that of GPPs or
DSPs, running at two to ten times the speed of the
FPGA [21]. Beyond their capability for highly parallel
arithmetic architecture, FPGAs are well-suited for
tasks such as digital filtering, Fast Fourier Transform,
and image processing. FPGAs are a common choice
for rapid prototyping, provide a favorable trade-off
among design metrics, ensuring a swift time-to-market
compared to other integrated circuit (IC) technologies
[22]. FPGAs also find applications in control and
communication  [23].  Developing  hardware
accelerators in FPGA involves exploring various
architectures, considering aspects such as the
arithmetic used [24, 25], approximate computing
techniques [26], and hardware/software
communication architecture [27]. Features and
techniques like these play a crucial role in
implementing digital image processing algorithms on
hardware. In this context, assessing potential
implementation models and comparing their impact
on system metrics is essential. Such evaluations assist
hardware designers in making informed decisions
about their designs. In [28], the mix module
implementation of underwater image enhancement on
FPGA relies on fusion by wavelet decomposition.
This method significantly improves the visibility of
underwater images, and qualitative results illustrate
the enhanced quality of hazy underwater images.

In [29], the focus is on optimizing the preprocessing
of optical images from autonomous underwater
vehicles in challenging conditions. It highlights the
efficiency of FPGAs for correcting image degradation
through non-linear filtering, implementing two-
dimensional FFT, its inverse, and logarithmic
computation. Demonstrating FPGA effectiveness in
parallel architectures, the study improves histograms
in underwater image preprocessing via frequency-
based filtering and introduces a method applicable in
digital signal processing tasks.

In [30], a benchmarking analysis compared three
Retinex model-based algorithms (SSR, MSR,
MSRCR) on five embedded systems—Beagle Board,
Odroid-XU4, Raspberry Pi 4, Jetson Nano, and Jetson
TX2—for enhancing underwater images. Quality
metrics (UIQM, UCIQUE, BRISQUE, Entropy)
without a reference image were utilized. MSRCR
performed best on Jetson TX2, with a 0.46s processing
time difference compared to a high-performance PC.
Implementing these algorithms on embedded systems
proved cost-effective and held promise for artificial
vision-equipped underwater vehicles.
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[31] presented a low-cost, high-throughput design of
the retinex video enhancement algorithm, renowned
for restoring naturalness, especially in dark areas.
Historically burdened by computational complexity,
the hardware (HW) design was implemented on a
field-programmable gate array (FPGA), achieving a
throughput of 60 frames/s for a 19201080 image with
minimal latency. The design optimized HW resources
by utilizing a small line buffer, applying approximate
computing for the Gaussian filter, and introducing a
novel exponentiation operation. This approach
significantly reduced HW resources (up to 79.22% of
total resources) compared to existing systems while
ensuring compatibility with commercial devices
through standard HDMI/DVI video ports.

3. Approximate Computing

In error-resilient applications like multimedia, data
mining, image processing, and machine learning,
exact precision is not always essential [32].
Acceptable results with some accuracy degradation
suffice for these applications. This flexibility enables
trade-offs  between accuracy and electrical
performance, allowing for gains in power dissipation,
occupied area, and delay by sacrificing a degree of
accuracy [33].

Voltage over-scaling is a solution to reduce circuit
power dissipation [34]. However, operating a circuit
under normal voltage levels may lead to timing-
induced failures, causing significant errors in the most
significant bits. Approximate computing is an efficient
paradigm to lower power consumption and enhance
embedded system performance. Allowing errors at the
outputs of a complex circuit simplifies logic
expressions, reducing logic counts. This approach
results in savings in areas, dynamic power dissipation,
and shortened circuit delays [35].

In image and video processing, where error tolerance
is permissible, adopting approximate computing
techniques offers significant improvements in speed
and power efficiency, albeit with a trade-off in output
quality. The diverse accuracy requirements of various
applications, coupled with the dynamic nature of
accuracy needs within the same application at
different processing stages or over time, underscore
the flexibility and adaptability of approximate
computing in  meeting specific computational
demands [36].

