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1. Introduction

ABSTRACT

Internal waves (IWs) are oscillations of the water column that occur at the
interface between two layers of different densities. They play an important role
in ocean dynamics, mixing, and biogeochemical processes. However, [Ws are
difficult to observe and measure in situ, especially in complex and narrow
regions such as the Strait of Hormuz. This study uses bathymetric data and over
100 satellite and radar images from different sensors and platforms to
investigate the occurrence and behavior of IWs in the Strait of Hormuz. The
results show that IWs are persistent in this area due to the interaction of the
internal current with the steep slope of the strait. The waves emerge in shallow
waters near the coasts of Iran and Oman, but they change their direction and
location when they reach the continental shelf. The leading crest of IWs has a
length ranging from 10 to 20 km, and the wavelength varies from 1 to 3 km.
The study confirms the findings of previous numerical simulations of internal
wave generation and propagation in this region. It also suggests that the
bathymetry is the main factor influencing IWs in the Strait of Hormuz, rather
than water column stratification. This study provides new insights into the
spatial and temporal characteristics of IWs in the Strait of Hormuz, which can
help improve the understanding and modeling of ocean circulation and ecology
in this region.

Eddy currents are the main factor that creates these
waves [6].

Human life depends on various aspects of the oceans
and seas, such as economy, politics, and society. They
provide resources such as oil and gas, transportation
routes, recreation opportunities, and livelihoods for
coastal communities [1]. The oceans and seas also
influence the atmospheric systems, climate regulation,
precipitation patterns, storms, and other environmental
phenomena [2, 3]. Coastal waters are particularly
important areas that have various functions and
challenges. Processes such as waves, surface wind,
currents, and internal waves (IWs) affect them[4] [Ws
are phenomena that occur in fluids with different
densities, when currents encounter irregular
topography [5][5]. These waves are generated by
disturbances in the ocean with stable stratification.

IWs are waves that occur within the ocean, between
layers with different densities. Ekman first identified
them in 1904, who observed them because of ship
motion. They have a wide range of wavelength, period,
and amplitude, and they can cause environmental
changes such as nutrient mixing, animal mass
distribution, and sediment suspension in the sea [7].
IWs are one of the prominent dynamic features of all
stratified fluids in the ocean, sea, lake and water bodies
[8]. The density difference between the layers can be
caused by temperature, salinity and pressure that, air-
sea interaction can influence such variations [9]. IWs
can have various effects on the environment, such as
mixing nutrients, transporting sediments, and
influencing acoustic propagation.
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Moreover, the study of IWs propagation in the ocean
basins is important for many industries, such as
shipbuilding, marine engineering, and military
industries. In addition, these waves affect the sound
speed distribution in the horizontal and vertical
directions, and their study is especially necessary for
submarine navigation. Therefore, the investigation and
recognition of IWs is not only important for marine
transportation, coastal engineering, water movement,
but also for oil projects and offshore platforms [10],
[11]. Remote sensing technology can detect IWs, even
though they occur below the surface. They look like
alternating dark and light parallel lines in radar and
satellite images[12, 13].

The Strait of Hormuz is a strategic location for oil
transportation and regional security[14]. The Strait of
Hormuz is a narrow and shallow passage that connects
the Persian Gulf and the Oman Sea. Azizpour et al.
(2015) investigated the seasonal variability of the
Persian Gulf outflow water (PGOW) volume and its
impact on the water masses in the Strait of Hormuz.
They found that the PGOW volume reached its
maximum in spring, when the surface salinity gradient
between the Persian Gulf and the Gulf of Oman was the
highest. They also identified two distinct water masses
in the eastern part of the strait. In summer, these two
water masses extended to the central and western part
of the strait, forming a three-layered structure in the
water column. The interfaces between the water masses
were characterized by sharp fronts with different
intensities, depending on the temperature and salinity
gradients [15]. However, it is also a challenging
environment for IWs generation and propagation, due
to its complex bathymetry and hydrography. The main
objective of this study is to investigate the occurrence
and characteristics of IWs in the Strait of Hormuz,
using satellite and radar images. The results provide a
better understanding of the dynamics and impacts of
IWs in this region, which has a crucial strategic role in
the region and the world, both militarily and
economically. This study employs Sentinel-1 radar
images to explore the generation mechanisms of IWs in
the Strait of Hormuz

2. Data and Methodology

2.1- Study area

The Strait of Hormuz is a narrow and curved sea
passage that connects the Persian Gulf to the Sea of
Oman, in the northwestern of the Indian Ocean. It lies
between the Iranian plateau and the Arabian Peninsula,
at about 26°30' N and 56°30' E [16], [17]. The Sea of
Oman is a branch of the Arabian Sea that has an L-

shaped configuration and extends eastward from the
Strait of Hormuz. The Persian Gulf is a semi-enclosed
water body that lies westward from the Strait of
Hormuz and has an average depth of 35 m. The deepest
point in the Persian Gulf is about 90 m, while the Strait
of Hormuz reaches more than 100 m in depth [18]. The
Strait of Hormuz is the only outlet for the waters of the
Persian Gulf and has a significant strategic and
economic importance for the region and the world
(Figure 1).
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Figure 1: Topography and geographic location of the Strait of
Hormuz

2.2- Satellite data
This study used SAR radar images from Sentinel-1
satellite in 2015 and geostationary data and
altitudes[19] to identify IWs in the Strait of Hormuz.
Sentinel-1 is a European radar observatory that
developed as part of the Global Monitoring for
Environment (GMES) space programs. It consists of
two satellites, Sentinel-1A and Sentinel-1B, which
launched by the European Space Agency (ESA) on
April 3, 2014 and April 25, 2016, respectively.
Sentinel-1 mission operates in C-band frequency,
which is suitable for detecting IWs in SAR radar
images [20]. It offers four different imaging modes
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with resolutions up to 5 m and coverage up to 400 km.
By using one or more SAR images, the two-
dimensional structure of IWs can be determined by
measuring features such as crest length, number of
wave packets, propagation direction, distance between
neighboring wave packets, and wavelength. This
allows us to investigate IWs from their generation to
their development and propagation, at smaller temporal
and spatial scales, using satellite observations.

2.3- Data Analysis

To examine the temporal variability of IWs in the Strait
of Hormuz, we obtained the SAR images of Sentinel-1
satellite for all seasons of the year from the website
(https://scihub.copernicus.eu/). To isolate internal tides
from satellite observations, we applied a two-step
procedure: data preprocessing and plane-wave fitting.
The data preprocessing aimed to eliminate outliers and
barotropic signals from the original data and compute
the parameters for the plane-wave fitting [21, 22]. We
applied preliminary processing and appropriate filters
to the radar images, analyzed, and processed them fully
in SNAP, Arc Map and Matlab programing platform.
We used edge detection techniques in Matlab to
identify IWs from the corrected SAR images. We
applied Sobel and Canny filters, which are methods of
edge detection that reduce unnecessary information
from the data while preserving the important structural
features [23]. These filters also reduce the noise in the
image. By performing the required processing, we
revealed the IWs in the images. After analyzing the
satellite images, we tried to determine the generation
mechanism of IWs by using bathymetric data and
processed images. We used Surfer and Grapher
software to plot the two-dimensional and three-
dimensional shape of the bathymetry, which showed a
relatively high slope in this area (Figure 1b).

3. Results and Discussion

The dynamics of internal gravity waves depend on
several factors, such as the stratification of the fluid, the
shape of the seafloor or the terrain, the tidal forces, the
wind or pressure fluctuations, and the nonlinear
interactions among the waves. Internal gravity waves
can have different wavelengths, periods, amplitudes,
and propagation directions, depending on these factors.

We analyzed the Sentinel-1 satellite radar images for
all seasons of 2015 in the Strait of Hormuz region and
found that IWs occur in most months of the year in this
region. We examined the topography of the region and
the IWs observed in the radar images and found that the
IWs packets form after crossing the slope of the
continental shelf and entering the shallow coastal

waters near the coasts of Iran and Musandam. We also
observed IWs packets around the islands of Lark,
Qeshm, Hangam and near the coasts of the cities of the
emirate such as AI-Rams, Al-Hamra Island and Ras Al-
Khaimah. However, we did not include them in this
study because they are located in the Persian Gulf
basin, not in the Strait of Hormuz. We collected more
than 100 images from Sentinel-1 in the Strait of
Hormuz in 2015 and detected IWs in them. The number
of radar images in each season was more than 20.
Figure 2 shows an example of IWs in the Strait of
Hormuz from a Sentinel-1 image recorded on June 30,
2015. In this image, we identified two IWs packets P1
and P2 (Figure 2a) with different propagation
directions. The P1 (Figure 2b) IW packet originated at
a distance of 11 km west of Mubarak Mount and
propagated towards the west. The P2 (Figure 2¢) IW
packet was detected at a distance of 22 km southwest
of Mubarak Mount and propagated towards the
northwest. As we mentioned earlier, this area has a
steep slope that causes IWs to form near the coasts and
in shallow areas after the internal current passes over
the slope of the continental shelf. The IWs observed in
the radar images in this area could be related to the tidal
currents interacting with the seafloor roughness in the
Strait of Hormuz.
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Figure 2: Sentinel-1 image, IWs near the shores of Mount
Mubarak (Iran) on 06/30/2015.

Figure 3 shows another example of IWs in the Strait of
Hormuz from a Sentinel-1 image recorded on October
28, 2015. In this image, we detected an IW packet near
the coast of Sirik, which propagated towards the east,
i.e., towards the coast of Sirik and Sarkhor Taheroi.
This packet was located 12 km west of Sirik city. The
leading wave crest had a length of about 15 km,
considering the shape of the lowlands and the seafloor
elevations in this area (Figure 1) we expected that the
IWs in this area were generated by the tidal currents
passing over the slope of the continental shelf.
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Figure 3: Sentinel-1 image, IWs near Sirik (Iran) on 10/28/2015.

Figure 4 shows another example of IWs in the Strait of
Hormuz from a Sentinel-1 image recorded on July 24,
2015. In this image, we detected two IWs packets near
the coasts of Kirtan and Brizek, which were separated
by a distance of 7 km. The propagation direction of
these two packets was almost the same and was towards
the east. These waves were located at a distance of 12
and 19 km from Brizak, respectively. The leading wave
crest of the IWs packets P1 and P2 (Figure 2a) had a
length of about 10 and 20 km, respectively.
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Figure 4: Sentinel-1 image, IWs near the coast of Brizak (Iran) on
07/24/2015.

Based on the findings of this study, we concluded that
the IWs that occur in different locations of the Strait of
Hormuz, are generated by the tidal currents passing
over the seafloor irregularities in shallow areas and
near the coasts. When the tidal currents encounter the
sloping topography of the strait, they generate internal
waves at the interface of the stratified water layers.
These internal waves propagate along the density
gradient, and can have large amplitudes and
wavelengths.

3. Conclusion

We investigated IWs based on the channel shape, the
seafloor elevation, and the processing of more than 100
satellite and radar images that cover the entire Strait of
Hormuz. The results indicate that the [Ws in the Strait
of Hormuz are persistent and continuous due to the
internal current passing over the steep slope in this area,
and they occur in shallow areas near the coasts.
However, these waves do not always occur in a same
location because they form in different directions and
start spreading and propagating after crossing and
hitting the continental shelf. We also identified IWs in
the eastern and western parts of the Strait of Hormuz
by analyzing radar images using the software
mentioned earlier. The length of the leading crest of the
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IWs that we detected in this area ranged from 10 to 20
km. We considered the water column stratification and
the flexible currents passing over the seafloor surfaces
with variable slope as the formation factors of IWs. The
results of internal waves manifestation in the Strait of
Hormuz are similar to the findings of [4], [13].

We compared our results with the previous study by
[24] who used the MITgcm model in non-hydrostatic
and fully nonlinear conditions to simulate the three-
dimensional evolution of nonlinear IWs in the Gulf of
Oman continental shelf. They identified three stages of
internal wave formation in their study. The first stage
was when [Ws are generated from the deep parts and
propagate towards the Musandam coasts; the second
stage was happened when IWs form after entering the
continental shelf areas and expand towards the coasts
of Iran; and the third stage can be presented when these
waves spread towards the coasts of Oman[24]. We
found a good agreement between our results and those
of Khalilabadi et al. (2015), as well as those of [25],
who used a different model to study the IWs in the same
region. We used Sentinel-1 satellite radar images to
reveal the IWs packets formed in the whole study area,
especially near the coasts of Iran. We also examined
the shape of the lowlands and the seafloor elevations in
this area. We concluded that these waves are generated
at a depth of 25 m, which is consistent with the second
stage of IWs formation predicted by Khalilabadi et al.
(2015). The IWs packets that we detected agree with
their study.

We found that the IWs in the Strait of Hormuz, which
are observed with a relatively high density, are
generated in all areas by the tidal currents passing over
the seafloor surfaces with variable slope, and are
influenced by the seafloor depth and height. We
determined that the water column stratification does
not play a role in the formation of IWs in the Strait of
Hormuz.
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sensing technique, is widely employed to measure currents velocities across
various water layers. This methodology relies on recording the travel time of
acoustic waves propagating through the water layers, followed by the solution
of the associated AT inverse problem. This study conducted a reciprocal sound
transmission experiment in the Persian Gulf, employing two 10-kHz Coastal
Acoustic Tomography (CAT) stations situated 3 km apart, and submerged 6
meters beneath the water surface. The five-layer structures of the range-
averaged current in the vertical section were reconstructed through regularized
inversion of the travel time data for two rays. The regularized inversion revealed
a maximum velocity of 0.89 m/s within layer 3 (20-30 m depth). Notably,
velocity inversion errors across all five layers (1-5) remained negligible,
ranging from 0.006 to 0.014 m/s, compared to the observed velocity variation.
Further analysis of the velocity histogram indicated that the dominant current
speeds at the site fell within the range of 0.1-0.5 m/s, falling short of the standard
economic threshold of 1 m/s for tidal energy conversion. These findings

demonstrate the potential of CAT to accurately profile coastal current velocities.
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1. Introduction

There are several substitutes available to reduce
greenhouse gas (GHG) emissions from energy systems
that can meet the global energy demand. Renewable
energy stands as a promising alternative, which has
great potential for climate change mitigation, social and
economic development, providing a safe source of
energy, and reducing environmental impact (Thiébaut
et al., 2020).

The oceans, which cover more than two-thirds of
the earth, have significant amounts of energy in the
form of waves, tidal currents (Jahromi, 2024;
khoshkholgh, 2023), as well as heat and salinity
gradients (Bahaj, 2013). Tidal stream energy, or marine
hydrokinetic energy (MHKE), attracts significant
attention compared to other forms of ocean energy due
to its reliable and predictable nature (Radfar et al.,
2017). The life cycle of a tidal energy typically
involves three main stages: (1) design and construction,
(2) installation, and (3) operation and maintenance.

Monitoring and measuring the flow field,
particularly the vertical variation of current velocity, is
crucial throughout the life cycle of a tidal energy
converter. During Stage 1, this information 1is
paramount for tidal energy converter developers, as
many industry-standard flow characterization metrics
depend on descriptions of the underlying mean flow
(Sellar & Wakelam, 2018; Thiébaut et al., 2020).
During Stage 2, thorough resource assessment becomes
critical. This process ensures the safe utilization and
efficient operation of tidal stream turbines (Gunawan et
al., 2014).

As stated, the resource assessment, specifically
measuring power density, is a key action in developing
and installing tidal stream turbines. While the primary
parameter assessed is current velocity, there is no
significant difference between resource assessments of
different tidal stream energy converters (turbines and
kites).

Acoustic Tomography (AT) has evolved as a
valuable tool for monitoring coastal waters, without
disrupting activities like fishing and shipping. This
technology uses a special technique that analyzes travel
times of acoustic signals in water to extract the
parameters of an aquatic medium (including sound
speed, current velocity, and temperature) on a large
scale area. A typical AT device (Figure 1 b) is
comprised of a pair of acoustic transducers and
processing units (Kaneko et al., 2020).

This study aims to reconstruct high-resolution
vertical profiles of current velocity. Many researchers
have mapped vertical profiles of current velocity and
water temperature using AT and compared their results
with Acoustic Doppler Current Profiler (ADCP),
Acoustic Doppler Velocimeter (ADV), and CTD
measurements.

Taniguchi et al. (2013) employed AT to profile the
flow velocity of the Kuroshio Current in southeast

Gulf)

Taiwan, comparing their results with data from a
moving ADCP. They used the explicit solution and
regularized inversion to estimate the current velocity.
Their analysis found a high degree of consistency
between the AT and ADCP measurements, further
validating the accuracy of AT for measuring current
velocities in complex ocean environments.

Li et al. (2017) successfully utilized AT to map the
complex internal flow structure within a circular
multidirectional wave/current basin. They divided the
water column into five layers and estimated the layered
current velocity by solving the regularized inverse
problem. Notably, their AT results showed close
agreement with measurements from an Acoustic
Doppler Velocimeter (ADV), demonstrating the
robustness of AT for measuring flow velocity.

Syamsudin et al. (2017) deployed two CAT
devices in the Bali Strait, to measure the velocity and
temperature of tidal currents across five vertical layers.
Their results, when compared to data from an ADCP,
showcased a high degree of agreement, demonstrating
the accuracy and effectiveness of AT for measuring
these parameters.

Syamsudin et al. (2019) employed the one-way AT
in the Lombok Strait, to map the temperature profiles
of internal solitary waves across four distinct layers.
They compared their reconstructed temperatures with
data from a Conductivity-Temperature-Depth (CTD)
sensor, finding an excellent match between the AT and
CTD measurements.

Huang et al. (2020) utilized CAT to measure high-
resolution water temperature profiles across four layers
within Thousand-Island Lake, Hangzhou, China. This
technique, particularly relevant for environmental
monitoring in the lake, achieved good agreement with
the CTD data.

Taniguchi et al. (2021) investigated the
effectiveness of AT in capturing high-frequency
fluctuations in tidal currents. Their study successfully
demonstrated agreement between AT's path-averaged
current estimates and hourly ADCP data. Notably, AT
was able to detect these fast variations which eluded the
ADCP, highlighting its potential to enhance the
reconstruction of velocity fields through inversion or
data assimilation methods. These results show the high
accuracy of AT and prove its feasibility for measuring
tidal current velocity. Thus, no further comparison with
the ADCP measurement is needed.

Kawanishi et al. (2015) pioneered the use of AT to
assess tidal energy potential in the Nekosto Strait of
Japan, with a maximum water depth of 100 meters.
Their study estimated a peak flow velocity of 1 m/s
across the strait, translating to a potential power output
of 40 MW and an average power density of 0.5 kW/m?2,
While this marked the first application of AT for
calculating power density, the analysis exclusively
focused on depth-averaged values, leaving room for
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future investigations into vertical variations in power
potential.

