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Monsoonal patterns of wave reflection from rubble
mound breakwater of Chabahar Bay
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Abstract

This paper presents the results of a one-year field study on the monsoonal reflective response of the rubble mound
breakwater (RMB) of Chabahar Bay, located on the northern coast of the Gulf of Oman, Iran. Measurements show
that, in general, the correlation between the reflection coefficient and Iribarren number during the winter monsoon
period is more remarkable than that of the summer monsoon period. The difference in wave reflection behavior during
monsoonal periods is mainly due to the energy proportion of incoming sea and swell waves. Various characteristic
wave periods by means of power- and hyperbolic-law prediction functions are explored to enhance the wave reflection
prediction, highlighting the significant performance of negative-moment spectral periods 7, ; and 7,, , compared
with peak and mean spectral periods. Statistical comparison of the performance of 7,,_; and 7,, 5 shows that
T, o considerably improves the prediction accuracy for moderated energy waves with bimodal sea and swell climates
originating from different directions in the winter monsoon and pre-summer monsoon months. However, the prediction
improvement is insignificant for unimodal energetic waves observed during the summer monsoon months. Generally,
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using T, increases the accuracy of the preexisting equations in predicting the observations of this study.
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1. Introduction

Chabahar Bay, situated along the Makran coastline north
of the Gulf of Oman, is a strategic port pivotal to trade,
connectivity, economic growth, and regional stability in
the southern part of Iran. The rubble mound breakwater
(RMB) of Shahid-Beheshti commercial port plays a cru-
cial role in mitigating coastal wave hazards, further sup-
porting these activities through Chabahar Bay. The Gulf
of Oman is subject to significant seasonal changes in wind
direction and wave cycles that influence its wave climate,
environment, and economic activities. These different at-
mospheric regimes are primarily driven by the seasonally
reversing Indian Ocean monsoon wind system (Sinha et
al,, 2020; Shamiji, 2021; Smitha et al., 2023). Prevailing
winds typically originate from the southwest between May
and August, marking the summer monsoon season, and
from the northeast between November and February for
the winter monsoon period (Shankar et al., 2002; Lahiri
and Vissa, 2022; Karnan and Gautham, 2023). The inter-
monsoonal months of March-April and September-October
are pre-summer monsoon and post-summer monsoon pe-

riods, respectively, which exhibit relatively shifting wind
patterns (Vinod Kumar et al., 2014; Smith et al., 2020; Kr-
ishnaetal., 2023). This annual monsoon cycle brings about
changes in wave energy and direction, which have impli-
cations for the performance of coastal defense structures,
coastal erosion, and navigation.

Saket and Etemad-Shahidi (2012) explored the Indian
Ocean monsoons to investigate wave power potential along
the Iranian coasts of the Gulf of Oman. They revealed that
the most energetic waves in Chabahar Bay originate from
the southwest monsoon between June and August, with
significant wave heights ranging from 1 to 3 m and periods
between 4 and 8 s, primarily in the southeast direction.
However, they did not explain how southwest winds could
generate significant waves in the southeast direction. Am-
rutha et al. (2015) examined wave characteristics before,
during, and after the onset of the Indian summer monsoon
using data collected by buoys located off the central west
coast of India. Their research revealed significant changes
in the wave field during the monsoonal periods, with mean
significant wave height increasing from 0.7-0.9 m before
the monsoon to 2.4-2.6 m during its domination. Addi-
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tionally, the peak wave period in one day varied up to 15 s
before the monsoon due to the influence of the sea-land
breeze circulation. Sreelakshmi and Bhaskaran (2020)
presented a comprehensive analysis of 41 years of ERA-5
wind-wave data (1979-2019) in the Indian Ocean, includ-
ing long-term trends, inter-annual, and inter-seasonal vari-
ability. They identified the Makran coast as a region with
higher variability in significant wave height. Nevertheless,
while the effects of monsoonal hydrodynamic changes on
Makran coastal waves are of great importance for predict-
ing the long-term performance of protective structures,
most studies have targeted sediment transport (Bourget
etal, 2010), climatic geomorphology (Kober et al., 2013),
ecological risks (Kor et al., 2021), and cyclone hazards
(Prizomwala et al., 2022; Haider et al., 2023).

Coastal waves can potentially pose substantial hazards
such as shore erosion, inundations, property damage, and
navigation hazards (e.g., Gao et al., 2021; Cao et al,, 2022;
Krishna et al.,, 2023; Uscinowicz et al.,, 2023). Considering
significant energy in strongly forced wind-sea and long
swell waves approaching the shorelines, coastal defense
measures play a critical role. Amongst them, the construc-
tion of rubble mound breakwaters is widely recognized as
the conventional approach for wave mitigation, offering
advantages such as the ability to adapt to seabed alterna-
tions and shoreline variations and comparatively lower
maintenance costs (Mahmoudof and Hajivalie, 2021; Li
et al, 2022; Nguyen et al., 2022; Diaz-Carrasco, 2023).
However, the mitigation of harbor oscillation, as a crucial
problem challenging port operation, has been investigated
in some recent studies (e.g.,, Wang et al., 2022; Dong et
al,, 2023; Gao et al., 2024). Assessing the hydraulic perfor-
mance of existing harbor RMBs against seasonal variations
of incoming waves is a hot topic in coastal engineering to
determine whether the structures can meet their func-
tional requirements (Galiatsatou et al., 2018; Sierra, 2019;
Radfar et al,, 2021). Therefore, an accurate understand-
ing of RMBs interaction with nearshore processes, such as
wave transformation (e.g., Harry et al., 2018; Mahmoudof
et al,, 2021c; Mahmoudof and Takami, 2022), breaking
(e.g., W. Zhao et al,, 2023), reflection (e.g., Diaz-Carrasco et
al,, 2021), and overtopping (e.g., Irfas Mata and Van Gent,
2023), is very crucial. The challenges linked to the reflec-
tion of incoming waves off coastal structures and natural
shorelines, however, are widely acknowledged as danger-
ous sea states from the point of view of vessel safety, port
operability, sediment scour, and the performance of float-
ing wave energy converter systems (Zanuttigh and Van
der Meer, 2008; Barak et al.,, 2018; Zhang et al., 2020; Gao
etal.,, 2023).