4. Gaussian Filter

In image processing, noise filtering is a crucial
element designed to eliminate noise and its effects
from the original image while striving to minimize
distortion. However, these filtering operations
typically involve intensive arithmetic operations,
contributing to increased energy consumption in the
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system. The Gaussian filter (GF) is a convolution
operator employed for image blurring and noise
removal [37]. The Gaussian filter, crucial for image
smoothing, is a fundamental component in the initial
stages of noise-sensitive edge detection algorithms
like Canny, Sobel, and Laplace. Its primary role is to
reduce distortions, ensuring the optimal performance
of these algorithms.

Smoothing filters act as low-pass filters by
suppressing the high-frequency components of an
image. These components include characteristics like
object contours, where the frequency increases with
the abruptness of contour direction changes [37].
Consequently, smoothing filters work to alleviate
these transitions, making them useful for tasks such as
reconstructing incomplete contours caused by
distortions from low resolution.

Eq.(1) represents a two-dimensional Gaussian
function frequently employed in image and signal
processing.

1 (_x2+:¥2)
fley) =—el 7 (1)
The equation f(x,y) denotes the value of the Gaussian
function at the coordinates (x,y). o is the standard
deviation parameter, influencing the width or spread
of the Gaussian function. The standard deviation (o)
controls the width of the bell-shaped curve generated
by the Gaussian function. Larger values of ¢ result in
a broader curve. This Gaussian function is commonly
applied in image processing for blurring and
smoothing, emphasizing central values while
suppressing those farther from the center
The Gaussian filter possesses the valuable property of
separability. This means that filters with a size of nxn
can be split into two masks with sizes nx1 and 1xn.
This separation enables the convolution to be
performed in two operations, promoting temporal
parallelism by initiating the second operation before
the completion of the first.

4. Proposed Architecture

To develop an efficient image processing algorithm
for FPGA stream-based processing, a typical
architecture combines row buffers (line buffers)
capable of storing one image row and window buffers,
2D arrays storing a local image area required for
computing the current output pixel. This setup enables
sequential reading of input image/video pixels,
optimizing the use of the FPGA's limited memory.
Only the minimum pixels necessary for computing the
current pixel's filtered value are stored at any given
time. The required number of line buffers is estimated
as H - 1, with H representing the vertical size of the
kernel. The window buffer matches the kernel size
(e.g., a 3x3 window buffer for a Gaussian filter with a
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3x3 kernel). The overall architecture is illustrated in
Figure 1.
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Figure 1. Delay line buffer structure

The delay line buffer optimizes memory access during
convolution by storing recently accessed pixel values.
In a typical digital image setup, pixels are stored
sequentially in a frame buffer. The delay line buffer,
using shift registers, retains the last values read,
focusing on local storage for pixels still in use within
upcoming convolution windows. This approach
minimizes the need for continuous memory access.
The structure involves nine 1-pixel registers for the
current window and two row buffers storing additional
pixels from the first two rows in the sliding window.
The window buffer must match the size of the kernel.
To observe the filter's impact on the image, the mask
must traverse all pixels, determining the brightness
intensity of each new pixel based on Eg. (2) as
illustrated in Figure 2.

EP; + FPgy + GP, + HPg + IP,

A| B

DA ==

———— hli,j]

‘ J
| \

Figure 2. Convolution Operation on an image with a
3x3 kernel

4.1 Pipeline Gaussian Filter (PGF)

In this study, Figure 3 displays the Gaussian filter
kernel, while Figure 4 presents the block diagram of
the Gaussian filter implementation. The multiplication
by 2 and 4 is achieved through left-shifting the pixel
value by 1 and 2 bits, respectively. Similarly, division
by 16 is performed by right-shifting the desired
number by 4 bits. The Gaussian filter architecture
consists of eight adders and six shifters for
multiplication operations. However, the critical path
from input to output includes fout adders and two
shifters, leading to a slower calculation speed.
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Source pixel

Convolution kernel
7 ~~ _(emboss)

New pixel value

Figure 3. Application of the weighted kernel
corresponding to the standard 3x3 Gaussian filter on
the image
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Figure 4. Block diagram of gaussian filter

A pipeline structure enhances processing speed by
dividing the computation task into stages, allowing
simultaneous execution of different stages. Each stage
of the pipeline handles a specific aspect of the
computation. As one stage completes its task, the
results are seamlessly transferred to the next stage,
enabling continuous processing. This concurrent
operation minimizes idle time and optimizes resource
utilization.
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Figure 5. Pipeline Gaussian filter
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To improve the speed of the Gaussian filter, a pipeline
structure with four stages is implemented, as
illustrated in Figure 5. This design approach ensures
seamless computation, with each stage playing a role
in enhancing the overall processing speed.