This study uses AT to map vertical profiles of
current velocity in the Persian Gulf, employing a
regularized inverse problem to solve for velocity
values. By analyzing these velocities, we can extract
power density, a crucial parameter for identifying
potential tidal energy sites. Our research distinguishes
itself by calculating the layered power density (detailed
in section 3.5). This innovative approach facilitates the
determination of the optimal installation depth for tidal
stream turbines, maximizing their energy extraction
potential.

2. Material and Methods
2.1. Experimental settings

In this study, two 10 kHz CAT stations operating were
deployed in the Persian Gulf, Iran (Figure la). Each
station (S1 and S2) transmitted acoustic signals to its
counterpart at l-minute intervals, separated by a
distance of 3 km and a depth of 6 meters from the water
surface. Notably, the seabed exhibited a smooth
topography with a consistent depth of 60 meters
between the stations (Figure 1b). To complement the
AT measurements, concurrent data on water
temperature and salinity (CTD) was collected
throughout the water column.

In noisy aquatic mediums such as gulfs, coasts, and
shallow water of rivers, a particular method is required
for transmitting and processing sound, which hinders
signal attenuation. It has been proven that signal
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Figure 1. Sound transmission: (a) geographical location, and (b) schematic of the experimental arrangement and the components of a
typical CAT system

modulation with an M-sequence and taking the cross-
correlation of received signals is an efficient method
(Bahreinimotlagh et al., 2020).

Table 1 shows the characteristics of M-sequence
modulated signals that were transmitted reciprocally in
this experiment.

Table 1. Characteristics of the reciprocal sound signals
M-sequence order 12
Carrier cycles per digit 1023
Source Level 190 dBre 1 pPaat1 m

Examining the peak values in the correlation plots
(also known as signal-to-noise ratio or SNR) reveals
the arrival times of different acoustic rays. While the
highest peak corresponds to the first ray, subsequent
arrivals can be identified by analyzing smaller peaks

10

within specific time windows after the initial peak. This
process extracts both the arrival times and their
corresponding travel times, essential for calculating
range-averaged current values.

2.2. Range-independent ray simulation

Ray simulation, a fundamental step in the CAT
implementation, utilizes the site-specific CTD data to
theoretically model acoustic ray paths. In coastal
environments, the ray-tracing method simulates sound
propagation by considering only refraction using
Snell's rule (Kaneko et al., 2020). In this study, we
employed ray-tracing to simulate sound transmission
between stations S1 and S2. Ray simulation provides
the possible successfully transmitted rays (called Eigen
rays), which are valuable in arrival peaks identification
procedure and regularized inverse problem solution.
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2.3. Range-averaged current (RAC) and lowpass
filter

Considering a reciprocal sound transmission
between two stations (S1—S2 and S2—S1) with a
distance of L, the corresponding travel times ¢, and ¢,
can be calculated by taking a path integral, as Eqgs. 1
and 2 (Kaneko et al., 2020):

. _f ds L (1)
Lo ) CHv  CptVy,

. _f ds L 5
27 )C=v T Cp—Vy, @)

where I'*and I ~are the ray paths, ds is the arch length
element along the refracted ray, C is the sound speed,
and v is the current velocity. On the right side of the
Egs. 1 and 2, C,,, and V,,, represent the section-averaged
sound speed and current velocity.

The range-averaged velocity, or more often
referred to as range-averaged current (RAC), in the
vertical cross-section of the two stations is calculated
by solving Egs. (1) and (2) which yields Eq. (3):

;3
Vi = 57 At (3)
where At = t, — t4, is the differential travel time, and
Cy is the reference sound speed.

The RAC time series often exhibits significant
high-frequency components, which are seen as severe
fluctuations. To address this issue, we implemented a
10-minute  Blackman window low-pass filter,
effectively smoothing the RAC time-series. Therefore,
modified differential times were calculated using Eq.
(4) to account for these filtering-induced changes."

2L

At' =V, 7 (4)

where V,;, and At’ are the lowpass filtered range-
averaged velocity and modified differential time,
respectively.

2.4. Regularized inversion

In case M acoustic rays pass through N layers, the
travel time of the i-th ray along and against the current
(t;" andt;") equals to:

N

i
z : 4y
i=1 (6 £ )

In Eq. (5) ¢; is the path-averaged sound speed, u;
is the current velocity for the j-th layer, and [;; is the
arc length of the i-th ray passing through the j-th layer
(Li, 2018). Since the current velocity is significantly
smaller than the sound speed (u « c), the differential
travel times (DTTs) can be formulated as Eq. (6), and
it could be shown in its matrix notation (Eq. 7).

)
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Eq. (7) can be generalized as Eq. (8), in which y is
the DTTs matrix, E is the coefficients matrix (sound
speed and arc length of each ray in each layer), x is the
layered current velocity matrix, and n is the error
matrix.

y=Ex+n (8)

There are several approaches to solve the inverse
problem (Eq. 8). The classic algebra (least-squares) is
not recommended for solving the acoustic tomography
inverse problem, owing to the ill-posed nature of the
problem, which leads to an unstable solution. To
overcome the challenges associated with ill-posedness
in the inverse problem, we employ a regularization
technique (Eq. (9) and Figure 2). This approach
effectively mitigates solution instability and yields an
accurate and physically meaningful reconstruction of
the current velocity field (Syamsudin et al., 2019).

J=n"n+ AxTHTHx

=y —Ex)"(y — Ex) %)
+ AxTHTHx
%= (ETE + AHTH)'ETy (10)

where A is the Lagrange multiplier, and it is determined
by minimizing the squared residuals considering a
predetermined value. H is the regularization matrix,

which is made from a second-order derivative
2

operator ox
p 9z2°

This matrix is used to smooth the solution by
applying a moving average to three consecutive layers
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(Syamsudin et al., 2017).

Figure 2. Components of a regularized
inverse problem
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Figure 3. Results of the range-independent ray simulation: (a)
Sound speed profile, (b) Transmitted Eigen rays between S1 and
(marked by red and green curves), (c) Rays travel times
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where D is the seabed depth. Considering 5 horizontal
layers for a vertical slice, the regularization matrix is
expressed by Eq. (12).

(11

D

-2 1 0 0 0
1 -2 1 0 0
H=|(0 1 -2 1 0 (12)
0 0 1 -2 1
0 0 0 1 -2

Inversion uncertainty is formulated as Eq. (13),
where (nn”) is the expected variance of differential
travel times. Velocity inversion error can be estimated
by Eq. (14).

P=(ETE+ AHTH)'ET(nn")E(ETE (13)
+ AHTH)™!
Verror = diagonal(y/Pa) (14)

2.5. Power density

Power per unit area is called power density (PD)
and calculated by Eq. (15), where p (1025kg/m3) is
the seawater density, and V is the current velocity.

P 1 (15)

A 2

PD = pV3

3. Results and discussion
This section delves into the analysis of the AT data,

divided into two key parts: (a) Processing and

Interpretation: This covers ray simulation, arrival peak
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identification, range-averaged current calculation, and
inversion results, and (b) Site Characterization: This
focuses on assessing the site's velocity status through
vertical profiles, velocity histograms, and power
density estimation.

3.1. Ray simulation

Initially, the CTD data and Mackenzie's equation
were used to calculate the sound speed profile. Then,
the ray simulation was performed to determine the
Eigen rays transmitted between two stations. The sound
speed profile (Figure 3 a) exhibits slight change from
the surface to the seabed. Regarding ray simulation
results and correlation diagrams, two peaks are
identified. These peaks correspond to the first (Ray 1,
red-ray in Figure 3b) and second (Ray 2, green-ray in
Figure 3b) Eigen rays, representing refracted surface-
reflected (RSR) and surface-reflected bottom-reflected
(SRBR) paths, respectively. Their reference travel
times and ray arch lengths within each layer are
summarized in Table 2.

3.2 Arrival peak identification

Signal processing of the raw AT data yielded
correlation diagrams (travel time-SNR). Since two rays
were successfully transmitted, we needed to identify
two arrival peak points. The first peak was extracted
using the largest peak method with an SNR threshold
of 5. Ray simulation data (Table 2) predicted the
second peak to occur about 5.5 ms later. Therefore, a
5-ms search window with a lower SNR threshold of 3
was used to identify the second peak (Figure 4a).
Figure 4b presents the correlation diagrams and the
identified peak points for both simultaneous signals.

o

i W R

I

TP A I'I'I R T i 1 1 ool g0 s W, W O, P

Figure 4. Arrival peak identification, (a) SNR thresholds
and the search band, and (b) The correlation diagram of
reciprocal sound transmission and the identified peaks
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Table 2. Layered arch length and reference travel time of the transmitted eigen rays

Travel Ray length in:
Ray No. time Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
Ray 1 (RSR) 1.97231 3029.9 0 0 0
Ray 2 (SRBR) 1.9779 490.1 475.8886 480.0697 495.2206 1098.3

Applying the same procedure to the entire dataset
generated a layered view of all correlation diagrams in
Figure 5, where the first (red) and second (green)
arrival peaks for each measurement are clearly marked.
As expected, the first surface-reflected peaks exhibit

(] i

Figure 5. Stack plots of correlation diagrams with the 1
and 2™ peaks marked red and green respectively: (a)
S1-82, (b) S2—81, and their corresponding travel

higher SNR levels (15-20) due to minimal energy loss.
In contrast, the second peaks, which involve multiple
interactions with the seabed, show significantly lower
SNR (5-10) due to signal strength. Additionally,
Figures 5c and 5d reveal that the estimated ray travel
times are consistently between 1.85 and 1.92 seconds.

Figure 5a reveals a data gap between 14:03 and
14:40, corresponding to a loss of signals. This occurred
due to a temporary battery malfunction in the CAT
station during the experiment. We carefully evaluated

the impact of this missing data and found it to have a
negligible effect on the following calculations.

3.3 Range-averaged current (RAC)

Range-averaged current (RAC) values were
calculated using Equation (3) based on the differential
travel time between the first and second arrival peaks.
A Blackman window low-pass filter with a 10-minute
cutoff frequency was applied to smooth the RAC time
series (red and green curves in Figure 6).

The RAC values reconstructed using the first and
second peaks exhibit notable differences. This likely
originates from the distinct paths traversed by each ray:
the first exclusively within the first layer, while the
second interacted with all five layers of the water
column (Figure 7). This observation suggests a clear
disparity between the surface current regime (layer 1)
and the whole vertical slice current regime.
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Figure 7. Current velocity calculated by regularized inversion:
The highlighted regions show the before and after the battery
malfunction time which were used to investigate the current
histogram and power density in section 3.5
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3.4 Inversion results and current velocity profiles

Solving the regularized inverse problem with
adjusted travel times and ray simulation data (Figure 3)
revealed the current velocity distribution within five
layers (0-10, 10-20, 20-30, 30-40, and 40-60 m) (solid
lines in Figure 8). However, these velocity values must
be corrected regarding the angle between the
transmission line and the current dominant direction
(a) which was estimated to be 54° in this research
(Appendix).

The corrected velocity values are shown as dashed
lines in Figure 8. The maximum current velocity of
0.89 m/s occurred in layer 3 at 13:57. At this specific
time, the velocities in other layers were: 0.26 m/s (layer
1), 0.63 m/s (layer 2), 0.88 m/s (layer 4), and 0.57 m/s
(layer 5). Table 3 presents the inversion error for each
layer. Analyzing these values alongside the range of
velocities observed in the data, we can confidently
conclude that the inversion error is negligible,
indicating robust and accurate velocity estimation.

Figure 9 clearly reveals that layers 3 and 4 have the
most potential for exhibiting significantly higher
velocity values compared to the other layers. To
quantify the similarity in velocity behavior across
layers, we calculated the Root Mean Squared Error
(RMSE) of the velocity time series for each layer pair
(Table 4). This analysis reveals a particularly low
RMSE of 0.08 between layers 3 and 4, indicating that
their velocity profiles are nearly identical.

3.5 Velocity histogram and Power density (PD)

Focusing on layers 3 and 4, we analyzed only the
highlighted sections in Figure 8 to gain clearer insights
into the site's typical current velocity status and power
density values. The sign of velocity (+ or -) indicates
the current direction, but since it is not of high
importance, the absolute value of velocities was taken
into account.

Gulf)
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The velocity histogram (Figure 9 a) shows that the
site predominantly experiences current speeds between
0.1 and 0.5 m/s. Sites with practical current velocities
greater than 1 m/s are economically viable, but the
current in this site during the experiment does not
satisfy this limit. Therefore, this site likely wouldn't
support sufficient power generation for in-stream tidal
turbines. This conclusion aligns with the power density
(PD) analysis. While peak PD values reach 350 and 100
W/m? in sections A and B (Figure 9b and 9c),
respectively, the average PD remains significantly
lower at 42 and 14 W/m?, respectively.

These findings emphasize the importance of
extended measurement periods to capture temporal
variations in current velocity and considering more
efficient tidal energy conversion systems, such as tidal
kites developed by Minesto. It is also claimed that due
to the moving nature of this energy conversion method,
the current velocity can increase up to ten times
(Roberts et al., 2016). The tidal kite system operates
typically at mid-depth. Often described as a "flying"
kite with a turbine and generator attached underneath,
it traces a lying figure-eight path nearly perpendicular
to the tidal flow.

This paper and the research conducted by
(Kawanishi et al., 2015) indicate the capability of the
AT technique in measuring power density for tidal
energy potential assessment. However, the calculation
of layered power density in this paper enables us to
determine the best installation depth for tidal stream
turbines.

4. Conclusion

Utilizing two 10-kHz CAT stations, this study
assessed the tidal stream energy potential in the Persian
Gulf, Iran, by mapping velocity and energy profiles
through the regularized inverse problem. Reciprocally
transmitted acoustic rays with measured arrival times
were used to calculate range-averaged current (RAC)
values, crucial for assessing tidal stream energy
potential. Differences in RAC values between rays 1
and 2, likely due to distinct travel paths, necessitated
smoothing the time series with a low-pass filter. This
smoothed data then served as input for the regularized
inverse problem, enabling the reconstruction of
velocity profiles within a 5-layer vertical slice.

Layer 3 experienced the maximum velocity with a
value of 0.89 m/s. The accurate evaluation of velocity
profiles and considering RMSE between layers
indicated that layers 3 and 4 are very similar and have
a higher potential than others.

Further analysis of the velocity regime, using
velocity histograms and power density (PD) diagrams,
indicated that this site is not economically viable for the
chosen tidal energy conversion method. This suggests
the need for further experimentation and exploration of
more efficient technologies, such as tidal kites.
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1. Introduction

Jacket-type offshore platforms widely used for
oil/gas production primarily consist of circular hollow
section (CHS) members, also called tubulars. The
intersection among tubulars, in which the prepared
ends of branch members (braces) are welded onto the
undisturbed surface of a main member (chord), is
called a tubular joint (Fig. 1). As a result of the
formation and propagation of cracks due to wave-
induced cyclic loads, tubular joints are susceptible to
fatigue-induced damage during their service life.

ABSTRACT

The degree of bending (DoB) has a profound effect on the fatigue behavior of
tubular joints commonly found in offshore jacket structures. The DoB
characterizes the through-the-thickness stress distribution and its value is
essential for improving the accuracy of fatigue life estimation. Probability
density functions (PDFs) of the random variables involved are necessary for the
fatigue reliability analysis of jacket structures. The objective of present research
was the derivation of PDF for the DoB in tubular KT-joints commonly found in
jacket-type platforms. A total of 243 finite element (FE) analyses were carried
out on 81 FE models of KT-joints subjected to three types of out-of-plane
bending (OPB) moment loading. Generated FE models were validated using
experimental data, previous FE results, and available parametric equations.
Based on the results of parametric FE study, a sample database was prepared
for the DoB values and density histograms were generated for respective
samples based on the Freedman-Diaconis rule. Thirteen theoretical PDFs were
fitted to the developed histograms, and the maximum likelihood (ML) method
was applied to evaluate the parameters of fitted PDFs. In each case, the
Kolmogorov-Smirnov test was used to evaluate the goodness of fit. Finally, the
Weibull model was proposed as the governing probability distribution function
for the DoB. After substituting the values of estimated parameters, six fully
defined PDFs were presented for the DoB at the saddle positions of central and
outer braces in KT-joints subjected to three types of OPB moment loading.

One of the widely accepted approaches to estimate
the fatigue life of a tubular joint is the stress-life (S-N)
method that is based on the hot-spot stress (HSS)
calculation. However, the study of many fatigue test
results has shown that tubular joints of different
geometry or loading type but with similar HSSs often
exhibit significantly different numbers of cycles to
failure [1]. Such differences are thought to be
attributable to changes in crack growth rate that is
dependent on the through-the-thickness stress
distribution which can be characterized by the degree
of bending (DoB) defined as the ratio of bending stress

to total external stress.
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Fig. 2 depicts the typical stress distribution through
the chord wall of a tubular joint. Through-the-thickness
stress field is a combination of the linear stress due to
the chord wall bending and the nonlinear stress
concentration at the weld toe due to the section change
at the intersection. The nonlinear stress distribution
around the weld toe is dependent on the weld geometry
and is difficult to predict during the design stage. Since
for a deep crack, the weld-toe stress concentration has
a relatively little effect on the through-the-thickness
stress field [2], the stress distribution across the wall
thickness is usually assumed to be a linear combination
of membrane and bending stresses. Hence, the DoB can
be expressed as:
OB

DoB=28 —
Or

(1)

Op +0)

where o is the total stress; and o and oy, are the
bending and membrane stress components,
respectively.

For the joints with low DoB, the standard stress-
life approach may be unconservative. Hence, the
current standard HSS-based S-N approach can be
modified to include the effect of DoB in order to obtain
more accurate fatigue life prediction. The other
shortcoming of the S-N approach is that this method
gives only the total life and can not be used to predict
the fatigue crack growth and the remaining life of
cracked joints. For the fatigue analysis of cracked
joints, fracture mechanics (FM) should be used. The
accurate determination of a stress intensity factor (SIF)
is the key for FM calculations. Owing to the
complexities introduced by the structural geometry and
the nature of the local stress fields, it is impossible to
calculate the SIFs analytically. This problem is often
tackled by using simplified models, such as the flat
plate solution and methods based on the T-Butt weight
function with an appropriate load shedding model. To
use these simplified SIF models to calculate the
remaining fatigue life of tubular joints, the information
is required again on the distribution of through-the-
thickness stress acting on the anticipated crack path,
which can be characterized by the DoB. Thus, DoB is
an important input parameter for the calculation of
fatigue crack growth in tubular welded joints.

Under any specific loading condition, the DoB
value along the weld toe of a tubular joint is mainly
determined by the joint geometry. To study the
behavior of a tubular joint and to easily relate this
behavior to the geometrical characteristics of the joint,
a set of dimensionless geometrical parameters has been
defined. Fig. 1 depicts a tubular KT-joint with the
geometrical parameters z, y, f, a, and o for chord and
brace diameters: D and d, and their corresponding wall
thicknesses: 7 and ¢, and lengths: L and /. Critical
positions along the weld toe of the central and outer
braces for the calculation of the DoB values in a tubular
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joint, i.e. saddle, crown, toe, and heel have been shown
in Fig. 1.

