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KEYWORDS Abstract  Approximately one-year water level records were utilized for examining the tidal
Tidal asymmetry; dynamics and tidal asymmetry at the Shatt Al-Arab river estuary. The harmonic and the tidal
Harmonic analysis; skewness, two traditional methods in quantifying tidal asymmetry in tidal systems, were used.
Tidal skewness; The water level measurements revealed a presence of a tidal wave attenuation when prop-
Arabian Gulf; agating further towards the inland direction, with notable reductions in the tidal range. The
Shatt Al-Arab river results of the harmonic analysis indicated that the diurnal and semi-diurnal constituents expe-

rience considerable damping towards the upstream direction. The largest constituent was M2,
followed by K1, O1, and S2. The largest shallow water constituent was MK3, followed by M4,
MS4, MN4, and M6. The tidal form number ranged from 0.68 to 0.7 along the estuary; then,
mixed, mainly semi-diurnal tidal nature was observed. However, six possible combinations of
tidal constituents were used to quantify the tidal asymmetry, involving the interactions be-
tween astronomical constituents alone as well as with the higher harmonics. According to the
harmonic method, the relative phase difference of M2 and M4 constituents was in the range
of 63 to 87.06, suggesting a flood dominance behavior of tidal wave along the estuary. Positive
values of the tidal skewness were observed at all stations, with a pronounced increase towards
the inland direction. The M2 and M4 interaction was the main contributor to tidal asymmetry,
followed by M2-K1-01, M2-52-MS4, M2-M4-M6, K1-M2-MK3, and M2-N2-MN4 interactions.
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1. Introduction

The tidal wave generated in the ocean undergoes sev-
eral changes when propagating towards the coastal regions,
which are generally shallow water areas, leading to tidal
wave asymmetry (Parker, 2007). The tidal asymmetry refers
to the distortion of the tidal wave with an unequal dura-
tion of rising and falling tides, as well as the difference in
the strength of the flood and ebb velocities (Friedrichs and
Aubrey, 1988; Pugh, 1987). Tidal asymmetry plays a major
role in sediment transport and water circulation in estuaries
and coastal systems. The tide-averaged (residual) sediment
movement in tidal environments is mainly related to its
tidal asymmetry situation (Gatto et al., 2017; Hoitink et al.,
2003). Consequently, the long-term morphological changes
of these water systems are mainly associated with their
tidal dynamics (Aubery and Speers,1985).

Various factors contribute to tidal asymmetry, resulting
from the interaction between the astronomical tide and
nonlinearities generated inside the estuary, including bot-
tom friction, river inflow, bathymetric changes, and the
morphology of such systems (Dronkers, 1986; Godin, 1991;
Oliveira et al., 2006). Bottom frictions play the main role
in the dissipation of tidal energy and transformation of the
wave energy from the principal tidal constituents to sev-
eral frequencies. These sets of frequencies are known as
shallow water components of the tide (Boon, 2013). The
shallow water components of tide are mainly referred to
as the multiplying of principle frequencies, such as M4 and
M6, representing the constituents generated from the prin-
ciple semi-diurnal tidal constituent M2 and known as over-
tides or higher harmonics. Furthermore, the shallow wa-
ter effects lead to the nonlinear interaction between the
principal tidal constituents as well as the overtides, which
can generate constituents with various frequencies and are
known as compound tides, resulting from two or more con-
stituents such as MN4, MS4, and MK3 (Gallo and Vizon, 2005;
Hoitink et al., 2003). River inflow has substantial effects on
the tidal dynamics of estuarine systems. However, river dis-
charge can increase the average water level and thus reduce
the tidal amplitudes and retards the celerity of tidal prop-
agation, that is, deforming the tidal waves (Godin, 1985;
Guo et al., 2015). Moreover, the morphology of the tidal sys-
tems can have an impact on their tidal dynamics. The fun-
neling shape estuaries with reducing cross-sections can be
damping the tidal wave energy by reflection against bound-
aries. In contrast, tidal waves can be amplified when the
effects of the convergent overcome the effect of frictions.
Consequently, tidal wave propagation exhibits a difference
between high and low water, and deformation in the tidal
wave occurs (Prandle, 2003).

Basically, there are two methods to recognize tidal asym-
metry (Guo et al., 2019). The first is the harmonic method,
which requires the calculations of amplitudes and phases of
the interacted tidal constituents. This method depends on
the phase difference between the interacted constituents
in order to determine the direction of the tidal asymmetry
and the ratio of the amplitudes to quantify the magnitude
of the asymmetry (Parker, 2007). The second is the statis-
tical method, which calculates the tidal probability density
function and is known as a tidal skewness (Nidzieko, 2010;
Song et al., 2011).

Shatt Al-Arab river is formed by the confluence of
Euphrates and Tigris rivers at Qurna city in the Basrah
province in southern Iraq and discharges to the Arabian Gulf
(Figure 1). Shatt Al-Arab river estuary (SARE) represents an
international border between Iraq and Iran. SARE has high
importance for Basrah province as well as for many cities
on the Iranian side. In addition to using its water for various
residents’ activities, the river is considered to be a navi-
gation channel for shipping, oil transportation, and fishing
(Lafta, 2021a). Several ports are located on the two river
sides, principally depending on the tidal status in their over-
all activities (Abdullah et al., 2016; Al-Taei et al., 2014).