4.3 Approximate Adders

To implement various types of approximate Gaussian
filters, we employed different approximate adders.
Reducing the logic complexity of adders at the bit
level offers enhanced power savings compared to
conventional low-power design methods. The
reduction in logic complexity for a conventional full
adder (FA) cell was attained by minimizing the
number of transistors. Several simplified versions of
the FA were tested based on this logic complexity
reduction.

The approximate full adders (APFASs) employed in the
design of the Gaussian filter exhibit distinct
characteristics. We employ some approximate adders
in [38]. APFAL approximates both Sum and Cout,
with Sum being precise for 6 out of 8 cases and Cout
for 7 out of 8 cases, excluding specific input
combinations. In contrast, APFA2 focuses on
approximating Sum alone, ensuring precision for 6 out
of 8 cases and Cout for all cases. APFA3 involves
approximation in both Sum and Cout, with Sum being
precise for 5 out of 8 cases and Cout for 7 out of 8
cases. APFA4 approximates Sum and Cout, achieving
precision in Sum for 5 out of 8 cases and Cout for 6
out of 8 cases at the logic level. APFA5 approximates
both Sum and Cout, achieving precision in Sum for 4
out of 8 cases and Cout for 6 out of 8 cases, excluding
specific input combinations. Meanwhile, APFAG6
approximates both Sum and Cout, with Sum being
correct for 5 out of 8 cases and Cout for 6 out of 8
cases. APFA7 demonstrates that Sum is correct for 6
out of 8 cases, and Cout is correct for all 8 cases,
indicating a lower probability of error compared to
APFAG6. APFAS introduces three errors in Sum, with
Sum being correct for 5 out of 8 cases. APFA9 shows
Sum is correct for 7 out of 8 cases. Lastly, APFA10
introduces three errors in Sum, with Sum being correct
for 5 out of 8 cases, and Cout is correct for all 8 cases
in APFA10. Table 1 displays the logic equations for
different approximation methods. "None" indicates a
precise full adder with no approximation applied.
Approximations are introduced to 16-bit adders
through a carry ripple structure (Figure 1), specifically
focusing on the least significant bits in each FA block.
Evaluation reveals that acceptable output quality is
sustained up to an 8-bit approximation, with a decline
in quality beyond this threshold.
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Table 1. Logical functions of approximate full adders

16-Bit Logic function
FA Sum Cout

FA A'B'Cin + ABCin + AB'Cl, + A'BCly  AB + BCyp + ACiy,
APFA1 ABCip, + ChyeCin ACy + B
APFA2 Clut AB + BCyy + ACyp,
APFA3 Chut ACy + B
APFA4 ABCpy + ClyiCin A

APFAS5 B A

APFA6 A + BCyy, A

APFA7 A'(B + Cy) + BCiy, AB + BCyy + ACyp,
APFA8 (A" + B)Cyy, AB + BCiy + ACyy,
APFA9 | B'Cl, +ABC+A'C/,,+A'B'"  AB+ BCy, + ACy,
APFA10 A+ BCpp AB + BCiy + ACy

The simulation results in Section 5 illustrate the
impact of varying the number of least significant bits
(LPL) on which the approximation is applied,
shedding light on its influence on the output quality.
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Figure 6. 16-bit carry ripple adder

5. Simulation Results

To evaluate the effect of utilizing an approximate
adder on the output image quality, a 16-bit model of
the Gaussian filter is designed in the MATLAB
environment. Gaussian noise is then introduced to the
original image, serving as input for both the exact
Gaussian filter and the approximate Gaussian filters.
In the context of image quality assessment, several
metrics are commonly employed to quantitatively
evaluate the performance of image processing
algorithms. The Peak Signal-to-Noise Ratio (PSNR)
measures the ratio between the maximum possible
power of a signal and the power of corrupting noise,
providing insight into the fidelity of the reconstructed
image. PSNR is calculated form Eqg.(3). Mean Square
Error (MSE) quantifies the average squared difference
between corresponding pixel values in the original and
reconstructed images, offering a measure of the
overall image distortion. It is described in Eq.(4).
Structural Similarity Index (SSIM) , which is
computed using Eq.(5) , evaluates the similarity
between two images, considering luminance, contrast,
and structure, and providing a comprehensive measure
of perceptual quality [39]. p and ¢ denote the mean
and variance of the image intensities respectively. Cy
and C; are constants. o is Gaussian weighting function
that is normalized to unit sum (XN, w; = 1).