A majority of researchers agree that the Iribarren num-
ber or breaker parameter ¢ is the most appropriate pa-
rameter for describing the waves interacting with coasts
and structures (Battjes, 1974; Postma, 1989; Buccino and
Calabrese, 2007; Iglesias et al., 2008; Myrhaug, 2020; Liu
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et al,, 2021; Stagnitti et al,, 2023):
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where tan(«) is the structure or coast slope, H,,, denotes
the significant wave height, 7), , is the offshore peak period,
and g is the gravitational acceleration. However, the capa-
bility of £ could be variable based on the spectral shape, the
combination of the sea and swell waves, and their energy
contents, or the intensity of wave breaking. Dekker et al.
(2007) and Zanuttigh and Van der Meer (2008) empha-
sized replacing the peak period 7}, with the spectral wave
period T, to reduce the variability of the reflection co-
efficient K. with respect to ¢ for shallow water situations
or bimodal wave regimes. However, discussions regarding
the optimal period parameter to minimize the scattering
of predictions in nearshore areas are still in progress (e.g.,
Mahmoudof et al., 2023). Several spectral methods have
been proposed to consider the effects of bimodal wave
energy spectra, for example, geometric methods that use
detected (two) peaks with a scale factor for wave run-up
(Van der Meer, 1997). Nonetheless, more generic methods
employ different orders of spectral moments of the wave
energy spectrum to calculate spectral wave periods.
Utilizing negative-moment spectral periods has receiv-
ed much focus during the last two decades for describ-
ing wave run-up and overtopping over shallow foreshores
(Hofland et al., 2017; Altomare et al., 2020; Liu et al., 2020;
Mahmoudof et al., 2023). This is mainly because such spec-
tral periods give more attention to lower frequencies in the
wave energy spectrum than higher frequencies, which is
more critical for shallow waters where infragravity waves
and bimodal spectra appear (Zanuttigh and Van der Meer,
2008; Gao et al,, 2018; Gao et al., 2019). Van Gent (2001)
compared several characteristic periods (peak wave pe-
riod T, mean wave periods 7,,; and T,,,,, and spectral
periods T, , and T,, ,, see Section 3 for formulations) to
evaluate the effects of wave energy spectra on wave run-
up. He found that T,,,_; brought out the lowest deviation
between observations and computations; however, T, o
resulted in only a 12% higher deviation compared to 7T}, _;
Van Gent (1999) reported that using 7,,,_, led to a 2.9% re-
duction in agreement between overtopping observations
and calculations compared to 7,,,_;. Nevertheless, the ca-
pability of T, _, to explain wave reflection off the coasts
and structures remained unexplored in recent studies.
The first predictive formulas for the reflection coef-
ficient K, as a function of £ were proposed in the 1970s
(Bruun and Gunbak, 1976; Battjes, 1974; Losada and Gimé-
nez-Curto, 1980; Seelig and Ahrens, 1981; Postma, 1989;
Van der Meer, 1992). Zanuttigh and Van der Meer (2008)
and Zanuttigh et al. (2008) utilized a comprehensive data-
base and performed an experimental investigation to es-
tablish a universal correlation for K, calibrated for differ-
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Table 1. Proposed equations for bulk reflection coefficient K. ¢ is the breaker parameter, tan(«) is the structure
gradient, P is the permeability factor (0.4 for multi-layered breakwaters), H, is the incident wave height, L, is the
offshore wavelength for the peak period, d, is water depth at the structure toe, and D is the characteristic diameter of

rock armours.

Authors

Proposed equations

Description

Battjes (1974)
Losada and Giménez-Curto (1980)

Seelig and Ahrens (1981)

Postma (1989)

K,

K,=0.1£2
K, = A(1—exp(—B¢))

A=1.35and B=6.60

_ _Ag

=&5 A =0.60and B =6.60

K, =0.125¢07

Van der Meer (1992) K, =0.071P9-082(tan o)0-62 (%)

) L I2t 0.11
Davidson et al. (1996) K,=1.151 ( tH?Da;O‘)
Muttray et al. (2006) K,= 1

Zanuttigh et al. (2008)
Mahmoudof et al. (2021b)

1.3+3d, 27

K, = tanh(0.12£%87)
K, =0.16¢%70 and K, = tanh(0.11¢&)

ent breakwater structures. They proposed a hyperbolic
equation in terms of £ with coefficients as functions of the
roughness factor. Koutrouveli and Dimas (2020) found that
the crest width does not notably affect the reflection coeffi-
cient; however, £ and K, are positively correlated. Through
field observations, Mahmoudof et al. (2021b) investigated
the bulk and frequency-dependent reflective response of
a rubble mound breakwater and introduced a power-law
equation for K. They indicated that prediction formulas
utilizing the physical characteristics of the RMB are less
accurate compared to those employing £ parameter (see
Figure 7 therein).

Nevertheless, physical features of porous structures
were also examined to predict the reflection coefficient K,
such as wave energy through permeable structures (Sol-
litt and Cross, 1972), toe depth (Seelig and Ahrens, 1981),
shape and configuration of structures (Dattatri et al., 1978;
Sulisz et al., 1989; Koutrouveli and Dimas, 2020), porosity
(Kumar and Barak, 2007; Kumar et al., 2023), and armour
size (Wilson and Cross, 1972; Requejo et al., 2002). Barak
and Kaliraman (2019) demonstrated that the energy of
transmitted and reflected waves from a porous structure
depends on the angle of the incident waves. Some studies
have also investigated the combined physical characteris-
tics of RMBs and the hydrodynamics of incoming waves
(Numata, 1976; Oumeraci and Partenscky, 1990; Van der
Meer, 1992; Van der Meer and Daemen, 1994; Van der
Meer et al., 2005; Peihong et al., 2021; Diaz-Carrasco et
al,, 2021; Diaz-Carrasco, 2023). Table 1 summarizes some
available formulations for predicting X,

The literature review thus reflects significant efforts
to understand the comprehensive impacts of monsoonal
hydrodynamic changes in the Indian Ocean (e.g., Kober et
al,, 2013; Kor et al., 2021) in spite of a critical knowledge
gap concerning their specific effects on the existing coastal

structures’ responses. Specifically, the seasonal variations
in the reflective behavior of RMBs are remarkable, as these
variations directly affect the RMB’s functionality, navigabil-
ity, and long-term structural integrity. In addition, several
studies have used experimental setups to study wave re-
flection from RMBs either exclusively (Lee and Shin, 2014;
Aniel-Quiroga et al., 2019; Salauddin and Pearson, 2020;
Mostaghiman and Moghim, 2022) or alongside numeri-
cal models (Iglesias et al., 2008; Koley et al., 2020; Han
et al, 2022). However, as far as the authors are aware,
the works of Calhoun (1971), Davidson et al. (1996), and
Mahmoudof et al. (2021b) are the only researches that uti-
lized field measurements to propose reflection coefficient
equations for RMBs. Given the scarcity of investigations
into this precise aspect and the apparent lack of observa-
tions in real-life wave situations, our study endeavors to
fill this void by comprehensively examining the seasonal
variation of wave reflection off the structure. Through a
one-year field measurement, this paper aims to evaluate
the reflective performance of the RMB in the face of wave
patterns driven by the Indian Ocean monsoon. To this end,
seasonal variations of sea and swell waves’ characteristics
are investigated, focusing on the appropriate wave param-
eters and mathematical functions describing the reflection
coefficients at the RMB of Chabahar Bay. However, the
utilization of longer and more extensive datasets could
enhance the accuracy of results and formulations in future
research.