Since 1990s, a few research works has been
devoted to the study of the DoB in simple tubular
connections such as X- and K-joints. However, for
tubular joints with complex geometry such as KT-
joints which are quite common in offshore structures,
the DoB has not been comprehensively investigated.

In a deterministic fatigue analysis, limiting
assumptions should be made on numerous input
parameters some of which exhibit considerable scatter.
Consequently, deterministic analyses usually result in
conservative designs. This fact emphasizes the
significance of reliability-based fatigue analysis and
design methods in which the key parameters of the
problem can be modeled as random variables. The
fundamentals of fatigue reliability assessment, if
properly applied, can provide immense insight into the
fatigue performance and safety of the structural system.
Regardless of the method used for the reliability-based
fatigue analysis and design of offshore structures, the
probabilistic and statistical measures of the DoB are
required as input parameters. DoB shows considerable
scatter highlighting the significance of deriving its
governing probability distribution function.

In the present research, initially, available literature
on the DoB was surveyed (Sect. 2). Afterwards, a total
of 243 finite element (FE) analyses were carried out on
81 FE models of tubular KT-joints which are among
the most common joint types in jacket-type oil/gas
production platforms. FE analyses were conducted
under three types of out-of-plane bending (OPB) loads
as shown in Fig. 3. Generated FE models were
validated using the existing experimental data, FE
results, and parametric equations. Based on a
parametric FE investigation, a sample database was
created for the DoB (Sect. 3); and density histograms
were generated for respective samples (Sect. 4).
Thirteen theoretical PDFs were fitted to the developed
histograms, and the maximum likelihood (ML) method
was applied to evaluate the parameters of fitted PDFs
(Sect. 5). In each case, the Kolmogorov-Smirnov test
was used to assess the goodness of fit (Sect. 6). Finally,
a probability distribution model was proposed for the
DoB; and after substituting the values of estimated
parameters, six fully defined PDFs were presented for
the DoB at the saddle positions of the central and outer
braces in tubular KT-joints subjected to three types of
OPB moment loading (Sect. 7).

2. Literature survey
2.1. Deterministic analysis of the DoB

Morgan and Lee [3] derived mean and design
equations for DoB values at critical positions in axially
loaded tubular K-joints from a previously established
FE database of 254 joints. Design equations met all the
acceptance criteria recommended by the UK DoE [4].
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Chang and Dover [2] carried out a series of
systematic thin-shell FE analyses for 330 tubular X-
and DT-joints typically found in offshore structures
under six different types of loading. Based on the
results of nearly 2000 FE analyses, a set of parametric
equations was developed to calculate the DoB at
critical positions. Lee and Bowness [5] proposed an
engineering methodology for estimating SIF solutions
for semi-elliptical weld-toe cracks in tubular joints. The
methodology uses the T-butt solutions proposed
previously by the authors in conjunction with the stress
concentration factors (SCFs) and the DoB values in
uncracked tubular joints. Shen and Choo [6]
determined the SIFs for a grouted tubular joint. They
found that the fatigue strength of a grouted joint may
be lower than that of as-welded joint, because when
normalized with the HSS, the shape factor of grouted
joint is higher than that of original as-welded joint due
to the reduction in the DoB caused by the presence of
in-filled grout in the chord. For grouted tubular joints,
it is essential to consider the effect of DoB in practical
fatigue assessment using HSS approach.

Ahmadi et al. [7] performed a set of parametric
stress analyses on 81 K-joint FE models subjected to
two different types of in-plane bending (IPB) loads.
Analysis results were used to present general remarks
on the effect of geometrical parameters on the DoB
values at the toe and heel positions; and a new set of
DoB parametric equations was developed. Ahmadi and
Asoodeh [8] analyzed 81 K-joint FE models subjected
to two types of OPB loading. Results were used to
study the geometrical effects on the DoB at the saddle
position; and two new DoB design formulas were
proposed. Ahmadi and Asoodeh [9] studied the DoB in
uniplanar tubular KT-joints subjected to axial loads.
Their study was limited to the central brace DoB values
and no design equation was proposed for the DoB
along the weld toe of the outer braces. Also, IPB and
OPB loadings were not included. Ahmadi and Amini
Niaki [10] studied the degree of bending in two-planar
tubular DT-joints under axial and bending loads. They
developed a set of parametric equations to predict the
DoB values at the saddle and crown positions.

2.2. Probabilistic analysis of the DoB

Ahmadi and Ghaffari [11] proposed a set of
probability density functions for the DoB in tubular X-
joints subjected to bending loads. Ahmadi and Ghaffari
[12] developed probability distribution models for the
DoB and SIF values in axially loaded tubular K-joints.

2.3. Remarks

Based on the above discussion, it is concluded that:
1. Despite the comprehensive research carried out on
the study of SCFs and SIFs in tubular joints (e.g.
[13-24] for SCFs, and [25, 26] for SIFs, among
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many others), the research works on the DoB in
tubular joints are scarce and the studied joint types
are limited to simple connections. Although tubular
KT-joints are commonly found in steel offshore
structures, the DoB in such joints has not been
comprehensively investigated.

2. Results of research work reported in the literature
are mostly suitable for deterministic analyses; and
probabilistic studies are only limited to K- and X-
joints. No probabilistic investigation has been
carried out on the DoB of KT-joints; and there is
no probability density function available for the
DoB values to be used in reliability-based fatigue
analysis and design of this type of joint.

3. Preparation of the DoB sample database

3.1. Details of FE modeling and analysis

FE-based software package ANSYS Ver. 11 was
used in the present research for the FE modeling and
analysis of tubular KT-joints subjected to OPB
loadings in order to extract the DoB values for the
probabilistic study.

3.1.1. Modeling of the weld profile

Accurate modeling of the weld profile is one of the
important factors affecting the accuracy of the DoB
results. In the present research, the welding size along
the brace-to-chord intersection satisfies the AWS D 1.1
[27] specifications. The weld sizes at the crown, saddle,
toe, and heel positions can be determined as follows:

H (mm) = 0.85¢(mm) + 4.24
L 1{135° —y (deg.)}

"2 45°

90° Crown (2)
180" —cos™' 3 (deg.)  Saddle

180° — 0 (deg.) Toe

2] (deg.) Heel

The parameters used in Eq. (2) are defined in Fig.
4. As an example, the weld profiles generated for the
central and outer braces of the joint model SKTJ1 (a =
16,03=8,0=0.3,7=04,5=04,y=12,0=30") are
shown in Fig. 5. For details of the weld profile
modeling according to AWS D 1.1 [27], the reader is
referred to Lie et al. [28] and Ahmadi et al. [29].

3.1.2. Definition of boundary conditions

The chord end fixity conditions in offshore tubular
joints may range from almost fixed to almost pinned
with generally being closer to almost fixed [30]. In
practice, the value of the parameter o in over 60% of
tubular joints is more than 20 and it is bigger than 40 in
35% of the joints [31]. Changing the end restraint from
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fixed to pinned results in a maximum increase of 15%
in the HSS at crown position for the joints with a = 6;
and this increase reduces to only 8% for a = 8 [3]. In
the view of the fact that the effect of chord end
restraints is only significant for joints with a < 8 and
high g and y values, which do not commonly occur in
practice, both chord ends were assumed to be fixed,
with the corresponding nodes restrained.

Under each of the three considered loading
conditions, only an appropriate portion of the entire
tubular KT-joint is required to be modeled. The reason
is the symmetry in geometry, material properties, and
chord-end boundary conditions of the joint, as well as
loading symmetry/antisymmetry. This allowed us to
consider a reduced FE problem instead of the actual
one. Thus, the order of the global stiffness matrix and
total number of stiffness equations were reduced, and
computer solution time was substantially decreased.
Table 1 and Fig. 6 describe the required portion to be
modeled for each load case. Appropriate
symmetric/antisymmetric boundary conditions were
defined for the nodes located on the
symmetry/antisymmetry planes.

3.1.3. Generation of the FE mesh

ANSYS celement type SOLID95 was used in
present research to model the chord, braces, and the
weld profiles. These elements have compatible
displacements and are well-suited to model curved
boundaries. The element is defined by 20 nodes having
three degrees of freedom per node and may have any
spatial orientation. Using this type of 3-D brick
elements, the weld profile can be modeled as a sharp
notch. This method will produce more accurate and
detailed stress distribution near the intersection in
comparison with a shell analysis.

To guarantee the mesh quality, a sub-zone mesh
generation method was used during the FE modeling.
In this method, the tubular KT-joint was divided into
several sub-zones according to computational
requirements. The mesh of each sub-zone was then
generated separately, and the meshing of the joint was
finally completed by merging the meshes of the sub-
zones. Quality and quantity of the mesh can be feasibly
controlled by this method, and badly distorted elements
can be avoided. The mesh generated by this method for
a tubular KT-joint is shown in Fig. 7.

In the present paper, nodal stresses were used to
extract the HSSs. When ANSYS solves stress, it does
so on an element-by-element basis. Unless otherwise
prompted, ANSYS will solve for the stresses at the
Gauss points and extrapolate to the nodes. However,
many elements share nodes. Thus, ANSYS averages
the nodal stresses computed from each of the adjacent
elements. If the mesh is sufficiently small, the averaged
stresses will not be very different from the un-averaged
stresses. In fact, there will be no big difference among
stresses at a common node computed from adjacent

20

elements. Hence, if one observes in the plot of un-
averaged stresses that the stress changes drastically
from a specific element to the next one, the generated
mesh is not small enough. In the present research, the
mesh generated for the critical zones such as the
extrapolation region was sufficiently fine to avoid such
problems.

It is explained in Sect. 3.1.4 that the geometric
stresses perpendicular to the weld toe are required to be
calculated to determine the DoB at the weld toe
position based on Eq. (1). As shown in Fig. 8a, to
extract the geometric stresses perpendicular to the weld
toe, the region near the weld toe was meshed finely.
The width of this region is discussed in Sect. 3.1.4.

To make sure that the results of the FE analysis are
not affected by the inadequate quality or the size of the
generated mesh, convergence test was conducted and
meshes with different densities were used in this test,
before generating the 81 models. Based on the results
of convergence test, the number of elements through
the chord and brace thickness was 2 (Fig. 8b); the
number of elements on the surface, base, and back of
the weld profile was 2 (Fig. 8c); the number of elements
along the ' of entire brace-to-chord intersection was
selected to be 10 and 15 for the central and outer braces,
respectively (Fig. 8d); and the number of elements
inside the extrapolation region was selected to be 16
(Fig. 8a).

3.1.4. Analysis and extraction of DoB values

To obtain the DoB values in a tubular joint, static
analysis of the linearly elastic type is suitable. The
Young’s modulus and Poisson’s ratio were taken to be
207 GPa and 0.3, respectively.

To determine the weld-toe DoB values, according
to Eq. (1), bending and membrane stress components
should be known. These components can be calculated
as follows:

op—0

UB:—02 L 3)
Op+0

O-M:% 4)

where o,and o, are the hot-spot stresses (HSSs) at the

weld toe on the outer and inner surfaces of the chord,
respectively.

Egs. (1), (3), and (4) lead to the following relation
for the DoB based on the HSSs:

DoB:l[l—ﬂj
2 O
To determine the HSSs, the stress at the weld-toe
position should be extracted from the stress field
outside the region influenced by the local weld-toe

geometry. The location from which the stresses have to
be extrapolated, called extrapolation region, depends

)
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on the dimensions of the joint and on the position along
the intersection. According to the recommendations of
IIW-XV-E [32], the first extrapolation point should be
at a distance of 0.47 from the weld toe, and the second
point must be 1.07 further from the first point (Fig. 9a).
The HSS is obtained by the linear extrapolation of the
geometric stresses at these two points to the weld toe.
To extract and extrapolate the stresses
perpendicular to the weld toe, as shown in Fig. 8a, the
region between the weld toe and the second
extrapolation point was meshed in such a way that each
extrapolation point was placed between two nodes
located in its immediate vicinity. These nodes are
located on the element-generated lines which are
perpendicular to the weld toe ( X, direction in Fig. 9b).

At an arbitrary node inside the extrapolation
region, the stress component in the direction
perpendicular to the weld toe can be calculated,
through the transformation of primary stresses in the
global coordinate system, using the following equation:

_ 2 2 2
oy =0d"+o,m” +o.n" + 2(Txyllm1 + T, mny + sznlll)
(6)

where o, and 7, (a, b=x,y, z) are components of the

stress tensor which can be extracted from ANSYS
analysis results; and /,, m,, and », are transformation

components.
At the saddle, crown, toe, and heel positions, Eq.

(6) is simplified as:

oy =0l? +(7ymlz +2z,,hm  (Saddle)

o,y =0, (Crown, Toe, and Heel)

(7

Transformation components can be obtained as
follows:

I, =cos(X ,x)=(x,—x,)/5 ;
my =cos(X1,y)=(y,~1,)/8
o= \/(xw _xn)2 +(yw _yn)2 +(Zw —Z )2

where X is the direction perpendicular to the weld toe

(8)

)

(Fig. 9b); x, y, and z are the axes of global Cartesian
coordinate system; (x,, V», z,) and (Xw , yw, Zw) are
coordinates of the considered node inside the
extrapolation region and its corresponding node at the
weld toe position, respectively; and ¢ is the distance
between the weld toe and the considered node inside
the extrapolation region.

Stress at an extrapolation point is obtained as
follows:

O\ N —C
_9inmTOiN
o.E ——(A_52)+ULN2

10
50, (10)

where o, (i = 1 and 2) is the nodal stress in the

immediate vicinity of the extrapolation point in a
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direction perpendicular to the weld toe (Eq. (7)); 6, (i =
1 and 2) is obtained by Eq. (9); and A equals to 0.4T
and 1.4T for the first and second extrapolation points,
respectively (Fig. 9b).

The extrapolated stress at the weld toe position,
HSS, is calculated by the following equation:

oy =140, 040 5, (11)
where o, and o, are the stresses at the first and
second extrapolation points in the direction

perpendicular to the weld toe, respectively (Eq. (10)).
If the considered nodes in the calculations of Egs.

(7)—(11) are located on the outer surface of the chord,

the value of o, obtained from Eq. (11) is used as o,

in Eq. (5); and if the considered nodes are located on
the inner surface of the chord, the result of Eq. (11) is
equivalent to o; which is required for the calculation of
the DoB in Eq. (5).

To facilitate the calculation of DoB values, above
formulation was implemented in a macro file
developed by the ANSYS parametric design language
(APDL). The input data required to be provided by the
user of the macro file are the chord thickness, label
number of the node located at the weld toe, and the
label numbers of the nodes inside the extrapolation
region. These nodes can be introduced using the
graphic user interface (GUI).

3.1.5. Verification of the FE modeling

As far as the authors can tell, there is no
experimental data available in the literature on the DoB
values in tubular KT-joints. However, previous
research works offer some experimental data, FE
results, and parametric equations that can be used to
validate the FE model developed in the present study.

3.1.5.a. Comparison with HSS experimental data

According to Eq. (5), DoB is a function of o, and
o, that are the HSSs at the weld toe on the outer and

inner surfaces of the chord, respectively. Hence, if the
proposed FE model could predict the HSS accurately,
then undoubtedly it can result in accurate DoB values.

To verify the developed FE modeling procedure, a
validation FE model was generated, and its results were
compared with the results of experimental tests carried
out by the first author on a KT-joint (Figs. 10 and 11).
Details of the test setup and program presented by
Ahmadi [33] are not repeated here for the sake of
brevity. Results of verification process are presented in
Table 2. There is good agreement between the results
of present FE model and experimental data; and the
average difference is about 10%. Hence, the developed
FE models can be considered accurate enough to
provide valid results.
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Table 1. Appropriate portion of an entire tubular KT-joint required to be modeled for each load case

Load case (Fig. 3)

Required portion to be modeled

1t OPB moment loading condition V4 (Fig. 6b)
2" OPB moment loading condition V4 (Fig. 6b)
3" OPB moment loading condition > (Fig. 6a)

Table 2. Results of FE model

verification based on experimental data

HSS value of the chord’s outer surface (0 )

Loading Position Difference
Present FE model Experimental test [33]
Axial Saddle 5.48¢et6 5.89¢e+6 6.96%
Crown 2.94e+6 3.38e+6 13.02%

Table 3. Geometrical properties of the tubular

K-joint specimen used for the verification of FE models

Loading Joint ID D(mm) b y a 0 ¢
Axial  JISSP 3.3 [34] 508 1.0 05 203 12.6 45 0.15
IPB KJ-1[7] 500 04 04 120 12.0 30° 0.15
OPB KJ-1[8] 500 04 04 120 12.0 30° 0.15

Table 4. Results of the FE model verification based on available parametric equations/FE results

DoB values

Loading Position Present FE model Available data Difference
Axial (Fi Saddle 0.6666 0.5529 (Morgan and Lee [3] Eq. (3d)) 20.56%
X11aza) & Toe 0.8727 0.8989 (Morgan and Lee [3] Eq. (3f)) 2.91%
Heel 0.7728 0.6997 (Morgan and Lee [3] Eq. (3b)) 10.45%
IPB . .
(Fig. 12b) Toe 0.5991 0.5742 (Ahmadi et al. [7] FE model) 4.16%
(Fiig)P?Zc) Saddle 0.8920 0.8045 (Ahmadi and Asoodeh [8] FE model) 10.87%

Table 5. Values assigned to each dimensionless parameter

Parameter Definition Value(s)
s d/D 0.4,0.5,0.6
y D2T 12, 18,24
T HT 0.4,0.7,1.0
0 30°, 45°, 60°
¢ g/D 0.3
a 2L/D 16
0B 2l/d 8

Table 6. Statistical measures of the generated DoB samples at the saddle positions of central and outer braces under the OPB loadings (LC:

loading condition)

DoB samples

Statistical Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
measure Central brace, Central brace, Central brace, Outer brace, Outer brace, Outer brace,
1*OPB LC 2nd OPB LC 34 OPB LC 1t OPB LC 27 OPB LC 3[4 OPB LC
n 81 81 81 81 81 81
I 0.7677 0.7554 0.8031 0.7300 0.7672 0.7112
o 0.0406 0.0534 0.0406 0.0858 0.0684 0.0774
03 -0.2557 -0.5833 -0.3283 0.5302 -0.9654 -0.2877
o4 2.4892 2.7189 2.2563 1.5652 4.0385 1.9325

3.1.5.b. Comparison with available DoB parametric
equations and FE results

A set of FE parametric studies have been conducted
by Morgan and Lee [3], Ahmadi et al. [7], and Ahmadi
and Asoodeh [8] for the prediction of DoB values in
tubular K-joints under the axial, IPB, and OPB
loadings, respectively. Results of these studies were
used in present research to validate the developed FE

model. To so, three K-joint FE models were generated
having typical geometrical characteristics (Table 3) and
they were analyzed under the axial, IPB, and OPB
loadings shown in Fig. 12. Geometrical properties of
the axially-loaded FE model were selected based on the
data provided by HSE OTH 354 [34] for a steel
specimen tested to determine the SCFs; and
geometrical properties of the IPB- and OPB-loaded FE
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models were selected in accordance with the validity
range of the FE study conducted by Ahmadi et al. [7]
and Ahmadi and Asoodeh [8].