Error Distance (ED), Mean Error Distance (MED),
and Normalized Error Distance (NED) gauge the
spatial discrepancies between corresponding pixels in
the original and reconstructed images, offering
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insights into the accuracy of the reconstructed image
at both individual and average levels [40]. the Error
Distance (ED) between two points (Xoriginal, Yorigina) @and
(Xreconstructed, Yreconstructed) N @n image can also be
expressed using the Euclidean distance formula in the
Eq.(6). NED is calculated by dividing the Euclidean
distance by the diagonal length of the image. MED
provides a measure of the average error distance
between corresponding points in the original and
reconstructed images. These metrics collectively
contribute to a comprehensive evaluation of the
performance of image processing algorithms.

PSNR(f.g) = 20 logy, (%(‘flg)) 3)
MSE(f.g) = ﬁ Ly Z?’ﬂ(fij - gij)z (4)
SSIM(f.g) = (2ur1g+C1)(2054+C2) (5)

(ufsperce)(ofsofircz)

ED =.[f2—g* (6)

_ ZILLED;

= 2= )
Where, N represents the total number of pixels in the
image, and i denotes the pixel index. The formulas
provide quantitative measures for assessing the quality
and accuracy of reconstructed images.

We selected two real-world underwater images [41] to
simulate genuine underwater conditions. Gaussian
noise was introduced to these images. The addition of
noise was accomplished using the 'imnoise' function
in MATLAB, incorporating a Gaussian distribution
with a mean (m) of 0.0005 and a variance (v) of 0.005.

MED

(b)

Figure 7. Two raw underwater images taken in diverse
underwater scenes and their histograms. (a) flatfish, (b)
diver [41]

Referring to Figure 8, it is evident that approximate
adders up to 5 bits contribute to satisfactory image
quality in the Gaussian filter output. However, an
additional increase in the LPL causes a sudden decline
in output quality, rendering the approximation
ineffective. Significantly, the utilization of APFA9
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and APFAZ results in the highest output quality, while
employing APFAl leads to the lowest. This
observation underscores the critical role of both the
approximation method and LPL in determining the
balance between approximation and output quality in
the Gaussian filter.
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Figure 8. Evaluation Metrics for Image Enhancement
of (a) flatfish and (b) diver

Approximate pipeline Gaussian filters (APGF)
demonstrate effective performance up to a 5-bit
approximation for both images, with the diver image
showing satisfactory results up to 6 bits. The success
is attributed to the Gaussian filter's role in smoothing
and reducing image noise, especially in cases with a
wide dynamic range of pixel intensities. When the
histogram is concentrated within a narrow intensity
range, the filter's impact may be more subtle due to
fewer high-frequency components to smooth. Beyond
smoothing, the Gaussian filter influences image
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contrast based on pixel intensity distribution in the
histogram. In instances of low contrast, where pixels
concentrate around a specific intensity, the filter
enhances contrast by smoothing intensity transitions,
contributing to overall image quality improvement.

6. Synthesis Results

To assess the physical characteristics of our
approximate Gaussian filters, we developed a
parameterizable and synthesizable Verilog HDL
model for each architecture dedicated to the Gaussian
filter. These models underwent validation through
simulations using the ModelSim simulator and
physical prototyping on the MAX10 device from
Intel® FPGA using Quartus. Power consumption was
estimated using the Power Analysis tool with a VCD
file generated in post-synthesis simulation with
100,000 random inputs. Line buffers, essential for
window-based spatial filters (see Figure 1)are
excluded from synthesis results as their size depends
on the input image size.

As per Table 2, the implementation of the pipeline
method has proven to be instrumental in enhancing the
efficiency of the Gaussian filter. This improvement is
reflected in a notable 48% increase in speed and a
commendable 12% reduction in power consumption.
However, it comes at the cost of a 27% increase in the
required area.