This paper is organized as follows. Section 2 provides
an overview of the study area, focusing on wave and mete-
orological characteristics, measurement procedures, and
structure specifications. Section 3 details the data process-
ing methods employed in this research. Section 4 presents
the research results. Discussion and concluding remarks
are outlined in Section 5 and Section 6, respectively.
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2. Study area

Chabahar Bay, situated at approximately 25.3019°N and
60.5962°E along the north of the Gulf of Oman, is an es-
sential gateway for trade and connectivity in the southern
part of Iran. The construction of Phase I of the Shahid-
Beheshti breakwater began in 2003 and continued until
2012. Data collection for the current study was carried
out when the primary breakwater was in place in 2006
and 2007. During that period, the seaward slope of the
RMB had a gradient of 2:3, and its overall length spanned
roughly 1,600 m. The breakwater components, including
armour units, filter layers, and core materials, vary in size,
with armour units weighing between 8 to 20 tons, filter
layers ranging from 1 to 3 tons, and core layers less than
0.4 tons (Mahmoudof et al., 2021b; see Figure 2 therein for
details). Considering the porosity of the studied breakwa-
ter and employing the formulations of Postma (1989), Van
der Meer (1992), and Zanuttigh et al. (2008) yield com-
parable K, values between ~0.3 and ~0.9 during winter
monsoon (Mahmoudof et al.,, 2021b; see Figure 7 therein).
The study area experiences notable changes in its wave
patterns due to seasonally reversing monsoonal winds.
The shifting winds influence the climate in this area during
the summer monsoon from May to August and the winter
monsoon from November to February. The wind consis-
tently blows from the southwest during the summer mon-
soon (Sanil Kumar et al., 2011; Radfar et al.,, 2021), while
the winter monsoon brings northeasterly winds (Morri-
son et al,, 1998; Aboobacker and Shanas, 2018). Several
studies have examined the seasonal variations in the clima-
tology of the Gulf of Oman. The distinct reversal patterns
of wind associated with this region’s winter and summer
monsoons are respectively exemplified in Figures 6 and
7 of Chaichitehrani and Allahdadi (2018) as an example
study. Consequently, the main factors driving waves in this
area are twofold: the waves originated from equatorial lati-
tudes and those from the Hormuz Strait in the eastern part
of the Persian Gulf. The former generates more energetic
waves, generally predominant in the summer monsoon.
However, the latter produces moderate waves, particularly
during the winter monsoon’s extreme conditions.
Transitional or inter-monsoon periods are character-
ized by shifting wind patterns and weather conditions.
During the pre-summer monsoon season, which typically
takes place in March and April, northeast winds gradually
shift to southwest winds; however, in the post-summer
monsoon season, usually in September and October, the
monsoon winds reverse from southwest to northeast (Dii-
ing, 1970; Vinod Kumar et al., 2014; Smith et al.,, 2020). It
should be noted that the timing of transition periods can
vary annually and may be seen at varying times across dif-
ferent geographical areas (Morrison et al., 1998; Samiksha
et al,, 2014; Z. Zhao et al,, 2023). However, the summer
monsoon, known by local natives as the 120-day winds
due to the occurrence of strong winds, has a more distinct
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timing in the area. The wave system often combines the
aforementioned patterns throughout the year, displaying
bimodal wave energy spectra in different months (Saket
and Etemad-Shahidi, 2012). The tidal regime in this region
is meso-tidal, reaching a maximum range of around 2.7
m. The average highest high-water level stands at approxi-
mately 2.9 m, while the average lowest low-water level is
about 0.8 m. The bathymetric map of the studied region,
sourced from the Iranian National Cartographic Center in
2007, is depicted in Figure 1. This figure also denotes the
precise locations of the breakwater and the measurement
station.
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; % 1 \

60°35'E 6036

25°1830"N

breakwater

5°18N
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0

25°17N
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Figure 1. The bathymetric map of the surveyed region
(sourced from the Iranian National Cartographic Center,
2007), highlighting the placement of the breakwater as
well as the AWAC installation (Mahmoudof et al., 2021b).

The study area features a rocky seabed, making it suit-
able for placing the bed-mounted instruments and acces-
sories. Therefore, a Nortek AWAC wave recorder was fixed
to the bed to collect directional wave data at a sampling
frequency of 2 Hz. It was installed in the west-southwest
of the studied RMB, approximately 750 m away at coordi-
nates 25.2896°N and 60.5945°E, as indicated in Figure 1.
Data collection spanned from September 1, 2006, to Au-
gust 31, 2007. The directional wave data was recorded in
17.07-minute bursts each hour. Throughout this measure-
ment period, a total of 7228 time series were successfully
recorded. However, a RAM malfunction disrupted the se-
quence of consecutive bursts during October 2006, result-
ing in a one-month data gap within the measurements.

In the study area, as shown in Figure 1, the water depth
typically varies from 5 to 13 m. The water depths at the
RMB toe and the measurement station were approximately
11.6 and 12.5 m, respectively. The seabed between the
breakwater and the AWAC location is generally even and
gradually sloped, featuring depths ranging from 11 to 13
m, except for a short segment of the breakwater’s south-
eastern part that has minimal impact on wave transforma-
tion patterns. Consequently, only slight changes in wave
heights due to shoaling and de-shoaling of incident and
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reflected waves were anticipated, with negligible changes
in reflected wave intensity due to refraction and disper-
sion effects. Additionally, significant attention was given
to ensuring the reliability of measurements regarding the
diffraction of reflected waves at the measurement station.
Using spectral characteristics of waves and dimensional
specification of the RMB on the diffraction charts provided
by Goda (2010), it was determined that the diffraction co-
efficient of reflected irregular waves at the AWAC position
is unity. It means that the diffraction effect of reflected
waves is negligible, indicating that the characteristics of
the incident and reflected waves at the instrument location
are nearly identical to those at the structure’s toe. Further-
more, any potential alterations in the shoaling or refraction
of incidence waves could be primarily counterbalanced
by the de-shoaling and opposing refraction of reflected
waves.