The method of geometrical modeling (introducing
the chord, braces, and weld profiles), the mesh
generation procedure (including the selection of
element type and size), analysis method, and the
method of DoB extraction are identical for the
validating models and the KT-joint models used for
parametric study. Hence, the verification of DoB
values derived from validating FE models with the
results of equations proposed by Morgan and Lee [3],

FE results of Ahmadi et al. [7], and FE results of
Ahmadi and Asoodeh [8] lends support to the validity
of DoB values derived from the KT-joint FE models.

Results of verification process are presented in
Table 4. It can be seen that there is a good agreement
among the results of present FE model and equations
proposed by Morgan and Lee [3], FE results of Ahmadi
et al. [7], and FE results of Ahmadi and Asoodeh [8].
The average difference is less than 10%. Hence, the
generated FE models can be considered to be accurate
enough to provide valid results.

Fig. 7. Generated mesh for a tubular KT-joint using the sub-zone
method

Fig. 6. Appropriate portion of the entire tubular KT-joint required
to be modeled for each load case based on Table 1: (a) !4, (b) Y

iy
Cendral brsoe

Thict Stk

Fig. 8. The mesh density of: (a) Extrapolation region, (b) Chord and
brace members, (c) Weld profile, (d) Brace-to-chord intersection
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Lk

b st

I

mxtrapolabion region

Fig. 9. (a) Extrapolation method recommended by IW-XV-E [32],
(b) Interpolations and extrapolations necessary to compute the DoB
value based on the HSSs at the weld toe
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Fig. 10. Geometrical characteristics of tested tubular KT-joint
specimen (unit: mm)

Fig. 11. Test setup: (a) View of the test rig and KT-joint specimen,
(b) Strain gauges attached along the brace-to-chord intersection, (c)
Connecting the strain gauges to the data logger

() ‘ '

<)

Fig. 12. Load cases for FE model validation: (a) Balanced axial
loading studied by Morgan and Lee [3], (b) Balanced IPB loading
studied by Ahmadi et al. [7], (c) Balanced OPB loading studied by
Ahmadi and Asoodeh [8]

3.2. Details of parametric study

Altogether, 243 stress analyses were carried out on
81 FE models using ANSYS Ver. 11 to investigate the
effects of dimensionless geometrical parameters on the
DoB values at the saddle positions of the central and
outer braces in tubular KT-joints subjected to three
different types of OPB moment loading (Fig. 3).

Different values assigned to the parameters £, y, t,
and 6 have been presented in Table 5. These values
cover the practical ranges of the dimensionless
parameters typically found in tubular joints of offshore
jacket structures. Providing that the gap between the
braces is not very large, the relative gap ({= g/ D) has
no considerable effect on stress and strain distribution.
The validity range for this statement is 0.2 < < 0.6
[19]. Hence, a typical value of { = 0.3 was designated
for all joints. Sufficiently long chord greater than six
chord diameters (i.e. a > 12) should be used to ensure
that the stresses at the brace/chord intersection are not
affected by the chord’s boundary conditions [13]. The
brace length has no effect on the HSSs when the
parameter op is greater than critical value [16].
According to Chang and Dover [35], this critical value
is about 6. In the present study, to avoid the effect of
short brace length, a realistic value of az = 8 was
selected for all joints.

The 81 generated models span the following ranges
of geometrical parameters:

04<p<06
12<y<24

04<7<1.0 (12)
30°< < 60°
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3.3. Organization of the DoB samples

The DoB values extracted from the results of 243
FE analyses were organized as six samples for further
statistical and probabilistic analyses. Samples 1-3
included the DoB values at the saddle position of the
central brace under the 153 OPB loading conditions,
respectively; while samples 4—6 included the DoB
values at the saddle position of the outer brace under
the 13" OPB loading conditions, respectively.
Values of the size (n), mean (u), standard deviation (o),
coefficient of skewness (a3), and coefficient of kurtosis
(04) for these samples are listed in Table 6.

The value of a3 for the sample 4, that included the
outer-brace DoB values under the 1% OPB load case, is
positive which means that the probability distribution
for this sample is expected to have a longer tail on the
right, which is toward increasing values, than on the
left. However, the value of as for the other samples is
negative meaning that the probability distribution for
these samples is expected to have a longer tail on the
left, which is toward decreasing values, than on the
right.

The value of a4 for the sample 5, that included the
outer-brace DoB values under the 2™ OPB load case, is
greater than three meaning that the probability
distribution is expected to be sharp-peak (leptokurtic)
for this sample; while the value of a4 for the other DoB
samples is smaller than three which means that for
these samples, the probability distribution is expected
to be mild-peak (platykurtic).

4. Application of the Freedman-Diaconis rule to
generate the density histograms

To generate a density histogram, the range of data
(R) is divided into several classes and the number of
occurrences in each class is counted and tabulated.
These are called frequencies. Then, the relative
frequency of each class can be obtained through
dividing its frequency by the sample size. Afterwards,
the density is calculated for each class through dividing
the relative frequency by the class width. The width of
classes is usually made equal to facilitate interpretation.

Care should be exercised in the choice of the
number of classes (n.). Too few will cause an omission
of some important features of the data; too many will
not give a clear overall picture because there may be
high fluctuations in the frequencies. One of the widely
accepted rules to determine the number of classes is the
Freedman-Diaconis rule expressed as follows [36]:

R(nl/S)
nc=m (13)

where R is the range of sample data, n is the sample
size, and IQR is the interquartile range calculated as:

IQR=0; -0 (14)

25

where Q) is the lower quartile which is the median of
the lower half of the data; and likewise, Qs is the upper
quartile that is the median of the upper half of the data.

Density histograms of generated samples are
shown in Fig. 13. This figure shows that, as it was
expected from the values of o3 and a4 in Table 6, the
right tail is longer than the left one in the histogram of
sample 4; while in the histograms of other samples, the
left tail is longer. Moreover, the histogram of sample 5
is leptokurtic, while the histograms of other samples
are platykurtic

5. PDF fitting based on the ML method

Thirteen different PDFs were fitted to the density
histograms to assess the degree of fitting of various
distributions to the DoB samples. In each case,
distribution parameters were estimated using the
maximum likelihood (ML) method. Results are given
in Table 7. The ML procedure is an alternative to the
method of moments. As a means of finding an
estimator, statisticians often give it preference. For a
random variable X with a known PDF, fx(x), and
observed values xi, x2, . . ., X», in a random sample of
size n, the likelihood function of @, where w represents
the vector of unknown parameters, is defined as:

L@ =[]1(x ) (15)
i=1

The objective is to maximize L(w) for the given
data set. It is done by taking m partial derivatives of
L(w), where m is the number of parameters, and
equating them to zero. Then the maximum likelihood
estimators (MLEs) of the parameter set @ can be found
from the solutions of equations. In this way the greatest
probability is given to the observed set of events,
provided that the true form of the probability
distribution is known.

6. Assessing the goodness-of-fit based on the
Kolmogorov-Smirnov test

The Kolmogorov-Smirnov goodness-of-fit test is a
nonparametric test that relates to the cumulative
distribution function (CDF) of a continuous variable.
The test statistic, in a two-sided test, is the maximum
absolute difference (which is usually the vertical
distance) between the empirical and hypothetical
CDFs. For a continuous variate X, let x(), x@), ... , X()
represent the order statistics of a sample of the size 7,
that is, the values arranged in increasing order. The
empirical or sample distribution function £, (x) is a step
function. This gives the proportion of values not
exceeding x and is defined as:

F.(x)=0, For x <xq
=k/n, For xp<x<Xxg-+
k=1,2,...,n—1 (16)
=1, For x> x¢
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Empirical distribution functions for generated DoB
samples have been shown in Fig. 14.

Let Fy(x) denote a completely specified theoretical
continuous CDF. The null hypothesis Hyis that the true
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Fig. 13. Density histograms generated for the DoB samples: (a) Sample 1 (Saddle position of the central brace—1t OPB loading condition), (b)
Sample 2 (Saddle position of the central brace—2"¢ OPB loading condition), (c) Sample 3 (Saddle position of the central brace—3'4 OPB loading
condition), (d) Sample 4 (Saddle position of the outer brace—1*t OPB loading condition), (¢) Sample 5 (Saddle position of the outer brace—2"¢
OPB loading condition), (f) Sample 6 (Saddle position of the outer brace—3™ OPB loading condition)
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The test criterion is the maximum absolute d, =sup|F, (x)— Fy(x)| (18)
difference between F,(x) and Fo(x), formally defined x
as:
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Fig. 14. Empirical cumulative distribution functions for generated DoB samples: (a) Sample 1 (Saddle position of the central brace—1* OPB
loading condition), (b) Sample 2 (Saddle position of the central brace—2"! OPB loading condition), (¢) Sample 3 (Saddle position of the central
brace—3"Y OPB loading condition), (d) Sample 4 (Saddle position of the outer brace—1% OPB loading condition), (¢) Sample 5 (Saddle position
of the outer brace—2"¢ OPB loading condition), (f) Sample 6 (Saddle position of the outer brace—3'¢ OPB loading condition)
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Theoretical continuous CDFs fitted to the empirical values D, ¢ for large samples, say n > 35, are (1.3581/
distribution functions of generated DoB samples have Jn) and (1.6276/Jn) for & = 0.05 and 0.01,
been shown in Fig. 15. respectively [36] where ¢ is the significance level.

A large value of this statistic (d,) indicates poor fit.
Hence, acceptable values should be known. The critical
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Fig. 15. Theoretical continuous CDFs fitted to the empirical CDFs of generated DoB samples: (a) Sample 1 (Saddle position of the central
brace—1*t OPB loading condition), (b) Sample 2 (Saddle position of the central brace—2"! OPB loading condition), (c) Sample 3 (Saddle position
of the central brace—3" OPB loading condition), (d) Sample 4 (Saddle position of the outer brace—1% OPB loading condition), (¢) Sample 5
(Saddle position of the outer brace—2"¢ OPB loading condition), (f) Sample 6 (Saddle position of the outer brace—3™¢ OPB loading condition)
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Results of the Kolmogorov-Smirnov test for the six the Generalized Extreme Value distribution has the
prepared samples are given in Tables 8—13. It is evident smallest d,, value for sample 4. Hence, they are the best-
in these tables that the Weibull distribution has the fitted distributions for the corresponding DoB samples
smallest d,, value for samples 2, 3, and 5; while the Beta (Fig. 16).

distribution has the smallest d, for samples 1 and 6; and
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Fig. 16. The best-fitted distributions according to the Kolmogorov-Smirnov test: (a) Sample 1 (Saddle position of the central brace—1% OPB
loading condition), (b) Sample 2 (Saddle position of the central brace—2"! OPB loading condition), (c) Sample 3 (Saddle position of the central
brace—3" OPB loading condition), (d) Sample 4 (Saddle position of the outer brace—1% OPB loading condition), (¢) Sample 5 (Saddle position
of the outer brace—2"¢ OPB loading condition), (f) Sample 6 (Saddle position of the outer brace—3" OPB loading condition)
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7. Proposed probability distribution model for

the DoB

The best-fitted distributions for the generated DoB
samples were introduced in Sect. 6. According to the

results of the Kolmogorov-Smirnov test, the best-fitted
distributions for the six samples studied include three
different models: Weibull, Beta, and Generalized
Extreme Value distributions. Results of the test for
sample 1 are given in Table 8 as an example. The
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diversity of the best-fitted probability models derived values might be a good idea. To do so, the top three
for the studied DoB values may practically result in the distribution functions for each DoB sample were
confusion and difficulty of their application for the identified (Table 9). The aim was to propose a single
fatigue reliability analysis and design. Hence, reducing probability model to cover all the DoB samples.

the number of distribution types proposed for the DoB

Table 7. Estimated parameters for PDFs fitted to the density histograms of DoB samples at the saddle positions of central and outer braces
under the OPB loadings

Estimated values

Fitted PDF Parameters Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Central brace, Central brace, Central brace, = Outer brace, Outer brace, Outer brace,
1*OPB LC 27 OPB LC 34 OPB LC 1*OPB LC 20 OPB LC 34 OPB LC
Beta a 83.8823 50.743 78.3375 17.5857 31.1492 24.5695
b 25.3897 16.4367 19.2069 6.47731 9.46798 9.97889
Bimbaum-Saunders Po 0.766573 0.753467 0.802076 0.725243 0.763867 0.706875
70 0.0531083 0.0722212 0.0508064 0.114098 0.0940614 0.111056
Extreme Val I 0.787314 0.780396 0.822556 0.774508 0.798101 0.748376
eme vaiue o 0.0364656 0.0433962 0.0351623 0.0841897 0.0530766 0.0656653
Gamma a 357.355 195.681 390.627 75.8396 118.292 82.8304
b 0.00214815 0.00386053 0.00205595 0.00962509 0.00648605 0.00858664
Generalized Extreme k -0.391922 -0.646434 -0.435386 0.481081 -0.559969 -0.531689
Value o 0.042301 0.0598337 0.0428433 0.0472531 0.0737407 0.0840801
u 0.755539 0.746487 0.791866 0.676441 0.752732 0.693635
Inverse Gaussian i 0.767654 0.755432 0.803111 0.729963 0.767247 0.711235
A 271.979 144.644 310.928 55.8902 86.5272 57.4896
Log-logistic u -0.263184 -0.277077 -0.217255 -0.332146 -0.259053 -0.338664
g-08 o 0.0305197 0.0408412 0.0295985 0.069967 0.0499815 0.0659058
Loenormal I -0.265816 -0.283023 -0.220543 -0.321369 -0.269179 -0.346802
g o 0.0534228 0.0726227 0.05111 0.114712 0.0944668 0.111631
Nakacami i 90.0914 49.9548 98.5318 18.8403 30.8618 21.232
& w 0.590922 0.573497 0.646616 0.54012 0.593291 0.511776
Normal i 0.767654 0.755432 0.803111 0.729963 0.767247 0.711235
o 0.0406125 0.0534259 0.0406088 0.0858191 0.0684187 0.0774278
Rayleigh b 0.543563 0.535489 0.568602 0.519673 0.544652 0.505854
Rician s 0.76659 0.753555 0.802094 0.724892 0.764204 0.707009
0.0403892 0.0531614 0.040383 0.0855907 0.0681317 0.0771814
Weibull a 0.786417 0.779049 0.821756 0.76943 0.796071 0.745173
b 21.4633 17.5732 23.183 8.99524 14.5745 11.0243

Table 8. Results of the Kolmogorov-Smirnov goodness-of-fit test for DoB sample 1 (Central brace—1%* OPB LC)

Fitted distribution Test statistic (dn) z =g.r(1)t5wal value (érDznz)) 01 =00 5T est resul‘é ~ 001
Beta 0.037064 Accept Accept
Birnbaum-Saunders 0.062642 Accept Accept
Extreme Value 0.067938 Accept Accept
Gamma 0.058971 Accept Accept
Generalized Extreme Value 0.042086 Accept Accept
Inverse Gaussian 0.062647 Accept Accept
Log-logistic 0.054059 0.1509 0.180844444 Accept Accept
Lognormal 0.062892 Accept Accept
Nakagami 0.05544 Accept Accept
Normal 0.052209 Accept Accept
Rayleigh 0.537469 Reject Reject
Rician 0.051817 Accept Accept
Weibull 0.058837 Accept Accept
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Table 9. Best-fitted distributions for the DoB samples at the saddle positions of the central and outer braces based on the results of the

Kolmogorov-Smirnov test

DoB samples

Best-fitted Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
distributions  Central brace,  Central brace, Central brace, Outer brace, Outer brace, Outer brace,
1*OPB LC 27 OPB LC 34 OPB LC 1*OPB LC 27 OPB LC 34 OPB LC
#1 Beta Weibull Weibull Generalized Weibull Beta
Extreme Value
Generalized Generalized Generalized
#2 Extreme Beta - Extreme Value
Extreme Value Extreme Value
Value
#3 Rician Extreme Value Extreme Value - v Extreme Value

Extreme Value

Table 10. Comparison of the test statistics for the proposed and the best-fitted distributions based on the results of the Kolmogorov-Smirnov

test

Test statistic

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Central brace, Central brace, Central brace, Outer brace, Outer brace, Outer brace,
13*OPB LC 2" OPB LC 34 OPB LC 1OPBLC 2" OPB LC 34 OPB LC
Best-fitted 0.037064 0.044443 0.056591 (é)érllil‘zasliGZe d 0.045182 0.076427
distribution (Beta) (Weibull) (Weibull) Extreme Value) (Weibull) (Beta)
Proposed 0.058837 0.044443 0.056591 - 0.045182 0.0851
distribution (Weibull) (Weibull) (Weibull) (Weibull) (Weibull) (Weibull)
Difference 58.74% 0% 0% - 0% 11.35%

After surveying the data presented in Table 9, the
Weibull model is proposed as the governing probability
distribution function for DoB values. The difference
between the test statistics of the proposed distribution
and the best-fitted one for each sample is presented in
Table 10. Using the information presented in these
tables, the analyst can make a choice, based on the
engineering judgment, between the best-fitted and the
proposed probability models for each of the studied
cases.

The PDF of Weibull distribution is expressed as:

(19)

After substituting the values of estimated
parameters from Table 7, following probability density
functions are proposed for the DoB values in tubular
KT-joints subjected to the three considered OPB load
cases defined in Fig. 3:

b X b-1 b
=~ (Z -(x/a)
flela,b) =— (Z) e @

Saddle position of the central brace—1* load case:

20.463

X
0.7864) ¢

—(x/0.7864)21463

(20)

Fo(x) = 27.292 (

Saddle position of the central brace—2"" load case:

e2y)

16.573
) o~ (x/0.7791)17:573

f(x) = 22.557 (0 o1

Saddle position of the central brace—3" load case:

22.183

0.8218) ¢

—(x/0.8218)23-183

fx () = 28211 ( (22)
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Saddle position of the outer brace— 1" load case:

7.9952
) o~ (x/0.7694)8:9952

fx () = 11691 ( (23)

0.7694

Saddle position of the outer brace—2"! load case:

13.574
) o~ (x/0.7961)14575

(24)

f(x) = 18.308 (0 —5e1

Saddle position of the outer brace—3" load case:

10.024
) e_(x/0.7452)11.024

(25)

Fo(x) = 14.794 (0 155

where X denotes the DoB as a random variable and x
represents its values.

Developed PDFs, shown in Fig. 17, can be adapted
in the fatigue reliability analysis and design of OPB-
loaded tubular KT-joints commonly found in offshore
jacket structures.