Table 2. Comparison on physical properties of gaussian
filter (GF) and pipeline GF (PGF)

Power (mW) Delay (ns) Logic
GF 119.45 9.82 414
PGF 104.96 5.09 529

Table 3 presents the hardware specifications of
Gaussian filters implemented with approximate
adders. The table highlights the power-efficient
characteristics of certain approximate filters. The
notation APFAIL]j denotes the ith approximation of
APFA, where j least significant bits are computed
approximately. Filters utilizing approximate adders
with the sum bit derived from the output carry bit
exhibit slower performance. Notably, APFA5
stands out as the least power-consuming
approximate filter, achieving a power reduction of
over 20%. Additionally, APFA6, APFA7, and
APFAS8 significantly enhance the speed of the
Gaussian filter by more than 70%.

The Power-Delay Product (PDP) is a metric used to
evaluate the power efficiency of a digital circuit. It is
calculated by multiplying the power consumption of
the circuit by its propagation delay. The power delay
product is particularly relevant in digital design
because it provides insights into how efficiently a
circuit performs in terms of both speed and power
consumption. A lower PDP value indicates better
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power efficiency because it signifies that the circuit
achieves a balance between low power consumption
and fast operation. Designers often aim to minimize
the power-delay product to enhance the overall
performance and energy efficiency of digital systems.
Based on the data presented in Figure 9, it is evident
that APFA 4, 5, and 6 exhibit the most favorable
Power-Delay Product (PDP) values, indicating
superior power efficiency and speed performance. On
the other hand, APFA2 is identified as having the least
favorable PDP among the analyzed approximate
adders. This observation underscores the importance
of considering the trade-off between power
consumption and delay in the selection of approximate
adders for specific applications.

Table 3. Comparative Analysis of Physical Properties
between Gaussian Filter (GF) and Pipeline Gaussian

Filter (PGF)
APGF Power Speed up % Area
reduction% reduction %

APFA1L8 4.09 31.19 6.62
APFA2L2 4.33 4.33 21.55
APFA2L3 5.81 5.81 20.04
APFA2L4 8.39 8.39 19.09
APFA2L8 4,92 4,92 13.80
APFA3L5 6.77 38.96 1.51
APFA3L6 7.85 47.05 1.70
APFA3L7 7.45 49.12 2.27
APFA3L8 5.81 62.55 2.27
APFA4L4 7.45 -7.64 -14.74
APFA4L6 5.81 -9.10 -14.93
APFA5LS5 4.50 -28.64 -16.82
APFA5L6 10.49 -21.26 -21.36
APFA5L7 15.14 0.47 -25.90
APFA5L8 21.34 -12.81 -30.43
APFA6L4 4.10 -18.51 -10.78
APFAGL7 4.96 -30.26 -10.78
APFAGL8 4.95 -14.93 -10.78
APFA7L1 9.25 50.12 9.07
APFAT7L3 5.31 68.02 18.34
APFA7L4 4.47 72.40 17.01
APFA7L5 7.45 70.45 15.88
APFAT7L7 7.16 69.88 15.12
APFAS8L1 4.06 50.59 26.47
APFA8L4 6.65 61.06 27.22
APFA9L1 4.06 50.59 26.47
APFA9L4 6.65 61.06 27.22
APFA10L6 9.91 59.92 29.30

APFA1l mAPFA2 APFA3 APFA4 m APFAS
APFA6 W APFA7 EAPFA8 M APFA9 M APFA10
1200.00
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Figure 9. PDP values for different approximate
gaussiaan filters

7. Conclusion

In this paper, we propose a novel architecture aimed at
enhancing the efficiency of the Gaussian filter for the
removal of Gaussian noise in underwater images. The
key innovation lies in the utilization of a pipeline
structure for the implementation of the Gaussian filter.
Additionally, we conduct a comprehensive evaluation
of the impact of employing ten approximate adders on
the filter's performance.

The simulation results demonstrate that adopting the
pipeline structure along with 2 to 8-bit approximation
in adders leads to a significant improvement in the
speed of the Gaussian filter, exceeding 150%.
Moreover, this approach yields a noteworthy
enhancement in power consumption, surpassing 34%.
However, it is essential to note that these advantages
come with an associated increase in the required area.
While acknowledging the tradeoff between output
quality and power, our design holds particular
relevance for error-resilient applications, such as
image and video processing. The proposed structure
provides a valuable solution for scenarios where the
benefits of heightened speed and reduced power
consumption outweigh the increase in spatial
requirements.
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