3. Data processing and methods

This investigation employed directional wave data from a
Nortek AWAC wave recorder to deduce the wave reflection
coefficients. The AWAC applies Acoustic Surface Track-
ing (AST) and Particle Velocity (PV) techniques to record
the directional distribution of wave energy. Most bottom-
mounted directional-wave measurement instruments like
AWAC use the acoustic Doppler technique. However, in-
struments utilizing only the combined pressure-velocity
(PUV) approach are limited to the depth of installation due
to the attenuation of the surface signals. AWAC equipped
with AST and PUV is even capable of measuring waves with
a period smaller than 2 s and amplitude smaller than 5
cm when deployed at depths as deep as 60 m (Pedersen
and Lohrmann, 2004). The AST can sample at a rate as
high as 4 Hz. Pedersen et al. (2007) showed that more
than 99% of all AST measurements successfully passed
the quality control checks. Additionally, measurements of
wave height and period showed excellent agreement with
the data collected by the surface wave buoy. Observations
of this study do not clearly fall within the instrumental
limitations of AWAC (Figures 9-11).

The initial analysis of the AWAC measurements was
carried out using the STORM software, enhancing the com-
putation of directional wave energy spectra using the Max-
imum Likelihood Method for Surface Tracking (MLMST).
Directional spectra e(f,6) are obtained by merging one-
dimensional energy spectra E( f) and directional spread-
ing D(f,0), as outlined below:

In order to exclude the impact of infragravity and cap-
illary waves, a frequency band between 0.04 and 0.30 Hz
was chosen for wind wave analysis (Mahmoudof et al,,
2021a). The significant spectral wave height (H,,,) was
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Figure 2. Breakwater direction, normal direction, incident,
and reflected waves in the nautical system (Mahmoudof et
al,, 2021b).

determined through the energy density distribution within
this frequency range. A frequency threshold of 0.125 Hz
was applied to distinguish between sea and swell waves.
Figure 2 shows the semi-circle divisions separating the en-
ergy density of incident and reflected waves. In this speci-
fied directional arrangement, any incoming wave falling
within the incomplete semi-circle of incident waves (148° <
0 < 312°) is subsequently reflected in the segmented range
of reflected waves (328° or —32° < § < 132°) in the nau-
tical system, as illustrated in Figure 2. Two directional
sectors spanning 8° were omitted from the beginning and
end sections of both incident and reflected ranges, a mea-
sure taken to account for potential compass inaccuracies.
It should be noted that the normal components of the inci-
dent and reflected waves’ energy with respect to the break-
water direction were taken into account to calculate the re-
flection coefficient, ignoring the energy of waves along the
RMB. Considering the extremely short fetch available for
local northern wind in Chabahar Bay, reflected waves are
not contaminated by northern sea waves (Mahmoudof and
Azizpour, 2020; Mahmoudof et al., 2021a). The predefined
frequency threshold of sea-swell waves (0.125 Hz) was
applied in the semi-circle of incident waves (148°-312°) to
calculate the average incident directions of sea and swell
waves separately.

The directional spectra encompassed energy distribu-
tion across 90 directions (Af = 4°) and 198 frequency
bands (A f = 0.01Hz). Consequently, following Lykke An-
dersen and Burcharth (2009), the energy of incident

(Eipe.p) and reflected (£, ,) waves, both in the direc-
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tion perpendicular to the breakwater, were calculated as
follows:

0.30 312
Buo=[ [ elt0)cospisas 3)
1=0.04 Jo—148
0.30 132
Eref,p = e (fa 9) cos ﬁ/dedf (4)
1—0.04 Jo—328

where /3 and /3’ represent the angles between breakwater
normal and the incident and reflected directional wave
energy, respectively. Consequently, the significant wave
heights of incoming sea and swell waves were obtained by:

0.125Hz
HmO,swell =4x / €inc (f) df, (5)
0.040Hz
0.300Hz
HmO,sea =4x / €inc (f) df (6)
0.125Hz

where ¢;,.(f) is the spectral energy density of incident
waves. For each data burst, bulk-averaged wave reflection
coefficient K, was calculated using Egs. (3) and
(4) as:

E
K, =, |=tp 7
=5 ()

inc,p

To weigh different wave frequencies within the bimodal
energy spectrum, Iribbaren number ¢ was calculated us-
ing several spectral periods - peak wave period 7}, (as the
significant period of wave energy spectrum), mean peri-
odsT,,; =mg/my and T,,, = (my/m4)%?, and negative-
moment spectral periods 7,, ; =m_;/myand T,, , =
(m_y/mg)%?, where the n™ spectral momentum of the
wave energy spectral density E(f) ism,, = fooo fPE(f)df.
The optimal characteristic wave period parameter leaves
the lowest spreading around the prediction fit for each
month. Therefore, the coefficient of determination R? was
used as a statistical measure to compare the influence of
different wave periods. In addition, statistical hypothesis
tests and Analysis of Variance (ANOVA) for a significance
level of 0.05 are used to assess the overall statistical signif-
icance of a regression model and to compare the statistical
difference between the coefficients of two regression mod-
els over a single observation data. The probability values
associated with these hypothetical tests (p-value) are com-
pared with the significance level of 5% to determine the
level of statistical significance in the hypothesis tests.
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4. Results

4.1 Characteristic period parameter

As mentioned above, most studies have introduced the
Iribarren number as a function of wave period as the best
parameter describing the wave interactions with coasts
and structures. Figure 3 shows four examples of the varia-
tions of wave reflection coefficient K, against the Iribarren
number ¢, in which the subscript p indicates that ¢ is calcu-
lated using the spectral peak period T},. The observations
presented in this figure are associated with pre-summer
and post-summer monsoon months characterized by wave
regimes composed of sea and swell waves, which exhibit a
continuous (but non-uniform) energy distribution across
a broad frequency range. The figure shows that using 7,
leads to separating data clouds into two or more groups
and highlights an apparent lack of correlation between
§p and K. The primary cause for the discrepancy when
using 7, is that the frequency distribution of energy is no
longer considered, and thus, the spectral shape and energy
weighting within the spectrum have no effect on £,