8. Conclusions

A total of 243 FE analyses were carried out in the
present research on 81 models of KT-joints subjected
to three types of OPB moment loading. Generated FE
models were validated using experimental data,
previous FE results, and available parametric
equations. FE analysis results were used to develop a
set of PDFs for the DoB in OPB-loaded KT-joints.
Based on the results of parametric FE study, a sample
database was prepared for the DoB values and density
histograms were generated for respective samples
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based on the Freedman-Diaconis rule. Thirteen
theoretical PDFs were fitted to the developed
histograms, and the ML method was applied to
evaluate the parameters of fitted PDFs. In each case,
the Kolmogorov-Smirnov test was used to evaluate the
goodness of fit. Finally, the Weibull model was
proposed as the governing probability distribution
function for the DoB. After substituting the values of
estimated parameters, six fully defined PDFs were
presented for the DoB at the saddle positions of the
central and outer braces in tubular KT-joints subjected
to three types of OPB moment loading.
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ABSTRACT

The techniques of modeling are a very powerful way to simulate offshore
platforms. For situations where the numerical modelling of structure process is
very complex, these methods are preferred, and the model cannot be expressed
in precise mathematical formulas. Dynamic characteristics of the structure shall
be taken into account in order to determine simulation specifications. In this
article, two methods of distorted Froudian models and an equivalent single
degree of freedom system were used to model the platform. In the distorted
Froudian method, by allocating different scale coefficients for geometric
features and other specifications, the problem of modeling members that suffer
from problems such as unreality due to applying some scale coefficients (such
as the thickness of tubular members) is solved. In the second method, due to the
more significant effect of the first mode on the vibration of the system (more
than 90% mass participation), the structure becomes an equivalent single degree
of freedom model and the construction of the platform in the laboratory
becomes very simple. The obtained results showed the excellent accuracy of
both methods and the excellent efficiency of the equivalent system with an
equivalent single degree of freedom in the specific conditions in this research.

1. Introduction

For oil and gas exploitation, steel jacket platforms are
frequently used. At a depth of 100 to 150 meters, these
platforms are typically used. The steel jacket platforms
have a low vibration frequency of 0.125 to 0.5 Hz [1].
If the frequency of the jacket platform is in the range of
earthquake loading frequency, it may induce resonance
and increase the dynamic responses of the structure.
Due to the difficulty of obtaining data from prototypes,
it is important to develop and test offshore platform
models. Therefore, it is necessary to ensure that the
model accurately replicates the behavior of the original
sample. It is not easy to draw accurate analytical
expressions for the modelling of structure behavior, as
offshore platforms dynamics and description of their
mechanical properties are complex. However, this
behavior can be modeled using similarity techniques.
Similarity analysis is a partial analysis that leads to the
extraction of dimensionless equations or T expressions.
The advantage of this method is that it simplifies the
problem and provides the scale of the model. Each
dimensionless parameter of a functional equation or «
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term shall have the same numeric value for both models
and prototypes when modelling with simulation
methods [2]. Using simulation theory, it is necessary to
fulfill geometric, kinematic and dynamic simulations.
Experimental modeling has an important effect in
evaluating the dynamic behavior of offshore platforms.
In fact, it is fundamental for the validation and
calibration of numerical models and the evaluation of
design procedures. In the offshore industry, Froudian
scaling lows are adopted because this method usually
keeps the ratio between the hydrodynamic and
gravitational forces on the prototype and the model
constant [3]. However, this traditional scaling approach
does not take into account several phenomena that arise
in many practical cases. The seismic behavior of
offshore jacket platforms has been discussed by many
researchers using different methods [4—8]. Trung [9]
present a new Ensemble Empirical Mode
Decomposition-Hilbert transform (EEMD-HT)-based
analysis structures under an artificial and natural
excitation. Walia et al. [10] address the setup of the
scaled model testing as carried out at the offshore basin
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of the Ecole Centrale de Nantes, as well as the
numerical model for the GICON®-TLP!, and shows
good agreements for the tank tests and the numerical
models. In Erfani’s research [11], results of buckling
analysis of 384 finite element models, verified using
three different test results obtained from three separate
experimental investigations, were used to study the
effects of five parameters such as D/t, L/D,
imperfection, mesh size and mesh size ratio. Ou et al.
[12] showed that for an offshore platform, if the mass
contribution coefficient of the first mode is more than
90%, the structure can be considered as an Equivalent
Single Degree of Freedom (ESDOF) system. In
another study, Hosseinlou et al. [13] presented static
and dynamic compression methods to determine the
dynamic characteristics of the offshore jacket platform
in terms of uncertainty. Also, Leng et al. [14] achieved
favorable results of the dynamic control of the structure
by physically modeling a jacket platform with three
degree of freedom and another jacket platform with
five degree of freedom as an equivalent single degree
of freedom structure.

The purpose of this article is to present two modeling
methods for offshore platforms. These two methods
are: (i) Distorted Froudian (DF) [15] and (ii) ESDOF
model [16]. The scales of thickness, length and
modulus of elasticity are limited due to the Froudian
conditions. This is leading to modelling problems, and
certain scales have to be distorted. The length scale
may not be as similar to the modulus of elasticity scale,
e.g. In the past, all models have been built on the basis

of equal internal and external forces inside or outside
the members. Therefore, under those conditions the
distorted Froudian models developed in this area are
also defined. In the undistorted Froudian model, which
is not applicable for modeling offshore platforms, each
scale is fixed according to the ratio of modulus of
elasticity or the equivalent length scale (because the
length scale is fixed based on the ratio of modulus of
elasticity). In the second method, an MDOF? system is
modeled as an ESDOF structure based on the first
mode. It is necessary to explain, since in offshore
platforms the first mode is the dominant mode and the
participation coefficient of the first mode is greater than
90% [17], the assumption of the SDOF system of the
simplified jacket platform is confirmed. In the
following, a jacketed offshore platform is modeled
using these two methods and the advantages and
disadvantages of each method is discussed.

2. Methodology

Laboratory modeling of an offshore platform is of great
importance for predicting the behavior of the structure
due to the high cost of marine projects. This modeling,
when the loading is dynamic (such as an earthquake),
the complexity of predicting the behavior of the

! Tension Leg Platform

36

structure multiplies. But due to the many limitations
that exist for modeling (such as model dimensions,
behavior of materials, behavior of external loads, etc.),
it is necessary for this modeling to be accurate. In this
section, the rules governing the similarity between the
model and the prototype are explained. The distorted
Froudian model is defined as a model that satisfies the
conditions of equal internal and external forces and
equality of the Distorted Froudian number. Generally,
in this model, the speed scale defined by the Froudian
condition A, is considered equal to the structure speed
scale A,. The equality of the Distorted Froudian number
in the main structure and the model requires that [18]:

) |
Vet )\t ) €]

Where the index m is defined for the model and p for
the main structure. Also, / represents the length (or
dimension), v is the velocity of the structure, and g is
the acceleration of the earth's gravity. If the length scale
of a structural member is as A; = /,//,, the modulus of
elasticity (E) is as Az = E./E,, the thickness scale of
members (7) is as A, = t./t, and the density scale of
members (p) is as Ay = puw/p, are defined, it can be
written:

A=A

Since A, = A, A", therefore by placing it in Eq. (2)
it can be shown that:

A= /lp’l/IE

2

3)

For tubular members with diameter D and thickness ¢,
considering the moment of inertia of the section ratio
and Eq. (3), the following thickness scale factor is
obtained:

29 -l -1
h=4"Ay =44, “4)
If the model is without distortion (A, = 1), from Egs. (3)
and (4) we can write: Az = A; and A, = A;. This case is
defined as a Froudian model without distortion.

Therefore, for a Froudian model without distortion, the
relationships are presented as follows [15]:

/1p=l,ﬂl=lE,/1[=/1, ®)
In the case of the distorted Froudian model, Eq. (5) is
not met, while Eq. (4) is met. In this case, the length
scale may not be the same as the modulus of elasticity
or the thickness scale. But this scale coefficient is
associated with Eq. (4). Therefore, the length and

2 Multi Degree of Freedom
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thickness of scales may differ according to the modulus
of elasticity.

According to Eq. (4), the density and thickness scale
coefficients are limited by the scale coefficient of the
modulus of elasticity in the distorted Froudian model.
Usually the designer decides on a length scale in that
case. However, it is theoretically possible to select a
scale factor for thickness and modulus of elasticity
from Eq. (4), then calculate the length scale factor
accordingly. Alternatively, Eq. 4 shows a density scale
coefficient when the thickness and length coefficients
have been selected. As a result, mass must be corrected
in order to satisfy the Eqgs. of (3) and (4). For the
distorted Froudian model, Egs. (3) and (4) need to be
fulfilled. The results suggest that a scale factor of
internal and foreign forces should be identical.
Considering these requirements, it can be written: (i)
Egs. (3) or (4) do not need to be fulfilled at the same
time. (ii) Scale factor is different for internal and
external forces. (iii) In addition to the precise
determination of the structure speed and force scales, it
is provided to select the thickness, length and modulus
of elasticity scales A;, A, and Ax separately.

In the undistorted Froudian model, the length scale
coefficients and the modulus of elasticity are equal. In
practical terms, however, it is not possible to build such
a model due to the very small, perhaps unrealistic
thickness required for the model and the use of a
material whose modulus of elasticity is in line with the
length scale factor. Low thickness may cause buckling
of the structure. These problems are solved by selecting
the various scales for length and modulus of elasticity
according to a distorted Froudian model. Therefore,
despite the fact that with this method, suitable values

can be assigned for the thickness and modulus of
elasticity of the model, Eqs. (3) and (4) cannot be
satisfied simultaneously [15].

3. Jacket Platform Prototype

In this project, the platform model defined in the article
[19] was used for modeling. In the oil and gas industry,
the structures of this type of platforms are prevalent and
even similar to real platforms [20-22]. The steel
structure of this platform is 90 meters high and 80
meters deep. The platform jacket has four legs with
symmetrical dimensions of 32x32 (m?) on the
seabedand 20x20 (m?) on the topside. The total dead
and live load of the topside is 4850 tons. On the vertical
side, the platform has an inverted V shape steel bracing
with similar mechanical properties to the footings and
horizontal bracing. To consider the effects of soil-pile
interaction, the equivalent pile length method was used
at a height equal to 8 times the diameter of the pile [23].
Figure 1 displays the perspective of the jacket platform,
while Table 1 provides the detailed geometric and
mechanical characteristics of the jacket components.
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Table 1. Mechanical and geometric characteristics of jacket
members [19]

Modulus of elasticity of steel 200,000 MPa
= Poisson ratio 0.3 -
§ Yield stress 320 MPa
% Ultimate tension 405 MPa
§ Topside mass 4800 tos
Steel density 7.8n tons/m?>
Horizontal members diameter 1 m
2 Horizontal members thickness 0.012 m
Té Braces diameter 1.1 m
S Braces thickness 0.012 m
&) Legs diameter 1.5 m
Legs thickness 0.025 m

According to the dynamic equation of motion
presented in Eq. (1), the dynamic characteristics of the
SDOF jacket platform system were given in Table 2.
By performing modal analysis, the frequencies and
contribution coefficients of the first five modes were
presented in Table 3. As shown in Figure 3, the natural
frequency of the first mode is equal to 1.98 (rad/s).
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Figure 1. Jacket platform Figure 2. Platform model
[19] with an ideal SDOF system

/W j

Figure 3. Vibration mode and frequencies of the jacket
platform [19]

Table 2. Dynamic characteristics of the SDOF system of the
jacket platform [19]

Table 3. Modal mass participation percentage (cumulative)

Wity L EdIEE UX UY UZ RX RY RZ
(rad/s)

1 1.98 45 45 0 0 0 0

2 12.83 9 9 0 0 0 0

3 30.96 % 9 0 0 0 73

4 46.43 92 92 0 6 6 73

5 66.34 94 94 0 8 8 77

Level Level Level Level Level

1 2 3 4 5
Mass (tons) 220 200 195 130 4850
Stiffness
(MN/m) 90 350 210 115 42
[M {5} +[Cl{x) +[K{x) = F, (6)

In Eq. 6, the matrices [M], [C] and [K] are the matrices
of the mass, damping and stiffness of the jacket

structure, and {X }, {X } and {x} are the acceleration,
velocity and displacement vectors, respectively; and F.

is the external force of the earthquake.

To numerically solve Eq. (6), the Simulink module of
MATLAB software was used, using the fourth order
Runge-Kutta method. In this research, in order to
validate and define the jacket platform model (Figure
4), Mousavi et al.’s numerical research [24] has been
used.
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Figure 4. a) Mousavi et al.’s Jacket platform model [24] and
b) Comparison of platform topside displacement time
history under Kern County earthquake

The density of water was assumed to be 1024 kg/m°,
and the density of steel was 7800 kg/m? respectively.
The mass and stiffness matrices of the structure as a
model of a SDOF system are presented in Table 4.

Table 4. Dynamic characteristics of the SDOF system of the
research jacket platform [24]
Level Level Level  Level Level

1 2 3 4 5
Mass (tons) 157 154 151 137 1087
Stiffness
(MN/m) 556 444 375 286 67

This jacket platform was investigated with three
earthquake accelerations (San Fernando 1971, El
Centro, 1940, Kern County 1952 and Northridge 1992).
For the structure to be in the linear range during the
analysis, the value of earthquake accelerations was
scaled to PGA = 0.3g factor. Figure 4b shows the time
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history of platform topside displacement under the
Kern County earthquake. The RMS? time histories of
platform topside displacement are listed in Table 5 for
research [24] and the present study.

According to the results of the analysis of the desired
platform with the codes written using MATLAB
software (Figure 4b) and according to Table 5, an
insignificant difference (less than 5%) was observed
between the results, which indicates the accuracy of the
method used in this research.

Table 5. RMS response of platform topside

Earthquake Mousavi et Current Difference
d al. (cm) research (cm) (%)

Kern

County 4.89 4.72 35

San

Fernando 4.38 4.28 2.3

Northridge 5.42 5.36 1.1

El Centro 3.96 3.88

4. Modeling of Jacket Platform

For the modeling of the structure, due to the existing
limitations for the dimensions of the seismic table, a
sample platform made of steel was considered. Based
on the dimensions of the shaking table, the first
limitation is determining the length scale factor (A;).
Knowing the A, it is possible to calculate the thickness
of the tubular components in a platform model and this
will give very small value for its size. On the other
hand, for modeling the thickness (A;) of the pipe
sections used in the platform, due to the lack of
construction in very small dimensions, the same length
scale factor can not be used. So, it is necessary to
increase A, as much as possible using the distorted
Froudian model. The second important limitation is the
determination of the materials of the modeled platform.
In order to choose the type of material for the model, it
is necessary to use the proportional scaling factor for
the modulus of elasticity (Az) according to the
similarity rules of the distorted Froudian model based
on the nature of the problem. Availability, quick and
easy construction, strength and low cost are the most
important characteristics of model materials. In
desktop FDM* 3D printing, the most commonly used
materials are ABS®, PLA® and PETG’ 3D printing
filaments. The three materials ABS, PLA and PETG
differ in many aspects. The difference between them
can include tensile strength, density or even
application. Table 6 compares the important properties
and characteristics of these three filaments [25].
Availability and simplicity of construction and
implementation are important factors when choosing
materials. In this report, according to Table 6, ABS
material was used to build a small-scale platform model
[25]. As mentioned earlier, two limitations were raised

3 Root Mean Square
* Fused Deposition Modeling
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for platform modeling. The first limitation was the
longitudinal scale factor and the second was the
material type. However, the third limitation is the
amount of thickness of the tubular members of the
platform, which is very challenging due to the
limitation of making the thickness of the tubes, due to
their very small thickness as a result of small scaling.
Therefore, it is necessary to distinguish the length scale
factor from the scale factor for the thickness of the
tubular members. This problem is solved using the
method of distorted Froudian modeling.

Table 6. Differences among ABS, PLA and PETG [25]

Properties ABS PLA PETG
Tensile strength 27 MPa 37 MPa 37 MPa
Strain 3.5-50 % 6 % 6 %
6.1-7.2
Flexural modulus 4 GPa 4 GPa
GPa
Density g/em® 4.1-1 1.3 g/em? 1.3 g/em?
Melting point 200 °C 173 °C 173 °C
Yes, under Yes, under
Biodegradability = No the right the right
conditions conditions
Glass transition 105 °C 160 °C 160 °C
temperature
More High
ductility .
. Easier to strength and
Advantages and higher .
. print less
bending .
brittleness
strength
. Harder to Low heat Possibility
Disadvantages . . of
print resistance .
scratching

With the coefficients of modulus of elasticity and
thickness being known, according Egs. (1) to (5),
density and length coefficients are calculated. These
coefficients are presented in Table 7.

Table 7. Modeling scale coefficients

5 Acrylonitrile Butadiene Styrene
¢ Polylactic Acid
7 Polyethylene Terephthalate Glycol
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Ae AE M AT A Am
1:35.714 1:70 1:50 1:7.071 1:1.4 1:125000

In Table 7, Aris the time scale coefficient and A, is the
mass scale coefficient. For a better and simpler
modeling of the platform structure, the platform model
of the article [19] presented in Figure 1 was used.
According to the dynamic equation of motion, the
dynamic characteristics of the original and modeled
jacket platform are given in Table 8. As shown in
Figure 3, the frequency of the first vibration mode of
the main platform is e qual to 1.98 (rad/s).

Table 8. Dynamic characteristics of the SDOF system of the

jacket platform

Prototype

Level 1 Level2 Level3 Level4 Level5
Mass 220 200 195 130 4850
(tons)
Stiffness
(MN/m) 90 350 210 115 42
Model
Mass
(ke) 1.76 1.6 1.56 1.04 38.8
Stiffness
(KN/m) 36 140 84 46 17

The damping matrix is calculated through the Rayleigh
damping equation by considering 2% damping ratios
for all vibration modes of the platform [26]. The
dynamic characteristics of the original and modeled
structure used as equivalent SDOF in the longitudinal
direction are presented in Table 9.

Table 9. Dynamic characteristics of the platform of
Enferadi et al. [19] as ESDOF
Fundamental

Foquency, Mass Stiffness  Damping
i) (kg) (KN/m)  (KN.s/m)
Prototype  1.98 4.94x107  1.95x10° 3929.6
Model 14.05 3954102  78.1 0.222
5. Results

At first, to check the results of using the ESDOF
method for the prototype platform, by applying the four
earthquake records mentioned earlier, the time history
analysis was performed in the Simulink module of
MATLAB software using the fourth order Runge-Kutta
method and the results The following was obtained.
According to Figures 5 and 6, which are respectively
the time history of displacement and acceleration of the
platform topside for four earthquake records, a good
match was observed between the MDOF and the
ESDOF platform.
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Figure 5. Time history of topside displacement for (a) Kern
County, (b) Northridge, (¢c) San Fernando and (d) El

Centro earthquakes
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Figure 6. Time history of topside acceleration for (a) Kern
County, (b) Northridge, (¢) San Fernando and (d) El
Centro earthquakes

In order to quantitatively check and compare the results
of the time history analysis of the MDOF system and
the ESDOF system, the Max® and RMS values of the
displacement and acceleration of the topside for each
of the four earthquake records were averaged and

shown in Table 10.

Table 10. Comparison of the prototype MDOF system with

the ESDOF system
MDOF  ESDOF  Error (%)
Max displacement (m) 0.26 0.25 3.8
RMS displacement (m) 0.11 0.105 4.5
Max acceleration (m/s?) 0.3 0.291 3.3
RMS acceleration (m/s?)  0.06 0.06 0

According to figures 5 and 6 as well as table 10, it can
be seen that a good match is observed for the results of

8 Maximum
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the structure analysis of an equivalent degree of
freedom. The errors between the obtained results are
below 5%, which is negligible from an engineering
point of view.

By using the modeling method of the ESDOF structure,
the dynamic characteristics of the modeled structure
are presented in Table 9, in Figures 7 and 8§,
respectively, the time history of the displacement and
acceleration of the modeled platform topside with a
longitudinal scale factor of 1 to 50, for four Earthquake
record is drawn. Since the coefficient of numerical
longitudinal scale is smaller than one, therefore, in the
modeling of the structure, the duration of the
earthquake excitation is also reduced in proportion to A;
(equal to Ar). A good match between the MDOF
platform and the modeled ESDOF platform is
observed.
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Figure 7. Modeled topside displacement time history for (a)
Kern County, (b) Northridge, (c) San Fernando and (d) El

Centro earthquakes
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Centro earthquakes




Mohamadhosein Mohasel, Ahmad Reza Mostafa Gharabaghi / Comparative Analysis of Distorted Froudian and Equivalent Single Degree of Freedom Models
in Offshore Jacket Platform Seismic Simulation

As can be seen in Figures 7 and 8, the values of the
range of changes in the diagrams are proportional to the
scale factor defined for the main model of the platform.
To investigate this issue quantitatively, the Max and
RMS values of displacement and acceleration of the
topside for each of the four earthquake records were

averaged and shown in Table 11.
Table 11. Responses of the modeled ESDOF system

w,  Max RMS Max. RMS

©  displacemen displacemen acceleratio  acceleratio
2 t(m) t (m) n (m/s?) n (m/s?)

= 0.005 0.0021 0.291 0.06

For a more detailed investigation and comparison of the
structure modeling method using the distorted Froudian
method (DF) with the modeled ESDOF structure, in
Figures 9 and 10, respectively, the time history of the
displacement and acceleration of the modeled platform
topside is drawn for four earthquake records, which
indicates the good agreement of the results obtained
with both methods.

For quantitative analysis, the Max and RMS values of
displacement and topside acceleration for both
modeling methods under each of the earthquake
records were averaged and shown in Table 12.
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Figure 9. Comparison of the topside displacement time
history of the DF with the ESDOF for the (a) Kern
County, (b) Northridge, (¢c) San Fernando and (d) El
Centro earthquakes
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Figure 10. Comparison of the topside acceleration time
history of the DF with the ESDOF for the (a) Kern County,
(b) Northridge, (¢) San Fernando and (d) El Centro
earthquakes

Table 12. Comparison of the results of the modeled

platform
DF ESDOF  Difference
Max displacement (m) 0.0052  0.005 3.8%
RMS displacement (m) 0.002 0.0021 4.5%
Max acceleration (m/s?) 0.3 0.291 33%
RMS acceleration (m/s?)  0.06 0.06 0

As mentioned earlier, to use the technique of an
ESDOF system, it is very important and decisive to
determine the vibration modes and the corresponding
frequencies. In Figure 11, the mode shapes for both the
DF and the ESDOF are drawn and compared with each
other. As shown in Figure 11, a perfect match is
observed for the mode shapes for both methods.

Figure 11. Vibration mode shapes and frequencies of the
DF and ESDOF jacket platform

6. Conclusion

In this article, two methods were proposed for the
physical modeling of the offshore jacket platform. In
the first method, which is called Distorted Froudian
(DF) modeling, the modeling parameters for an
offshore platform under seismic loading were
investigated and the platform was modeled in a small
scale. For three parameters: length geometry, thickness
geometry, and material geometry, and corresponding
coefficients for time, mass, and stiffness of the
members, the DF model method has been used due to
operational constraints on the construction of tubular
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members of the platform, in particular for thickness. In
the second modeling method, which is called the
Equivalent Single Degree of Freedom (ESDOF) system
method, the structure is modeled as a single degree of
freedom system for simplicity of analysis and
especially model construction. It is necessary to explain
that the use of the ESDOF method has a very important
condition that the mass contribution coefficient of the
first mode should be more than 90%. A verification of
the Mousavi’s platform model [24] was used, and by
analyzing the mentioned structure, the accuracy of the
numerical analysis method, which was with Simulink
of MATLAB, and the accuracy of the written codes
were obtained. To verify that the two proposed
modelling methods are accurate, Enferadi et al.’s
offshore jacket platform model [19] was used. For
modeling, scale factors of 1 to 50 for length, 1 to 70 for
modulus of elasticity, 1 to 35.714 for thickness, 1 to 1.4
for density, and 1 to 71.071 for time were used. The
qualitative and quantitative results showed the
correctness and precision of the physical modeling
methods for this study. Since the construction of the
accompanying laboratory model has many problems
and complications, for the structures that have a mass
contribution coefficient of more than 90% for the first
mode, for the simplicity of the model construction, the
entire structure can be a simple ESDOF structure is
modeled where the frequency of the first mode of the
MDOF structure is equal to the frequency of the SDOF
structure. Finally, the results of this research can be
summarized as follows:

1) Distorted Froudian (DF) Model:

e These models address issues related to
geometric features and other specifications.

e By allocating different scale coefficients, they
solve problems like unreality due to applying
certain scale factors (e.g., thickness of tubular
members).

2) Equivalent Single
(ESDOF) System:

e In this method, the structure is simplified to
behave like a single mass-spring-damper
system.

e The first mode (vibration mode) dominates the

Degree of Freedom

system response (more than 90% mass
participation).
e This simplification makes laboratory

construction easier.
Both methods demonstrated excellent accuracy and
ESDOF system proved efficient under defined specific
conditions.
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1. Introduction

ABSTRACT

Applying renewable energy could decrease the side effects of fossil fuels,
therefore wave energy converters are crucial for implementing. This study
focuses on the experimental investigation of an OWSC (1:8) by considering
Caspian Sea for installation. After defining the significant hydrodynamic
coefficients that impact the performance of the OWSC, including damping,
pressure, and transmission coefficients, this study identified the parameters
influencing these coefficients and investigated how these parameters affected
them. The experiments were designed within the range of wave heights [0.04-
0.1] m, wave frequency [0.4-0.63] Hz and water depths [0.8-1.5] m. Previous
studies have shown that draft depth, wave height, and wave frequency are
parameters affecting the performance of WEC. In this paper, the effect of these
parameters on the hydrodynamic coefficients of the WEC was investigated. The
results showed that increasing the wave height decreases the damping
coefficient of the WEC, it was also shown that the effect of the dimensionless
draft depth on the damping coefficient has a non-linear behavior and the WEC
has the lowest damping coefficient at the optimal draft depth. An increase in the
wave height leads to a decrease in the pressure coefficient (Cp), the Cp
decreases by approximately 40% when the wave height changes from 0.04 to
0.1 m. The effect of the dimensionless wave frequency on the Cp is
insignificant. Increasing the dimensionless draft depth leads to an increase in
the transfer coefficient (Ct). Furthermore, the results of the correlation between
parameters and Hydrodynamic coefficients indicate correlation of
approximately -1 between wave height and Cp, close to -1 between wave height
and Cd, and a close to 0 between wave height and Ct.

energy density, significant storage capacity, lack of
pollution, and preservation of underground resources

In recent years, several energy sources have been
introduced and are being exploited. The growth in
population, the rise in energy demand, limitations of
fossil fuel resources, and the problems associated with
their consumption, such as increased CO2 emissions in
the atmosphere, climate change, global warming, etc.,
have led scientists to utilize clean and renewable
energy sources. Among these sources such as solar
energy, wind energy, biomass energy, geothermal
energy, and wave energy can be mentioned. Between
the mentioned renewable energies, wave energy is
particularly notable due to its advantages such as high
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[1]. With two-thirds of the Earth's surface covered by
oceans, harnessing ocean energy could be an important
source of green energy for coastal communities [2].
The essential requirement for absorption of wave
energy is the presence of a device capable of absorbing
the maximum amount of energy from the waves upon
their impact. In the world of renewable energies, WECs
are among the newest technologies [3]. WECs come in
various types, and each of these WECs utilizes a
different range of power generation mechanisms.
OWSC is anovel WEC designed to be installed in near
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shore and shallow water areas (depth of 10-20 m). In
shallow waters, the motion of water particles is
predominantly horizontal. OWSCs are specifically
designed to effectively interact with the horizontal
movement of particles, allowing for a large amplitude
of motion working surface area and minimizing energy
losses. The OWSC consists of a flap that rotates around
a horizontal axis, either above the water surface or near
the seabed, perpendicular to the direction of wave
propagation [4]. Lots of research has been carried out
on wave energy, and in most cases, energy extraction
systems have been developed on a laboratory scale.
These systems have been tested under simulated ocean
conditions, and some of them have progressed to the
operational phase. Drew et al. [5] in 2009, investigated
the overall status of wave energy, specifically focusing
on the various WEC technologies, with an emphasis on
projects being carried out in the United Kingdom.
Babarit et al. [6] in 2012, by analyzing the annual
power output of several converters, were able to extract
cost-related performance parameters. Renzi and Dias
[7]1n 2013 conducted an analytical study of an OWSC,
utilizing a semi-analytical model of the potential flow.
They derived correlations between the hydrodynamic
parameters of the system through their study. Their
parametric study showed that the excitation torque and
added moment of inertia increase with a growing in flap
width. Their results also demonstrated that an increase
in flap width has a significant impact on the energy
absorption coefficient. Sarkar et al. [8] in 2013
analytically investigated the OWSC efficiency by
considering six different wave conditions. The
modeling was performed using the potential flow
theory and Green's theorem. They conducted a
comparison between the performances of two WECs
with different widths. The results indicate the
importance of width on the power capture. A WEC
with a smaller width has a higher power capture
coefficient under the effect of waves with a shorter
wavelength. This is because the excessive widening of
a WEC limits its energy absorption under the effect of
waves with a short wavelength. Furthermore, due to
increased added moment of inertia, a flap with a larger
width has a higher power capture coefficient under the
effect of waves with longer wavelengths. Wei et al. [9]
in 2013 proposed the use of finite volume and dynamic
mesh methods to simulate wave forces on an OWSC
exposed to waves. The outcomes revealed that the
numerical model with dynamic mesh can be used for
modeling the motion large amplitude of a flap. Renzi et
al. [10] in 2014 performed numerical and semi-
analytical modeling (inviscid potential flow theory)
OWSC arrays in wave energy farm. They calculated
the hydrodynamic parameters and system performance
in different configurations using both models. They
found that using the second model allows for the
investigation of resonance phenomena. They also
showed using the second model that the symmetrical
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arrangement of transducers has a higher performance
than their asymmetrical model in a wave farm. Chang
et al. [11]in 2015 conducted a theoretical study (two-
dimensional potential theory) on wave energy
absorption by an OWSC in order to examine it. They
utilized the obtained results to validate their SPH
simulations, demonstrating that the SPH method is a
reliable approach for the design and optimization of an
OWSC. Ferrer et al. [12] in 2016 conducted a
numerical investigation on the slamming wave effect
on the OWSC using the OpenFOAM software. They
investigated the effects of fluid compressibility in the
flow by employing both compressible and
incompressible flow assumptions and compared the
obtained results. The results indicated that the
incompressible flow assumption provided sufficient
accuracy, and there was no need to use the
compressible flow assumption, given appropriate
discretization. Wilkinson et al. [13] in 2017 conducted
an experimental investigation on an an OWSC (1:30)
with a modular flap under regular waves, comparing it
with an OWSC with a rigid flap. In this model, they
used the simplest form of damping, which is uniform
damping for each module (each component of the flap).
They demonstrated that the modular structure for the
OWSC has advantages such as improved WEC
performance, reduced forces on the foundation, and
decreased construction and installation costs. The
modular flap generates 23% more total power
compared to the equivalent rigid flap. Jiang et al. [14]
in 2018 investigated the hydrodynamic response of an
OWSC along with various linear and nonlinear PTO
systems. They also optimized the performance of the
PTO systems aiming to enhance the performance of an
OWSC, for this purpose, they employed a PTO
simulation platform capable of generating different
types of damping forces. The comparison of the WEC's
efficiency under linear and nonlinear PTO damping has
shown that the nonlinear PTO does not provide a
significant advantage in power output. However, it
exhibits better stability. Brito et al. [15] in 2019
examined the performance of an OWSC using
numerical simulations in the SPH software, taking into
account existing mechanical constraints, including the
PTO system's compliance and flap inertia. The results
indicated that the simulated numerical model
accurately predicts the dynamics of the WEC. Brito et
al [16] also in 2020 studied the 1:10 scale OWSC
experimentally, taking into account the effects of the
PTO system. Additionally, they proposed a
mathematical model for PTO, The results indicated a
weak correlation between the WEC's performance and
its hydrodynamic response. Therefore, it does not
necessarily imply that the maximum performance
coincides with the peak hydrodynamic response. Liu et
al. [17] in 2020 conducted a numerical investigation on
cylindrical OWSC under the influence of regular waves
using the SPH method. They initially performed a
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comparison between the performance of cylindrical
and rectangular flaps. It was determined that cylindrical
flaps exhibit higher efficiency. Then, they proceeded to
investigate the effects of five parameters on the WEC's
performance, these parameters included the total mass
of the flap, the distance between the Hinge and seabed,
the damping of the PTO system, and the thickness of
the flap. The numerical results indicated that the higher
mass of the flap, thinner thickness, and more distance
between the hinge and seabed contribute to improving
the performance of the WEC. They also demonstrated
that by increasing the damping of the PTO system, the
WEC's performance initially increases and then
decreases. Cheng et al. [18] in 2020 conducted a
numerical study on an OWSC, including power
extraction, efficiency, and hydrodynamic response.
They found that as the wave amplitude increases, the
hydrodynamic response amplitude operator (RAO) and
performance decrease. Their results also showed that
appropriate design of the hydrodynamic coefficients
can create a resonance region, which can be beneficial
in achieving maximum effective performance. Liu et
al. [19] in 2022 studied the resonance phenomenon in
an OWSC under regular waves using the boundary
element method and investigated the correlation
between the resonance phenomenon and the WEC's
capture width ratio (CWR). The results showed that the

(@)
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T
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maximum power absorption period is closer to the
maximum angular velocity period than the natural
period of the flap, and thus the maximum CWR does
not occur during the resonance phenomenon. This
paper provides an experimental analysis of the
performance of an OWSC (1:8) specifically designed
for the Caspian Sea. Given that most studies are
conducted without accounting for scaling factors, this
study investigates the performance and hydrodynamic
behavior of the WEC at optimized draft depth by
analyzing the pressure, damping, and transmission
coefficients. Furthermore, the effect of wave
characteristics and draft depth on the hydrodynamic
coefficients were also investigated in terms of
correlation.

2. System Description

2.1. Physical model

OWSC system has been designed and constructed. A
schematic view of the system located in the wave flume
of the Sea-Based Energy Research Group at Babol
Noshirvani University of Technology has been shown
in figure 1 [20] wave prob and system’s dimensions
have been presented by authors in [21, 22]. The PTO
system and it’s components are also showed in figure
2.

W vy,

Figure 1. a model of an OWSC in a wave flume. a) top view b) side view

(a)

| Mol PTT

Tomckar fmudaw - |

(b)

Figure 2. a) a view showing the OWSC model b) schematic of OWSC and PTO system

To measure the angular displacement of the flap (0), a
tracker index has been used on the flap and a camera.
It should be noted that the camera is installed in a
suitable location with sufficient range to capture the
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large range of flap displacements. The location of the
camera and other measuring equipment can be seen in
Figure 3.
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Figure 4. Views showing the OWSC model

In Figure 4, views of the OWSC model can be seen. For
get more information about the system description, can
refer to another work of the author [23].

3. Experimental Study

Froude scaling can be used to simulate the conditions
of sea waves on a laboratory scale; according to the
study conducted by Alamian et al. [24] on the
conditions of waves in Caspian Sea, the selected wave
conditions were a wave period range of [4-6] s and a
wave height range of [0.5-1] meters, representing
waves with the highest energy density.

Table 1. Laboratory conditions of waves

Frequency Wave height Depth
(Hz) (m) (m)
0.4 0.8
0.43 0.9
0.47 0.04 1
0.50 0.06 1.1
0.53 0.08 1.2
0.57 0.1 1.3
0.60 1.4
0.63 1.5

Using Froude scaling, these conditions were converted
to laboratory scale, the design parameters of the test
were considered as Table 1.
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4. Experimental Modeling

Based on the conducted studies, the parameters that
affect the performance of an OWSC have been
identified as the wave height (Hi), the pressure
difference created in the PTO system (Ap), the flow rate
in PTO system (Q), and the angular displacement (6)

(Eq.(1)):

Powsc = f(h,H;,0,9,p,Ap,Q,d) (1)

Where d represents the hydraulic cylinder diameter, p
denotes the water density, and g refers to the gravitational
acceleration. After the non-dimensionalization of the
variables using the Pi-Buckingham theory, the following
dimensionless hydrodynamic coefficients were extracted.

az 22
C. = p )
¢ Q
c, = AP 3
P pgH; ®)
ho
C, = o 4)
L

Dimensionless damping coefficient of the OWSC (Cd),
Where Cd is the dimensionless damping coefficient of
the OWSC; the Cd shows the relationship between flow
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rate and pressure in the PTO system. Dimensionless
pressure coefficient has been shown by Cp and
indicates the relationship between pressure inside the
PTO system and incidence wave conditions, and the
dimensionless transmission coefficient (Ct) shows the
relationship between flap motion range and incidence
wave conditions.

5. Governing Equations

In this section, the equations used to calculate each of
the parameters are presented. In order to calculate the
pressure difference created in the PTO system, Eq. (5)
is used.

1
AP = Ep(Vlz —V,%) + pgh’ )

Where V is the water velocity at the reservoir inlet, V,
is the water velocity in the reservoir, and h' is the
distance between the reservoir and the fluem bed. The
equations used to calculate Q (the flow rate pumped by
the PTO system) are presented in another paper of this
study [23]. To calculate 0, the Tracker software, which
is a software for analyzing physical motion in video
files, was used; since the displacement obtained by the
Tracker software is in centimeter, Eq. (6) was used to
find the displacement angle in radians from the rotation
radius (r):

O(rad) = %

(6)

6. Laboratory Equipment and Data Collection

The equipment used in this study includes the
ultrasonic sensor US-100, a camera, and a webcam.
The specifications of these equipment are listed in
Table 2; more information about these equipment, as
well as their calibration and uncertainty, can be found
in reference [23].