A similar pattern of separation (not shown here) was
observed in almost all months when the spectral mean
periods T}, and 7T,,,, were employed; more specifically, us-
ing T, created more disconnected and discordant results
than 7, ;. The increasing deterioration by using higher
positive-moment spectral periods was also confirmed by
Van Gent (1999) for run-up and overtopping observations.
More consistent results might be yielded utilizing negative-
moment spectral periods T}, _; and T,,,_,, including more
attention to the energy of low-frequency waves. Although
not shown here, an analogous analysis was also performed
to produce the results for Iribarren numbers calculated
by T,,,_,. Finally, Figure 4 shows the monthly results of
wave reflection as a function of T, _,, referred to as &,,,_».
Following several studies in which a power-law equation
is used to predict wave reflection coefficient as a function
of ¢ (see Table 1), the best-fit power laws K, = a&” over
monthly wave data are also shown. Since previous studies
have proposed different reflection coefficient equations in
terms of ¢ parameter, the prediction performance of these
equations is examined on the present dataset in Appendix
A. Besides, prediction formulae considering the physical
characteristics of RMB are shown to be less efficient than
those by £ parameter for the observations considered here
(Mahmoudofetal., 2021b; see Figure 7 therein). Therefore,
new fits are proposed here (see Sections 4.2 and 4.3), pre-
dicting the reflection coefficient based on the £ parameter
as the primary indicator for the hydrodynamic character-
istics of the incident waves. The performance of these new
predictions is also compared with preexisting formulae in
Appendix A.

In Figure 4, sea-dominated waves (waves with sea en-
ergy larger than 50%) and swell-dominated waves (waves
with swell energy larger than 50%) are deliberately pre-
sented in different colors to show that sea-dominated waves
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Table 2. The values of R? for power laws fitted over
monthly reflection coefficient measurements using 7,,,_;

and T, ,. Differences in R? are obtained relative to
T, .
Month Coefficient of determination R?>  Difference (%)
Tmfl Tm72
Sept. 2006 0.36 0.34 —5.56
Nov. 2006 0.54 0.57 5.56
Dec. 2006 0.67 0.73 8.96
Jan. 2007 0.41 0.51 24.39
Feb. 2007 0.62 0.69 11.29
Mar. 2007 0.78 0.80 2.56
Apr. 2007 0.69 0.72 4.35
May 2007 0.44 0.42 —4.55

frequently attain lower values of {,,,_, and K. In this fig-
ure, the curves have been fitted to monthly data and ex-
tended for ,,,_, values between ~ 2 and ~ 16 to facilitate
comparison. The K, values obtained for February 2007
range from approximately 0.25 to 0.9, aligning with those
calculated using the formulations of Postma (1989), Van
der Meer (1992), and Zanuttigh et al. (2008), as reported
in Mahmoudof et al. (2021b). Table 2 summarizes R? val-
ues for the power laws fitted over K, values usingT,,,_,
and T, ,. Itis shown that using 7, , can enhance the
prediction accuracy by up to 24% for meaningful values of

R?; however, the larger R? values are concurrent with the
winter monsoon, when reduced scattering can be seen in
observations.

Figure 4 proves that the reflection coefficient for swell-
dominant waves is frequently higher than that for sea-
dominant waves. The intense breaking of sea waves due
to higher wave steepness leads to reduced reflection coef-
ficient values compared to swell waves. Conversely, since
swell waves break moderately, they boost the energy levels
of seaward waves, leading to elevated wave reflection coef-
ficients. This can be understood from the energy balance
equation K2+ K? + K2 = 1, where K, and K, are wave
energy dissipation and transmission coefficients, respec-
tively (see, e.g., Van Gent et al., 2023). This general trend
was accurately examined by Mahmoudof et al. (2021b)
through frequency-dependent analysis of wave reflection
for the same data set. They found that the increase in re-
flected waves’ energy at both high and low frequencies
during dominant swell periods can be understood as a
consequence of energy transfer from the peak frequency
to lower and higher harmonics, as reported previously by
Masselink (1998). This transfer occurs due to the mod-
erate breaking of long swell waves. On the other hand,
during locally generated storms, the intense breaking of
short sea waves leads to energy dissipation for most fre-
quencies, especially the higher harmonics (see Figure 14
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Figure 4. Monthly variations of reflection coefficient K, of sea-dominated (blue dots) and swell-dominated waves
(red dots) against Iribarren number £,,_,. The black line is the fitted power law on the overall waves (sea- and swell-
dominated waves), the equation of which is written in each panel.

in Mahmoudof et al., 2021b). These frequency-dependent
processes lead to higher and lower values of bulk reflec-
tion coefficient for wind-swell and sea-dominant waves,
respectively. However, relatively lower reflection coeffi-
cient values for swell-dominant waves observed during
summer monsoon (May, June, July, and August) is due to
increased wave steepness as a result of more growth of
wave height than wavelength.

4.2 Winter monsoon pattern of the reflection coeffi-
cient
Itis evident from Figure 4 that it is not statistically possible
to determine a consistent agreement and identify a global
trend for changes in reflection coefficients throughout the
entire year. This is mainly due to the monsoonal charac-
ter of atmospheric circulation, different wave generation
sources, multimodal spectral peaks, and varying sea-swell
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Figure 5. Scatter plots of reflection coefficient K, for winter-monsoon seasons against Iribarren number ¢,,,_; (panel a)
and &,,,_, (panel b). Fitted power-law equations are Eq. (8) (panel a) and Eq. (9) (panel b), along with 95% confidence
bands (narrow-shaded regions) and prediction bands (wide-shaded regions).

waves combination from different directions in the region
(Sanil Kumar et al,, 2011; Aboobacker and Shanas, 2018;
Anoop et al,, 2020). In fact, the monthly variations in hy-
drodynamic characteristics and energy content of incom-
ing waves induced by such monsoonal changes alter the
structural response in a way that renders the annual bulk
prediction model ineffective. However, by comparing the
monthly variations of wave reflection measurements in Fig-
ure 4, one can categorize the reflection behavior of the RMB
in terms of time into three categories: summer monsoon
(May to August), winter monsoon (November to Febru-
ary), and transitional seasons (March, April, September,
and October). It is worthwhile to emphasize again that this
classification may vary annually; however, it is favored for
studying marine meteorology in the investigated region
(Morrison et al., 1998; Samiksha et al., 2014; Anoop et al,,
2020).