Table 2. Specifications of measurement equipment

used
Measurement
Image Accuracy .
Equipment
Zoom: %34
Precisiqn: Video camera
921000 pixels . .
Nikon coolpix
Focal range: 1830
5.22 to 765
millim

Distance: 2 to

450 cm
. US-100 sensor
precision: 1
mm
Film speed: 30 ROTEL-
FPS RW120 web

camera
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7. Results and Discussion

In this section, three important dimensionless
hydrodynamic coefficients, including the damping,
pressure, and transmission coefficients, are evaluated
to investigate the performance of an OWSC. These
coefficients are calculated at each draft depth and the
effects of changing the draft depth and wave conditions
including wave height and frequency, are examined.
For this purpose, the dimensionless parameters of draft

2
depth (%) and wave frequency (f = HTw) were used.

The results indicate [23] that the WEC has higher
performance at wave frequency and dimensionless
draft depth (water depth) of 0.4 Hz and 0.59 (0.9 m).
Therefore, in this section, with the aim of investigate
the effects of changing water depth and wave height on
the hydrodynamic coefficients of the WEC, the wave
frequency is considered constant at 0.4 Hz.
Furthermore, to evaluate the effect of wave frequency
and wave height on these coefficients, the water depth
was fixed at 0.9 meters. Damping coefficient is a
measure of flow rate in PTO system. Figure 5 shows
the effect of dimensionless draft depth on the C4 at
different wave heights; as shown in Figure 5, there is a
parabolic nonlinear relationship between the
dimensionless draft depth and the Cq. Also it can be
observed that at the optimal dimensionless draft, The
value of Cyq is minimum. This point indicates that
reducing the damping coefficient at the optimal draft
depth leads to improved performance of the WEC.
Alternatively, rising the height of the wave results in a
decrease in the Cq. The important point is that in the
characteristic range of Caspian Sea waves, meaning
low wave height, the damping coefficient of the WEC
is higher than in seas with high wave height.

-
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Figure 5. Dimensionless draft depth effect on damping
coefficient

Figure 6 shows the wvariations of the pressure
coefficient of the WEC with the change of
dimensionless draft depth in different wave heights. As
can be seen from the figure, the effect of the
dimensionless draft depth on C, is negligible, but the
increase in wave height leads to a decrease in the Cp;
the reason for this is that the pressure coefficient is
inversely related to wave height and directly related to
pressure changes within the WEC. Since the effect of
the wave height is greater than the effect of pressure
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changes within the WEC, an increase in the wave
height leads to a change in the pressure coefficient.
The reason for this is that the C, has an inverse
relationship with the wave height and a direct
relationship with the pressure change inside the WEC,
since the effect of wave height is greater than the effect
of pressure changes within the WEC, an increase in
wave height results in a change in the C,.
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Figure 6. Dimensionless draft depth effect on pressure
coefficient

One of the important dimensionless hydrodynamic
coefficients in this study is the transmission coefficient
of the WEC. Figure 7 shows the changes in the
transmission  coefficient with the change of
dimensionless draft depth in different wave heights. As
can be seen from Figure 7, an increase in the
dimensionless draft depth leads to an increase in the
transmission coefficient of the WEC. It is important to
note that the C; at the optimal dimensionless draft depth
has larger values compared to other draft depth.
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Figure 7. Dimensionless draft depth effect on transmission
coefficient

In the following, the water depth is constant; the
relationship between the dimensionless wave
frequency and the Cq is shown in Figure 8. The results
show that as the dimensionless wave frequency
increases, Cq4 increases, one of the reasons for this is
that with an increase in frequency, the WEC loses its
ability to adapt to the wave and cannot complete a full
Course of rotation.
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Figure 8. Dimensionless wave frequency effect on damping
coefficient

Figure 9 examines the effect of dimensionless wave
frequency on the C,. It can be concluded that the
dimensionless wave frequency has not much effect on
the Cp, but the change in the wave height can be
effective by considering the wave height in the
denominator. As a result, the pressure coefficient
decreases by approximately 40% when the wave height
changes from 0.04 m to 0.1 m.
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Figure 9. Dimensionless wave frequency effect on pressure
coefficient

Figure 10 shows the effect of dimensionless wave
frequency on the transmission coefficient. From Figure
10, it can be seen that the C; decreases with increasing
dimensionless wave frequency. This decrease is more
severe at the lowest wave height than at other heights.
On the other hand, if the wave height is between 0.06
m and 0.08 m, the transmission coefficient has higher
values than at other wave heights.
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Figure 10. The effect of the dimensionless wave frequency
on the transmission coefficient

Given the importance of the transmission coefficient of
the WEC, its average values at different wave heights
have been calculated and are presented in Figure 11. It
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is found that changes in wave height can cause
nonlinear behavior in the Ci. The C; is small for both
low and high wave heights, while it reaches its
maximum value in the range of 0.07-0.08 m wave
height. This point is essential from a structural
considerations as it indicates that in the design of the
structure, the flap displacement should be considered
for this range of wave heights, rather than only for the
maximum wave height.
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Figure 11. Variation of the transmission coefficient with
wave height

parameters, their correlation can be examined. As
shown, if the correlation is close to one, the two
parameters are strongly directly related, meaning that
an increase in one parameter or variable leads to an
increase in the other variable. If the correlation is close
to -1, the two parameters have an inverse relationship.
This section presents the correlation between
dimensionless draft depth, wave height, and the
damping, pressure, and transmission coefficients, as
shown in Table 3. Table 3(a) shows the negative
correlation between the dimensionless draft depth and
the Cq, indicating that an increase in draft depth results
in a decrease in damping. Additionally, a stronger
negative correlation is observed between wave height
and Cg, which is 54% stronger. In Table 3 (b), the
correlation between the dimensionless draft depth,
wave height, and pressure coefficient is shown. The C,
has a very low correlation with the draft depth, almost
equal to zero, meaning that the change in the
dimensionless draft depth does not have much effect on
the C,. However, the correlation between wave height
and the C, is negative, near -1, indicating that the C,
decreases significantly as wave height increases.

To investigate the relationship between two
Table 3. The correlation between the dimensionless submergence depth and collision wave height with coefficients a)
transmission, b) pressure, ¢) damping
(a) (b) (c)
d/h Ct H d/h Cp H d/h Cd H
d/h d/h d/h
H H H

To better examine the correlation values for wave
height and dimensionless draft depth separately, Figure
12 has been plotted; it is clear that the correlation
between wave height and C; is close to zero, and
between wave height and Cq and C, is close to -1. This
indicates the importance of the wave height for the Cq

(a)
0.5
0
Ct
0.5
-1
1.5

ECd mCp Ct

and C, and its low importance for the C;. One of the
important points in this figure is the high dependence
of the transmission coefficient and damping coefficient
(compared to the C,) on the dimensionless draft depth
and the lack of correlation between the C, and the
dimensionless draft depth.

(b)
1
0.5
0
. Cp Ct
-0.5

mCd Cp =Ct

Figure 12. The correlation between a) wave height with damping, pressure, and transmission coefficients, b) dimensionless
draft depth with damping, pressure, and transmission coefficients
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8. Conclusions

In the evaluation of a WEC's performance, extracting
dimensionless hydrodynamic coefficients is of great
importance. Furthermore, investigating the effective
parameters on these dimensionless coefficients can
contribute to a better understanding of the WEC's
performance and help identify conditions in which the
WEC achieves its highest level of performance. In this
paper, after defining the important dimensionless
hydrodynamic coefficients of a model of the OWSC,
including the damping, pressure, and transmission
coefficients, they were calculated at different water
depths. The effect of parameters such as
dimensionless draft depth and wave conditions on
these coefficients has been discussed. Finally, in order
to examine the relationship of each coefficient with the
draft depth and wave height, the correlation of
dimensionless draft depth and wave height with each
coefficient has been calculated and evaluated.

The results show that by analyzing these
dimensionless coefficients, a better understanding of
the performance of an OWSC can be achieved, and the
analysis of the stated coefficients can be used in the
design of this WEC, the analysis of these
dimensionless coefficients can be utilized in summary,
the main results of the study are as follows:

* As the wave height increases, the damping of the
WEC decreases; the WEC exhibits higher damping
coefficients for lower wave heights compared to
higher wave heights.

» Water depth can affect the Cd has a nonlinear effect
of the parabolic type and the minimum damping of the
OWSC occurs at the optimized water depth, which
shows that reducing the damping coefficient leads to
better performance of the WEC.

* An increase in the wave height leads to a decrease in
the dimensionless pressure coefficient; the reason for
this is that the pressure coefficient has an inverse
relationship with the wave height and a direct
relationship with the pressure difference inside the
WEC, and since the effect of the wave height is greater
than the effect of the pressure changes in the OWSC,
as a result, increasing wave height causes to a change
in the pressure coefficient. The pressure coefficient
decreases by approximately 40% when the wave
height changes from 0.04 m to 0.1 m.

* The increase in dimensionless draft depth has
resulted in an increase in the transmission coefficient;
an important point to note is that the transfer
coefficient at the optimum draft depth primarily has a
larger value compared to other draft depths.

* Wave frequency can make damping coefficient
rising; because it could be that with the increase in the
wave frequency, the WEC loses the opportunity to
adapt itself to the wave and consequently it cannot
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complete a full course, which increases the WEC's
damping coefficient

*+ Wave frequency can decrease the transmission
coefficient; but this decrease is more intense at the
lowest wave height compared to other wave heights,
on the other hand, if the wave height is between 0.06
to 0.08 m, the transmission coefficient has larger
values compared to other wave heights.

* The wave height can lead to a non-linear behavior
in the transmission coefficient, the transmission
coefficient at small wave heights and large wave
heights has a small amount while the transmission
coefficient in the range of 0.07 to 0.08 m has reached
its maximum value, from a structural considerations
of view, this can be very important.
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1. Introduction

ABSTRACT

In this study, to identify the source of moisture for the widespread and heavy
rainfall that occurred on 21 and 22 January 2007 in the western and
southwestern regions of the country. To achieve this, we conducted a synoptic
and thermodynamic analysis of the rainfall. Daily precipitation data from 45
synoptic stations across 7 provinces were obtained from the Iranian
Meteorological Organization and analyzed. First, we identified the rainfall
through data from ground stations. Then, using upper atmosphere data and
relevant maps, we analyzed the widespread and heavy rainfall in the west and
southwest of the country. The results show that on the day of the onset of
precipitation, the Sudanese and Mediterranean low-pressure troughs merged on
the eastern edge of the Mediterranean, and on the day of the peak of
precipitation, the Sudanese low-pressure system independently caused the
rainfall of this period. The study of moisture flow maps showed that the Indian
ocean and Red, Oman and Persian Gulf Seas played a major role in
strengthening and providing moisture to the Sudanese low-pressure system
during the occurrence of precipitation. At high levels, on the day of the onset of
precipitation, the establishment of blocking in the west of the study area and the
displacement of the trough associated with it over the study area and the
expansion of the trough axis resulting from it to southern Arabia and the
location of the western half of Iran in the east and in front of the trough and its
association with low surface pressure have advanced simultaneously. The
establishment of the subtropical jet stream on the front of the trough and high
divergence played a major role in strengthening the Sudanese low-pressure
system, sucking moisture from southern water resources, and as a result,
widespread rainfall in the west and southwest of the country.

especially in various areas of a water-scarce land such

Synoptic climatology is a science that studies the as Iran, whose water resources rely on precipitation and
relationship between atmospheric circulations and the are accompanied by an increasing demand from a
surface environment of a region (Masoudian, 2006, 1). growing population (Asakereh and Razmi, 2011, 138).
Synoptic and thermodynamic analysis of atmospheric Since atmospheric instability and precipitation
circulation patterns, in identifying factors affecting the occurrence in southwestern Iran are generally affected
occurrence and behavior of precipitation, provides the by Sudanic systems, therefore, studying the dynamics
possibility of planning based on it. This kind of of the formation, evolution and decline of this system,
attention to precipitation is of particular importance, predicting and knowing the status of precipitation and
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planning for the exploitation of these precipitations as
reserves for the reservoirs of the region's dams, can be
effective and efficient in the management and planning
of water resources. (Mohammadi et al., 2012, 8).
Numerous studies have been conducted in Iran and
around the world with different approaches and goals
regarding synoptic and thermodynamic analysis of
heavy precipitation, which shows the importance of
studies and their applications. Among them, the
following can be mentioned.

(Littman, 2000, 170) classified the pressure and
geopotential height data at the 500 hectopascal (hPa)
level using cluster analysis and examined the
relationship of the resulting weather types with
Mediterranean precipitation. (Kahn et al., 2004, 881) In
“Interpretation and study of changes in hourly heavy
precipitation in Tokyo from 1980 to 19997, they
concluded that heavy precipitation occurred in the
1940s and 1990s. (Siebert et al., 2005, 16) studied the
regional and synoptic patterns of heavy precipitation in
Australia and defined seven synoptic patterns for heavy
precipitation in Australia using the path ranking
method using daily precipitation from 31 climate
stations during the years (1993 to 1997). (Mabhras et al.,
2004, 4) studied the circulation patterns of 500 hPa in
Greece. In his research, he identified six anticyclonic
patterns, eight cyclonic patterns, two mixed cyclonic
and anticyclonic patterns, and four special weather
patterns. (McGarrick et al., 1998, 116) The term plume
has been used to mean the explosion of tropical
moisture from the tropical part of equatorial Africa and
the Gulf of Guinea towards the Middle East and
southern Iran, which is a kind of attention to the
interaction of the tropical and extratropical regions;
that is, the location of the mid-latitude trough axis at
the exit of the subtropical jet stream causes clouds from
the tropical region of Africa to the Middle East and
especially southwest Iran, causing heavy and flooding
rainfall. (Keith Busher, 1994, 77) has mentioned
something similar for the subtropical region of North
America. The transfer of clouds from the equatorial
part of Africa and the Gulf of Guinea to the Middle East
and southwestern Iran and the occurrence of heavy
rainfall due to the location and shape or type of
curvature of the subtropical jet stream axis and the
unification of the mid-latitude trough axis at the outlet
of the subtropical jet stream in the northern Red Sea has
been demonstrated by examining satellite images of
several large storms and observing a very high density
of clouds over an area of several thousand kilometers
from the subtropical convergence belt (equatorial
Africa) towards the Caspian Sea (Dayan and
Abramsky, 1983, 63).

(Sabziparvar, 1991, 9) has studied the synoptic of
flood-causing systems in southwestern Iran. He
considers the main factor of heavy and flood-causing
rainfall in southwestern Iran to be the presence of a

55

deep trough at high level (so that the trough axis
extends southward to the south of the Red Sea).
According to their research, the dynamic
Mediterranean low pressure, while moving east and
southeastward, through the injection of cold air into the
low pressure of the Sudan region, causes this low
pressure to become dynamic and a combined system
called the Mediterranean-Sudanese system is formed,
which is an example of the interaction of a polar air
mass with a tropical air mass and brings relatively
significant rainfall in Iran. (Lashkeri, 2003) has studied
the Sudanese low pressure and its role in rainfall in the
south and southwest of Iran. He introduces the
Sudanese low pressure system as one of the elements
of the general atmospheric circulation in North Africa,
which is formed over western Ethiopia and Sudan most
of the year, and four general patterns resulting from the
arrangement of the Siberian systems, the North African
anticyclone, and the Arabian Peninsula, the North
African trough, and the Sudanese low pressure in the
lower and middle levels of the atmosphere, lead to the
occurrence of heavy rainfall in the south and southwest
of Iran. (Mafidi, 2004, 92) introduced a synoptic study
of flood-causing rainfall in the Middle East, which
appeared from the convergence zone on the western
side of the Ethiopian plateau and then moved towards
Iran or the eastern Mediterranean under the influence
of the topographic factors of the Red Sea and the
thermodynamic and dynamic conditions governing the
atmosphere of the surrounding areas. (Alijani, 2002,
131) used the calculation of vorticity to identify the
rain-causing masses of Tehran. He stated that the effect
of the 500 hpa level is more important than other levels
and that cyclone types produce heavier rainfall.
(Mafidi and Zarrin, 2005, 135) studied the effect of
Sudanese low-pressure systems on the occurrence of
heavy and flood-causing rainfall in Iran from a synoptic
perspective and stated that the main role in flood-
causing rainfall is attributed to the influence of the
polar vortex at the level of 500 hPa, which acts as the
main source of turbulence for the emergence of
anomalous circulation patterns and strengthening of the
Hadley cell or subtropical jet over the Mediterranean
and North Africa. (Masoudian, 2005, 163) analyzed the
Karun flood rainfall by analyzing the mid-level
circulation patterns and showed the role of
Mediterranean thoughts in causing such rainfall.
(Omidvar, 2007, 97) studied and analyzed the synoptic
and thermodynamic conditions of rainfall occurrence in
the Shirkuh region and concluded that the rainfall in
this region is caused by three synoptic systems: 1- The
establishment of Sudanese low pressure over the
Arabian Peninsula; 2- Combined Sudanese and
Mediterranean systems; 3- Mediterranean systems.
Akbari et al, 2016: 591 In examining the role of the
Blocking system in the January 2008 precipitation
event in southeastern Iran, they showed that during the
precipitation, the penetration of the Sudanese low
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pressure at the ground surface and the Blocking system
in the middle atmosphere caused the dynamics of low
pressure and the occurrence of torrential rainfall in the
region. (Ghavidel & Jafari, 2020: 17) In analyzing the
extremely heavy rainfall on April 1, 2019 in western
Iran, they concluded that at the ground surface, the
presence of low pressure in northern Arabia and at mid-
levels of the troposphere, the establishment of a cut-off
low blocking in western Asia provided the conditions
for the spread of unstable flows from the Red Sea and
Mediterranean to the western half of Iran. (Ghassabi
etal, 2022: 17) In examining the effects of daily
circulation patterns of the troposphere on dry and wet
events in Iran, they found that the expansion of south
and southwest currents from the Red Sea creates
conditions for the expansion of low-pressure centers
from the south of the Red Sea to southern Turkey and
the western parts of Iran, resulting in most precipitation
occurring in the western half of the Zagros Mountains.
Zakizadeh et al. (2018: 31) also considered the
establishment of a 65 m/s jet stream at a level of 300
hpa in the southern half of Iran, along with the
formation of a cold trough over the Caspian Sea, to be
the reason for the occurrence of heavy and widespread
precipitation in Iran. Omidvar et al. (2018: 35) studied
the heavy rainfall of December 24, 2014 in Kohgiluyeh
and Boyer Ahmad provinces and found that the
formation of a blocking phenomenon over the
Mediterranean Sea and its deep thought over Iraq,
resulting in the fall of cold air over the region and the
transfer of warm southern air, caused heavy rainfall on
this day over the studied region. According to Pazhoh
and Darand (2024), the concentration of precipitation
in Iran has increased in recent years, and the
concentration of precipitation in the western and
southwestern regions of the country was due to a
decrease in the frequency of rainy days and an increase
in the intensity of heavy rainfall. The purpose of this
research is to conduct a synoptic and thermodynamic
analysis of the causes of widespread and heavy rainfall
in the western half of the country in relation to low-
pressure systems and to analyze the moisture role of
water resources adjacent to Iran, the results of which
will help to further understand the rain-generating
systems in these regions.