Pairwise Analysis of Variance (ANOVA) at the signifi-
cance level of 0.05 showed that the coefficient and expo-
nent of fitting power law over each winter-monsoon month
are significantly different from those of other months (p-
value =0.00). This discrepancy primarily arose due to
variations in the characteristics of incoming waves result-
ing from differing wind sources each month. However, as
shown in Figure 5a statistical analysis demonstrates that a
global power law could be fitted over all winter-monsoon
observations with R? = (.56, given by:

K, = (0.18+0.01) 06400 (8)

m—1

ANOVA analysis on the coefficient and exponent of
Eq. (8) shows that they significantly differ from zero (p-
value = 0.00). The same analysis for observations normal-
ized by ¢,,,_, was also performed, which is shown in Fig-
ure 5b. The global fitting for such observation resulted in
a power law with R? = (.65, as follows:

K, = (0.1440.00) %7 +001) 9)

An ANOVA analysis was also conducted to verify the sta-
tistical differences between Egs. (8) and (9). The results
indicated that the p-value associated with the hypothesis
suggesting similarity between the two regression models
was zero. This evidence points to the conclusion that&,,, o
offers an almost noticeable improvement in the predic-
tion of reflection coefficients, exhibiting an approximate
16% enhancement in R? values compared to the ¢,,,_; for-
mulation. This marked increase in R? values highlights
the superiority of T,,,_, as a characteristic period parame-
ter to more accurately describe the observed data during
winter-monsoon months.

4.3 Summer monsoon pattern of the reflection coeffi-
cient

Concerning the summer monsoon phenomenon, it is worth

noting that there were again notable statistical disparities

observed when comparing monthly data with each other.

Furthermore, a comprehensive global fitting analysis was

carried out to investigate the reflective behavior of the RMB
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Figure 6. Same as Figure 5 but for the summer monsoon seasons as predicted by Eq. (10) (panel a) and Eq. (11) (panel

b).

during the summer monsoon, and the results indicated
significant statistical distinctions between observations
formulated using £,,,_; and those derived from ¢,,, 5. For
the case of ¢,,,_;, the outcomes are visually represented in
Figure 6a with R? value of 0.20, given by:

K, = (0.2240.01)¢\0-24+0:02)

m—1

(10)

However, upon closer examination of the {,,,_, formu-
lation, the fitting results are illustrated in Figure 6b, ac-
companied by an R? value of 0.23, which is determined as
follows:

K, = (0.20+0.01) ¢ 025002

m

(11)

An ANOVA analysis was also conducted to assess the
statistical distinctions Eqgs. (10) and (11). The outcome
of this analysis indicated the p-value =0, leading to the
conclusion that &,,,_, offers a partially improved fit to the
observed data compared to £,,,_;, demonstrating an ap-
proximate 15% improvement in R? values compared to
the ¢,,,_; formulation. Although statistical analysis reveals
that the fitted functions are indeed different from each
other, from an engineering viewpoint, these two functions
fail to exhibit significant practical distinctions. Therefore,
considering the small values of R?, it can be stated that sub-
stituting 7,,,_, for T,,,_; results in a trivial improvement
in predicting wave reflection coefficients for engineering
applications.

Here, it should be mentioned that the prediction of K.
for the entire one-year dataset is provided in Appendix

A, leading to K, = 0.17£%5% with R? = 0.51. The bulk
data analysis indicates that the derived equation does not
show a significant difference compared to some previously
suggested equations (see Figure A1l in Appendix A), con-
firming that the physical and dimensional conditions of
the RMB remained unchanged throughout the one-year
study period. However,; such an equation cannot capture
the different dependencies of the reflection coefficient on
the Iribarren number in winter and summer monsoon pe-
riods (as indicated by varying R? values in Egs. (8)-(11)).
Furthermore, it has been demonstrated that the proposed
equation in this study predicts the bulk dataset with higher
accuracy compared to those suggested previously (see Ta-
ble A1 in Appendix A). The evaluation of the previously
proposed equations against the present monsoonal obser-
vations (see Figure A2 in Appendix A) also yields that Egs.
(8)-(11) provide more accurate predictions compared to
the previous studies (see Figure A2 and Table Al in Ap-
pendix A). Additionally, the previous predictions provide
higher accuracy using ¢,,_, compared to §,,_, although
this increase in accuracy is more significant for winter
monsoons than summer monsoons. The reasons for such
differences between monsoonal seasons are explained in
detail in Section 5.

4.4 Hyperbolic tangent prediction formulation

Regarding the form of mathematical equation that best
fits the variations of K, against &, most researchers have
favored power law, as can be understood from Table 1.
Mahmoudof et al. (2021b) conducted a statistical analysis
aimed at determining the most suitable mathematical func-
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Figure 7. Scatter plots of reflection coefficient K. against Iribarren number ¢,,,_; during winter-monsoon seasons (panel
a) and summer monsoon seasons (panel b). Fitted hyperbolic laws are Eq. (13) (panel a) and Eq. (14) (panel b), along
with 95% confidence bands (narrow-shaded regions) and prediction bands (wide-shaded regions).

tion for approximating the best fit to the variations of K. as
a function of ¢,,, , for a field data set. Four mathematical
functions - exponential, linear, logarithmic, and power law
- were evaluated for this purpose, highlighting the power-
law equation as the most accurate choice. Nevertheless,
one drawback of power laws is the lack of control over their
upper bounds for high values of £, potentially resulting in
reflection coefficients exceeding the unity. Mahmoudof et
al. (2021b) calibrated the following hyperbolic function
to rectify the performance of their power-law prediction
(see Table 1) at high £ values:

K, = (tanh (ag))’ (12)
with ¢ = 0.11 and b = 1.00 for their specific data set. One
advantage of Eq. (12) is that it approaches one asymptoti-
cally for high values of £. In this study, Eq. (12) was fitted
over monthly observation, leading to satisfying overall fit
statistics, though not shown here. However, this formula-
tion was used for monsoon-categorized data normalized
byT,,_,andT,,_,. The results for winter-monsoon obser-
vations are presented in Figure 7a in terms of £ with a
hyperbolic fit with B2 = 0.59 given by:

m—1’

K, = (tanh(0.11¢,, ;)" (13)

In a similar way, the results of the wave reflection coeffi-
cient during summer monsoon months employing 7,,, _; as

the scaling parameter are shown in Figure 7b. The overall
best fit can be expressed by:

K, = (tanh (0.07¢,, ;)" (14)
with R? = 0.20. Regarding the ¢, , formulation, Figure 8a
illustrates K, observations during the winter-monsoon
seasons, along with the corresponding fitted hyperbolic
function with R? = 0.64 in the form:

K, = (tanh (0.10¢,, ,))"""* (15)

However, using £, to predict summer monsoonal
variations of K, leads to the following hyperbolic expres-
sion with R? = 0.22, as shown in Figure 8b:

K, = (tanh (0.06¢,, 5))"% (16)
By comparing Egs. (14) and (16), it can be deduced
that similar to power-law functions, using 7,,,_, in the hy-
perbolic functions does not substantially improve the ac-
curacy of predicting the reflection coefficient during the
summer monsoon. Nonetheless, a comparison between
Egs. (13) and (15) reveals a significant improvement in R?
values from 0.59 to 0.64. Such substantial enhancement
provides a valid rationale for using 7,,,_, during the winter
monsoon period in coastal engineering applications.
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5. Discussion

In the previous section, the reflective response of the RMB
during observational months was quantitatively analyzed,
leading to deriving different reflection prediction equa-
tions in the course of summer and winter monsoons. Nev-
ertheless, one question remained undisclosed: what is the
underlying reason for the significant difference in £ and X,
values and their associated scattering during the summer
and winter monsoons?

Figure 9 demonstrates that during the winter-monsoon
months (November, December, January, and February), the
wave field is a combination of moderate sea waves with
heights frequently between 0.5 and 1 m and weak swell
waves with heights less than 0.25 m. The effects of shal-
low bathymetry and very limited fetch length (Eyhavand-
Koohzadi and Badiei, 2021, 2022) control the growth of
sea waves associated with winter-monsoonal northeast-
erly winds (e.g., Neelamani et al., 2007; Kamphuis, 2010;
Lietal, 2020). In addition, the mean directions of waves
approaching the location of observations are provided in
Figure 10, highlighting different generation sources of sea
and swell waves. Consequently, the wave spectra mainly
consist of two distinct sources with different incident direc-
tions and distinct peaks attributed to sea and swell waves,
as shown in Figure 10. Considering such a wave field, the
shorter wavelength of the sea waves and the longer wave-
length of the swell waves contribute to forming a wide
range of ¢ values between ~2 to ~16. This is mainly due to
the wavelength affecting more significantly on the reflec-
tion than the wave height (Postma, 1989; Diaz-Carrasco
etal, 2021). Furthermore, considering the discussion on

the range of K, values for sea and swell waves (Section
4.1), the range of the reflection coefficient during winter-
monsoon seasons has also increased, leading to a quite
narrow distribution of K, against £ and the reduction of
scattering in the observations.

Moving on towards the transitional pre-summer mon-
soon months of March and April and shifting in wind direc-
tion to the southwest, ¢ and the K, values are observed to
fluctuate in almost less scattering (Table 2). However, the
wave field is still combined with the sea and swell waves
from different directions (see Figure 10). Almost similar
incident wave field during pre-summer monsoon seasons
relative to winter-monsoon conditions, and hence simi-
lar wave breaking on the RMB and reflected wave heights
creates the close performance of the structure in these
monsoonal seasons.

With the dominance of summer monsoon southwest-
erly winds from May to August, the persistent presence of
highly energetic long-period waves characterized by very
peaked wave energy spectra was observed (Figure 11)
due to stronger wind relative to the winter monsoon pe-
riod (Morrison et al,, 1998; Aboobacker and Shanas, 2018;
Anoop et al,, 2020). Despite the dominance of high-energy
swell waves with considerably growing heights originating
from the strong southwest monsoon winds (Vinod Kumar
etal, 2014; Anoop etal.,, 2020), the spectral period changes
insignificantly (Aboobacker et al., 2011; Sanil Kumar et al,,
2011). This leads to an escalation in the steepness of the
long-period waves and slight reduction of £ values from
the range of 4-16 during the winter monsoon to approxi-
mately 4-10 during the summer monsoon (Figure 4). In
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Figure 9. Time series of monthly observations of significant wave height H,,, for sea (blue line) and swell (red line)
waves. The time axis is extremely compressed; therefore, it is left unmarked.

addition, the reduction of K, could be attributed to the
increasing wave steepness (e.g., Nassar et al., 2018; Pratola
etal, 2021) and their almost severe breaking (Andersen,
2006; Zanuttigh and Van der Meer, 2008). Van Gent et
al. (2023) explained that flow towards wave direction
through permeable RMBs might be responsible for reduc-
ing K, values. However, the presence of bubbles and spray
of water particles up to a height of ~15 m in the region
provide further evidence for the intense breaking of swell

waves and possibly energy transfer into alongshore flow
and air. Therefore, decreasing K, and £ values and en-
ergy dissipation due to intense wave breaking give rise to
a considerable spreading and scattering in the reflective
response of the RMB around the general K, — ¢ fit in the
course of summer monsoon period.

During the post-summer monsoon months of Septem-
ber and October - the data for October was missed due
to system error - a combination of sea and swell waves
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Figure 10. Time series of monthly observations of the mean direction 6, for sea (blue dots) and swell (red dots) waves.
The time axis is extremely compressed; therefore, it is left unmarked.

with moderate energy content is observed. In addition, the
difference between the incoming direction of sea and swell
waves is relatively more pronounced compared with the
summer monsoon months (Figure 10) but not as distinct
as the winter monsoon. This can be justified by a combi-
nation of unimodal and bimodal wave energy spectra, as
shown in Figure 11. In other words, the wave field tends
to transfer from the unimodal regime of summer monsoon
into the bimodal regime of winter monsoon.

Figure 10 also justifies the improvement in the R? val-
ues presented in Table 2. During the winter-monsoon and
pre-summer monsoon months characterized by sea and
swell waves with different incident directions and double-
peak wave energy spectra, using 7}, _, leads to an enhance-
ment in predicting the reflective behavior of the structure
and reduces the scattering of observations. However, dur-
ing the summer monsoon with sea and swell waves with
equal incident directions and single-peak wave energy
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Figure 11. Representative spectra of observation during winter-monsoon months (top panels), inter-monsoon months
(middle panels), and summer monsoon months (bottom panels).

spectra, utilizing 7,,,_, does not create a significant dif-
ference in the mentioned behavior. However, using the
peak wave period in predictions on wave reflection coef-
ficient for all monsoonal periods may lead to significant
inaccuracies (see Figure 3), as suggested by, for example,
Van Gent (1999, 2001) and Stagnitti et al. (2023) for wave
run-up and overtopping phenomena.

To sum up, seasonally varying reflective responses of
the RMB depends on several factors. During the winter

monsoon, different incoming directions of incident waves
and moderate energy content of the sea-swell wave field
give rise to bimodal spectra across a wide frequency range.
Such multimodal spectrum forms a diverse range of wave-
length values (and consequently £ values). Due to their low
steepness, such waves do not break much; hence, most of
them are reflected by the RMB. Therefore, the reflective
behavior of the RMB in the winter monsoon depends more
on &, or is generally more predictable.
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However, in the summer monsoon, incident waves pre-
dominantly come from one direction and carry substantial
energy. Consequently, various breaking processes dissi-
pate a significant portion of this energy. On the one hand,
this leads to a reduction in the reflection coefficient, and
and as a result, it diminishes the dependency of the reflec-
tion coefficient on £. These influential characteristics of
incident waves (such as direction, energy level, multimodal
peak spectra, and different sea-swell combinations) cannot
be comprehensively described by &; therefore, the reflec-
tive response of the RMB in different monsoonal seasons
should be expressed using different prediction equations
that are a function of &.