2. Data and Methods

This study utilized two sets of data to analyze the
widespread and heavy rainfall that occurred on 21 and
22 January 2007 in western and southwestern Iran.
These data sets include ground station data and upper
atmosphere data. The ground station data consist of
daily precipitation measurements for 21 and 22 January
2007, obtained from the Machine Services Department
of the Iran Meteorological Organization. The upper
atmosphere data comprise reanalyzed data for
geopotential height, sea level pressure, zonal wind,
meridional wind, and omega, sourced from the
National Center for Environmental Prediction in
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Colorado. The jet stream map was created at the 250
and 300 hPa levels, while additional maps were
produced and analyzed at the 1000, 850, 700, and 500
hPa levels. Figure 1 illustrates the distribution of
stations in the study area. Furthermore, the total 24-
hour rainfall on 21 and 22 January 2007 for more than
45 stations located in the western and southwestern
regions of the country is presented in Table 2. The
rainfall began in the southwest on 21 January and
peaked on 22 January, with significant amounts
recorded at stations such as Kohrang (55.8 mm) in the
southwest, Doroud (50 mm), and Azna (35 mm) in the
west of the region. Table 1 details the geographical
locations of the stations in the studied area.
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Figure 1. Study area and selected stations

3. Results and Discussion

Table 2 shows the 24-hour rainfall at selected stations,
with the peak rainfall occurring on January 22, 2007,
and the highest rainfall was recorded at Koohrang
station with 55.8 mm due to the influence of the
mountainous factor, followed by Doroud and Yasuj
stations with 50 and 33 mm.
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Table 1. Geographical location of stations in the study area

Stations Height lon lat Stations Height lon lat
Bijar 1883 47 37 35 53 Azna 18719 49 25 33 27
Qorveh 1906 47 48 35 10  Ashtar 1567.2 48 15 33 49
Marivan 12868 46 12 35 31 Badrabad 11548 48 16 33 26
Sanandaj 13734 47 0 35 20 Boroujerd 1629 48 45 33 55
Kamyaran 1404 46 56 34 48 Boroujen 2197 51 18 31 57
Hamedan 17415 48 32 34 52 Yasuj 18315 51 41 30 50
Malayer 1777.8 48 51 34 15 Dogonbadan 699.5 50 46 30 26
Tuysarkan 17832 48 26 34 33 Lordegan 1580 50 49 31 31
Nahavand 16809 48 25 34 9 Farkhshahr 2065 50 56 32 18
Ravansar 1379.7 46 39 34 43 Kuhrang 2285 50 7 32 56
Sarpol 545 45 52 34 27 Shahrkurd 20489 50 51 32 17
Kermansha 13186 47 9 34 21 Dhadiz 1457 50 16 31 43
Kangavar 1468 47 59 3 30 Lali 365 49 6 32 20
Islamabad 13488 46 28 34 7 Behbahan 313 50 14 30 36
Gilan Gharb 816 45 56 34 8 Hindijan 3 49 44 30 17
Sararud 1361.7 47 18 34 20 Ramhormoz 150.5 49 36 31 16
Dorud 15222 49 0 33 31 Dareshahr 670 47 24 33 8
Aligudarz 2022 49 42 33 24 Dehloran 232 47 16 32 41
Khorramabad 11478 48 17 33 26 Ilam 1337 46 26 33 38
Kohdasht 11978 47 39 33 31 Lomar 850 46 50 33 34
Noorabad 1859.1 48 0 34 3 Mehran 150 46 11 33 7
Poldukhtar 7135 47 43 33 9 Sarabeleh 1045 46 34 33 47
Table 2. - - - Total 24-
hour row Station Total 24- row Station name Total 24- row Station Total 24-
name hour p in hour p in name hour p in
mm mm mm
21 22 21 22 S
Jan Jan Jan  Jan 21 22
Jan Jan
1 Borujen 3 13 17 Doroud 0 50 33 Sarabeleh 0.8 2
2 Yasuj 7 33 18 Amanabad 0 24 34 Badrabad 53 214
3 Dogonbadan 4 20 19 Khoramabad 5.5 244 35 Borojerd 4 28
4 Lordegan 5 53 20 Kuhdasht 9 23 36 Nahavand 35 193
5 Farkhshahr 0 13 21 Noorabad 2 19 37 Kamiaran 0 3
6 Kuhrang 6 55.8 22 Poldokhtar 125 27 38 Marivan 1 0.2
7 Shahrkurd 4 104 23 Hamedan 3 62 39 Sanandayj 1 0.4
8 Dhadiz 0 25 24 Malayer 5 104 40 Ravansar 2 0
9 Lali 1 26 25 Twiserkan 1.1 5.1 41 Sarpol 6 0.4
10 Behbahan 2 10 26 Aligudarz 1 22 42 Kermansh 29 7
11 Hindijan 0 8 27 Azna 0 35 43 Kangavar 7 11.4
12 Ramhormoz 2 52 28 Dareshahr 13 23 44 Islamabad 1.2 11.6
13 Bijar 0 5 29 Dehloran 11 8 45 Gilangharb 3.1 10
14 Qorveh 07 15 30 Ilam 33 438
15 Sararud 0.2 9.1 31 Lomar 55 6
16 Aleshtar 0 16 32 Mehran 7 15
precipitation of the studied stations
3.1. Synoptic and dynamic conditions of the first day Iran, and western Iran is located in the eastern half of
of precipitation on 21 January 2007 this integrated system. And the center of this low
As you can see in the sea level pressure map in Figure pressure coincides with the upper atmosphere trough.

2, an inverted low pressure with a pressure of 1005 hpa
is closed on the eastern edge of the Mediterranean,
which has formed a Sudanese-Mediterranean
integrated system that covers from Sudan to northwest
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Figure 2. Sea level pressure map on January 21, 2007, one day before the peak of precipitation

In the 850 hPa height map in Figure 3, it is observed
that a trough with 1395 geopotential meters is closed
on the eastern edge of the Mediterranean Sea, which
has a south-north curvature from the south of the Red
Sea to the eastern edge of the Black Sea. Western Iran
is located on the eastern edge of the trough and in front
of it. At the 700 hPa level in Figure 4, the trough
located on the eastern edge of the Mediterranean,
which is a Cutoff Low, has deepened compared to the
850 hPa level, and the southern limit of this strong
cyclone has extended to Sudan, where the study area
(western Iran) is located in front of the trough that
advects warm and humid air. The study area is
currently under the influence of the ridge resulting from
the high over Arabia, which plays the role of feeding
moisture into the Sudanese system. In the omega map
of the 1000 hPa level in Figure 5, it is observed that a
field with a strong positive omega is closed over the
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western half of Iran with 0.2 Pascal/Second (P/S),
which indicates air convergence at this level. At the 850
hPa level in Figure 6, the presence of a closed negative
omega field with -0.25 P/S over western Iraq and the
location of western Iran to the east of this negative
omega field indicates severe divergence and increased
instabilities on the first day of precipitation. It is
observed that over the Mediterranean, the positive
omega indicates convergence over this sea. However,
over Sudan, along the negative omega field over
western Iran, it is completely negative omega, which
indicates severe moisture divergence from Sudan to
western Iran. At the level of 700 hPa, Figure 7, the
negative omega field became stronger and closed at -
0.4 P/S over western Iraq, which exactly coincided with
the center of low pressure on the earth's surface, and the
south-north direction of the negative omega coincided
with the location of western Iran in front of the trough.
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Figure 3. Composite maps of geopotential height (line) and omega (color) on January 21, 2007, one day before the peak of
precipitation, at levels A: 1000, B: 850, C: 700, and D: 500 hPa, respectively.

In the 1000 hPa humidity map in Figure 4-A, it is
observed that the highest specific humidity with more
than 14 g/kg is closed over the Red Sea, which is in the
direction of these currents from Sudan, but it reaches
less than 12 g/kg over the Mediterranean Sea. It is
observed that at the level of 850 hPa in Figure 4-B, the
maximum specific humidity is still present over the
Red Sea and low latitudes, and the expansion of this
specific humidity is located exactly in front of the
trough, which is approaching from low latitudes over
the western region of Iran. In Figure 4-C, the path of
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the maximum specific humidity coincides with the east
of the trough axis, extending southwest-northeast and
passing over the Red Sea, Saudi Arabia and the Persian
Gulf, and a second weak moisture core is also in the
east of the Mediterranean Sea, which is seen separately
in the center of the cyclone circulation. At the 500 hPa
level, Figure 4-d shows that the amount and flow of
moisture have decreased, but the maximum source of
moisture is seen at low latitudes and in southern Arabia
and the Gulf of Aden.
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Figure 4. Composite maps of moisture advection (colored arrows) and geopotential height (line) on January 21, 2007, one day before
the peak of precipitation, at levels A: 1000, B: 850, 700, and 500 hPa, respectively

Figure 5-A shows the 250 hPa level of the jet stream on
January 21, 2007, the day before the peak of the
precipitation system activity. It can be seen that the
core of the jet stream is located in the west-east
direction with a speed of more than 60 m/s in southern
Iran, Saudi Arabia and the Sea of Oman, with the study
area located to the north of the core of the jet stream. In
the 300 hPa level of the jet stream in Figure 5-B, while
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the speed in the core decreases, it maintains its same
position at the 250 hPa level, which covers Iran by
passing through the northeastern lands of Africa and
Saudi Arabia, and at both levels of 250 and 300 hPa,
the curvature of the jet stream extends towards the
study area and coincides with the path of maximum
moisture advection at the east of the trough axis.
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Figure 5. Jet stream maps on January 21, 2007, one day before the peak precipitation at levels A: 300, B: 250 hPa, respectively.

3.2. Synoptic and dynamic conditions on the day of
the peak activity of the precipitation system,
January 22, 2007

In the sea level pressure map in Figure 6, it can be seen
that the low pressure center closed at 1014 in the center
of Saudi Arabia and with its south-north extension
stretched from southern Saudi Arabia to northwestern
Iran. Compared to the closed low pressure the previous
day, with an eastward movement from the eastern edge

slp 22 jan 2007

of the Mediterranean to western Iran on the day of the
peak of the precipitation, the low pressure center was
completely located over the study area. Behind the low
pressure system, the infiltration of cold high pressure
by passing over the Mediterranean Sea and the
advection of warm air from the Arabian Sea in front of
the low pressure system increased its intensity.
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Figure 6. Sea level pressure map on January 22, 2007, the day of peak precipitation (color range: low pressure)

At the level of 850 hPa, Figure 7-b shows the location
of the closed cyclone center with 1470 geopotential
meters in western Iran, which covers most of Iran and
extends from Sudan towards the region with its
southwest-northeast curvature, and while deepening
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and changing the direction of the trough front to
southwest-northeast, it has led to an increase in the
advection of warm and humid air over the region. At
the level of 700 hPa, Figure 7-c, the cyclone center with
3000 geopotential meters has moved eastward, but it
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has become wider and deeper than the previous day,
and its southern tongue has expanded towards low
latitudes. With the cyclone center moving eastward, the
trough has also moved eastward, and as a result,
western Iran has been affected by the instability process
of the trough front. And the high over Arabia, while
becoming wider, plays the role of feeding more
moisture into the Sudanese system. The formation of
an omega-shaped blocking in the injection of cold air
behind the trough has also led to further strengthening
of the 700 hPa trough. It is observed that with the
deepening of the trough and the increase in meridional
curvature and the eastward movement towards Iran, the
warm and humid air has well diverged the southern
water resources. In the 500 hPa level map (Figure 7-d),
the depth of the trough is greater and the cutoff-low is
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located over West Asia. In the combined omega-
geopotential height map of the 1000 hPa level, Figure
7-a, it is observed that the western half of Iran is
dominated by the positive omega field, whose center is
closed in northwest Iran with 0.25 P/S, which indicates
air convergence in the lower atmosphere. At the 850
hPa level, the center of the negative omega field is
closed over the Persian Gulf with -0.2 P/S, which
extends to western Iran and indicates the strengthening
of air instability and divergence at this level. At the
level of 700 hPa, the intensity of the negative omega
increased, reaching -0.3 P/S at its center, extending
from Sudan to northern Iran with a southwest-northeast
curvature, which strengthened the instabilities and
showed a peak of precipitation on January 22, 2007.
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Figure 7. Composite maps of geopotential height (line) and omega (color) on January 22, 2007, peak precipitation at levels A: 1000,
B: 850, C: 700 and D: 500 hPa, respectively

In the moisture advection map at the 1000 hPa level,
Figure 8-A, a specific moisture core of more than 10
grams per kilogram is observed over southern Arabia,
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with a counterclockwise wind and a southwest-
northeast current direction, which is aligned with the
trough map located over the western half of Iran in
front of the trough over the study area. At the 850 hPa
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level, Figure 8-B, the highest specific moisture core is
over Sudan and southern Arabia, and the current
direction is also in the same direction as the 1000 hPa
level and coincides with the trough front, which has
caused the advection of warm and humid southern air
in the occurrence of instabilities and precipitation in the
western half of Iran. The currents over the Indian
Ocean are completely westward, and from there, they
move towards higher latitudes, passing through the
Arabian Sea and advection into the study area. It is
observed that the cyclonic circulation, aligned with the
Sudanese low-pressure track, with a southwest-
northeast direction and passing over Saudi Arabia and
the Persian Gulf, has provided precipitation moisture
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on the peak day. In Figures 8c-d, the levels of 700 and
500 hPa also have the maximum specific humidity in
the south of the Red Sea and Arabia, but compared to
the lower levels of the atmosphere, the path of moisture
entry has shifted to the east and has advected from the
southeast of Arabia and the west of the Arabian Sea,
passing over the Persian Gulf and with a deep cyclonic
circulation coinciding with the east of the trough axis,
advection over the western and southwestern regions of
Iran. It is observed that at the levels of 700 and 500 hPa,
the strengthening of the anticyclonic circulation over
the Arabian Sea plays a major role in sending moisture
into the Sudanese low-pressure system and in front of
the trough.

2007
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Figure 8. Composite maps of Moisture advection (colored arrows) and geopotential height (line) on January 22, 2007. Peak
precipitation , atlevels A: 1000, B: 850, 700, and 500 hPa, respectively.

Figure 9 shows the total specific humidity map of 1000
to 500 hPa levels during rainy days in western and
southwestern Iran. Based on this map, it is observed
that the cores of maximum specific humidity in East
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Africa and the low pressure area of Sudan with an
intensity of more than 80 g/kg have been formed, which
indicates the effect of east-west circulations from water
resources towards land, from where, due to the
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penetration of the mid-level atmospheric trough to
these areas, conditions have been prepared for the
advection of specific humidity with a southwest-

northeast extension towards the study area. Here, by
eliminating values less than 35 g/kg, the specific
humidity path has been more clearly identified.
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Figure 9. Map of total specific humidity for the rainy days of January 21 and 22, 2007

Figure 10 shows the jet stream at levels of 250 and 300
hPa on January 22, 2007. On the day of the peak
rainfall, the subtropical jet stream, entering from the
northeast of Africa and located on the left side of the
jet stream outlet over the western half of Iran, shows
the highest divergence. The central core speed is very
high at levels of 250 and 300 hPa, 60 and 55 meters per
second, respectively. By passing over the southern

jelstream 300 hpa, 22 jan 2007

sources and lands in a southwest-northeast direction,
and the jet stream coincides with the upper divergence
and east of the trough axis, and coincides with the
specific moisture path and vorticity maps, it has
provided cyclone-forming conditions in the region and
led to an intensification of instabilities.

jetstream 250 hpa, 22 jan 2007
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Figure 10. jet stream maps on January 22, 2007, peak rainfall, respectively at levels A: 300, B: 250 hPa
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4. Conclusion

The occurrence of widespread and heavy rainfall in the
west and southwest is a prominent characteristic of
these regions. Since the moisture factor is more
important than the ascent factor for -creating
widespread and heavy rainfall, it seems necessary to
identify the sources and origin of precipitation
moisture. In this study, the synoptic and dynamic
conditions of the heavy and widespread rainfall on 1
and 2 Bahman 1385, corresponding to 21 and 22
January 2007, and its relationship with the moisture
sources adjacent to Iran and the Sudanese and
Mediterranean low-pressure systems were
investigated. In the sea level pressure maps on the first
day of precipitation, the Sudanese and Mediterranean
low pressure systems merged on the eastern edge of the
Mediterranean and on the day of peak precipitation, the
center of the Sudanese low pressure system was
independently closed over western Iran and high
pressure centers were located in northwest Iran and
over Turkey with 1032 and 1028 hPa, whose
northwest-southeast lobes introduced cold air behind
the Sudanese low pressure system, increasing the
thermal gradient and strengthening the Sudanese
system on the day of widespread precipitation in west
and southwest Iran. Examination of the omega and
geopotantial height maps also indicates divergence and
severe cyclonic rotation in the ascend of moist air on
the day of precipitation. With the deepening of the
trough over Arabia and Iraq to the Red Sea region and
its association with the Sudanese low pressure on the
surface of the earth and its movement in the southwest-
northeast direction over the study area and the Arabian
high pressure with its establishment over the Arabian
Sea and Oman is the main factor in transferring the
moisture of the Arabian Sea and Oman into the
Sudanese low pressure. The high pressure established
over the Arabian Peninsula, the Arabian Sea and the
northwestern Indian Ocean as one of the necessary
conditions for the formation, strengthening and
development of the Sudanese low pressure (Lashkari,
2003, 134) helps to further strengthen the precipitation
system by advection of warm and humid air into the
precipitation system. In the troposphere maps on the
day of the peak activity of the precipitation system, the
western and southwestern regions, which had a positive
troposphere maximum, faced widespread and heavy
rainfall. Jet stream maps at the levels of 250 and 300
hPa indicate the location of the subtropical wind with a
southwest-northeast direction that passed through the
northeast of Africa and the core of the maximum jet
stream speed was over Arabia and the Red Sea. The
studied area was also on the left side of the jet stream
outlet, which coincided with the omega path and
humidity and the left half of the jet stream outlet was
located exactly in the east and in front of the trough
axis, which has well discharged and diverged the
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ascending air in front of the trough. The results of this
study on the impact of the Sudanese system are
consistent with the research of Lashkari (1996), Mofidi
(2004), and Omidvar (2007). Also, the largest amount
of moisture was taken from the water sources of the
southern Red Sea, western Arabia and Oman,
respectively, while there was a small amount of
moisture transfer from the Mediterranean. Which is
consistent with the results of Darand and Pazhoh
(2019).
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