6. Summary and conclusion

The rubble mound breakwater (RMB) of Chabahar Bay
along the northern coast of the Gulf of Oman serves as a
crucial trade and connectivity spot in southern Iran. Sea-
sonally reversing monsoonal winds influence the region’s
wave patterns, with southwestern winds prevailing dur-
ing the summer monsoon (May to August) and northeast-
erly winds dominating the winter monsoon (November
to February). Inter-monsoonal seasons - the pre-summer
monsoon (March and April) and post-summer monsoon
(September and October) - witness shifts in wind patterns
and weather conditions, adding further complexity to the
coastal dynamics of the area. The monthly and monsoonal
variations of the reflective response of the RMB of Chaba-
har Bay have been investigated using directional wave data
gathered employing an AWAC instrument adjacent to the
breakwater.

The primary results show that the reflection coefficient
K, for swell waves is frequently higher than that of sea
waves due to relatively more energy content dissipated
after colliding of sea waves with RMB compared to more
moderate breaking of swell waves with lower steepness.
During the winter monsoon, when the region is subjected
to a combination of moderate sea waves and weak swell
waves approached from different incident directions, the
scattering of K, against Iribarren number ¢ is reduced.
Upon transition into the pre-summer monsoon months of
March and April, the overall wave height and incident di-
rection are similar to those of winter monsoon. Therefore,
the reflective response of RMB closely resembles that of
the winter monsoon.

The summer monsoon period from May to August is
characterized by a persistent presence of highly energetic
swell waves with sharp single-peaked energy spectra. In
this period, only one significant wind source can be found,
and sea and swell waves can only be distinguished by their
different frequency bands. Despite the dominance of such
high-energy swell waves generated by the strong south-
west monsoon winds, there is an insignificant change in
spectral period. The decrease in reflection coefficient val-
ues, coupled with energy dissipation due to intense wave
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breaking, leads to a significant dispersion in the reflec-
tive response of the RMB. Waves during the post-summer
monsoon period have similar characteristics to those of
summer monsoon with slight differences in the directions
of sea and swell waves. Therefore, the post-summer mon-
soon period is practically a transition season from summer
monsoon to winter monsoon with reduced scattering of
reflective response compared with the summer monsoon
period.

Power-and hyperbolic-law functions are used to pre-
dict wave reflection coefficient K. in terms of Iribarren
number & Mean periods 7,,,; and T,,,, and spectral peak
period T}, separate data clouds of K, against ¢ into multi-
ple groups and deteriorate the integrity of observations.
This separation is particularly notable in bimodal wave
energy spectra related to the combinations of sea-swell
waves originating from different sources and directions. In
contrast, employing the spectral periods 7,,,_; and 7,,, o
mitigates this separation and increases the accuracy of
predictions. The comparison of monthly results of wave
reflection obtained using the spectral periods T}, _; and
T, o show that applying 7,,,_, significantly enhances the
prediction accuracy for waves approaching from different
directions with bimodal wave energy spectra, i.e., during
the winter-monsoon and pre-summer monsoon periods.
However, the reflection accuracy of waves with single-peak
energy spectra with almost equal incident directions, i.e.,
during the summer and post-summer monsoon, show in-
significant differences between 7, ; and 7,, ,. Itisalso
shown that using T,,,_, increases the accuracy of the previ-
ous equations in predicting the observations of this study
(Appendix A).

This study highlights different reflection performances
of the RMB due to monsoonal changes in energy content
and incident directions of sea and swell waves. Findings
implicate that such variations are crucial for coastal struc-
tures and must be regarded when designing RBMs in re-
gions affected by seasonal monsoons. However, further
studies with longer-term field measurements could pro-
vide a more comprehensive understanding of the inter-
annual variability and trends in wave dynamics and coastal
processes. Additionally, three-dimensional experimental
measurements with different bimodal wave spectra could
provide accurate insight into the predictive performance of
T,,_» in assessing the reflective behavior of coastal struc-
tures.

7. Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author, upon reasonable re-
quest via m_mahmoudof@inio.ac.ir.
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Appendix A: Evaluation of previous
prediction formulae
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Figure Al. Scatter plots of reflection coefficient K, for
the bulk observations against Iribarren number ¢, .
Best-fitted power-law equation (black solid line) is Eq.
(A1), while the equations of other curves are presented in
Table 1.

While the difference in the reflective response of RMB
during summer- and winter monsoon periods has been
demonstrated in Section 4, the prediction of the reflection
coefficient for the bulk (entire year) data has been pro-
vided here. In Figure A1, all measurements conducted in
this study (7112 seasonally unclassified points) are de-
picted. Since it is shown that using ,,,_, predicts K. val-
ues more accurately (especially during winter-monsoon
seasons), only observations scaled with this parameter
are displayed in the figure. Also, the best fit performed
on this data and the predictions of previously suggested
functions are shown (see Table 1). The best-fit power law
over the bulk observations, which gives R? =0.51, shown
in Figure A1, is:

K, =0.176%63 (A1)

Figure A2 categorizes the data presented in Figure A1l
based on monsoonal seasons, along with the best-fitted
and preexisting prediction functions. Finally, Table A1 com-
pares the performance of all predictive equations shown
in Figures A1 and A2 based on the R? parameter. In this
table, the effect of scaling by the spectral periods T,,,_;
and 7T,, , over the prediction accuracy of the bulk and
seasonally categorized data is also compared.
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Figure A2. Scatter plots of reflection coefficient K, against
Iribarren number ¢,,,_, during winter-monsoon seasons
(panel a) and summer monsoon seasons (panel b). Best-
fitted power laws (black solid lines) are Eq. (9) (panel a)
and Eq. (11) (panel b), while the equations of other curves
are presented in Table 1.
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Table Al. The values of R? for power laws scaled by ¢,, ; and §,,,_, fitted over summer monsoon, winter monsoon, and
bulk measurements. The negative R? values are not presented.

This study  Battjes (1974) Losada and Seelig and Ahrens  Postma (1989)  Zanuttigh et al.
Giménez-Curto (1980) (1981) (2008)
Winter Em1 0.56 - 0.13 - 0.11 0.39
2 0.65 - 0.58 - 0.57 0.62
Summer &1 0.20 - - - - -
2 0.23 - - - - 0.20
Bulkdata &, 0.47 - - 0.30

Em—o 0.51 - 0.35 - 0.32 0.50
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