Tides of SARE follow the tidal regime of the Arabian
Gulf. However, there are limited studies that highlighted
the tidal dynamics of SARE. Generally, due to several rea-
sons, the field measurements of physical characteristics in
this estuary are scarce (Abdullah et al., 2015). The study
of Al-Ramdhan and Pastour (1987) was the first study dis-
cussing the water movement in SARE. They indicated that
the water dynamics in the estuary is governed by tidal ef-
fect and freshwater inflow. The tidal wave in SARE was an-
alyzed by Abdullah (2002). The analysis was based on the
data of 29 days of water level taken from the admiralty
tide tables at the primary port of Iraq, known as an Outer
Bar station. This station is located at the northwest tip of
the Arabian Gulf, south of the SARE mouth (Figure 1). He
illustrated that M2 constituent was the major tidal com-
ponent. Moreover, he demonstrated that the tide displays
a mixed, predominant semi-diurnal nature with the form
number at 0.85. Abdullah (2014), based on the predicted
water level acquired from the website (http://easytide),
studied the characteristics of tidal phenomena in SARE. He
demonstrated that the tidal wave undergoes attenuation as
it propagates towards the upper reaches of the river, and
the ebb duration was longer than the flood duration. Cor-
respondingly, the aim of the current study is to examine
the tidal dynamics and tidal wave deformation based on the
continuous field measurements of water level at several lo-
cations along the estuary. However, according to our knowl-
edge, there are no studies that explored the tidal dynamics
in this estuary through the use of comprehensive field mea-
surements of water level. In particular, to give a picture of
tidal dynamics along SARE, evolution of tidal constituents
and tidal deformation are discussed.

2. Material and methods
2.1. Study area

SARE is located in southern Iraq and represents the main
source of freshwater discharging to the Arabian Gulf (Al-
Yamani et al., 2020). The length of the river is about 200
km from Qurna city until it meets the Arabian Gulf at about
12 km south of Faw city (Figure 1). The river width exhib-
ited a funnel shape nature. The width ranges from about
1000 m at its mouth and is reduced to 200 m at the Qurna.
The bathymetry of the river is irregular, with the maxi-
mum and minimum depths reaching 18 and 6 m, respectively
(Lafta, 2021a). Many islands formed along the river course
as a result of river depositions, as well as tectonic and an-
thropogenic activities (Al-Whaely, 2014).
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Figure 1

The hydrology of SARE is governed by the freshwater dis-
charged from Tigris, Euphrates, and Karun rivers, the tidal
force of the gulf, and the climatic conditions (Allafta and
Opp, 2020). However, the continuous developments in the
upstream countries of the Tigris, Euphrates, and Karun
rivers result in very large reductions in the amounts of fresh-
water arriving at SARE. Additionally, the water resources
authorities in Iraq exacerbate the problem after 2009, when
the Euphrates river inflow towards SARE is completely segre-
gated by constructing an embankment on its stream, about
35 km west of the Qurna site. Nowadays, due to these devel-
opments, SARE receives freshwater mainly from the Tigris
river and minorly from the Karun river. These changes result
in a pronounced alteration in the river hydrology and conse-
quently affect the tidal propagation along the estuary.

2.2. Data collection

Water level measurements represent the main data required
to conduct the study objective. However, the hourly water
level records at four sites are conducted by installing water
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level divers at Faw, Sihan, Abo Flous, and Basrah. The co-
ordinates, distance to the estuary mouth, and length of the
data record of these sites are given in Table 1.

The field measurements of water level were accom-
plished as cooperation between Marine Science Cen-
ter/University of Basrah and Delft University of Technol-
ogy during 2014. SARE is a high dynamics, and its naviga-
tion channel is always crowded by ships and fishermen’s
boats. Hence, all water level divers were installed inside
steel pipes on the western bank of the estuary to overcome
the undesired movement. These pipes contain several holes
along their entire course to allow the water to flow through
them.

Before installing these instruments, a controlling point
on the land was determined by transferring its level rela-
tive to the local datum in this region, which is the mean sea
level at Faw city (known as Faw 1979 datum). The differen-
tial global position system was utilized for transferring the
level to the control points. Then, the divers were installed
at suitable depths by taking into account that they are sub-
merged during low and high tides.
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Table 1 The coordinates, distance to the estuary mouth, and period of the data record at study stations.
Station Longitude Latitude Distance to Estuary Mouth (km) Period of Record
Faw 48°29.986'E 29°58.104'N 12 1/22/2014 to 1/9/2015
Sihan 48°11.973'E 30°19.423'N 67.7 1/25/2014 to 12/23/2014
Abo Flous 48°1.528'E 30°27.585'N 98.4 1/25/2014 to 12/23/2014
Basrah 47°50.098'E 30°32.041'N 119 3/26/2014 to 12/24/2014

2.3. Methodology

2.3.1. Harmonic analysis of tide
The harmonic method is widely utilized for investigating
the tidal dynamics and tidal asymmetry in coastal systems
(Iglesias et al., 2019; Lafta et al., 2020, 2021b; Mao et al.,
2004; Siddig et al., 2019; Suh et al., 2014). This method
is based on calculating the amplitudes and phases of the
tidal constituents from the measured tidal data series
(Boon, 2013).

The equation for the harmonic model is given as follows
(Boon, 2013):

m
h(x.t)=h,+_ fj Hjcos (w;t +uj — k). (1)

j=1

where t is the time in hours, h(x,t) is the predicted wa-
ter level, f; is the lunar node factor for constituent, H; is
the amplitude for constituent, hy is the mean water level
in that location, u; is the nodal phase for constituent, «;* is
the phase of constituent, wj is the frequency of constituent,
and m is the number of constituents. For purely solar con-
stituents, f; = 1 and u; = 0. The Matlab worldtides, a pack-
age for tidal analysis, was used in this study. More details
on this method, acquiring, and the application of this pack-
age can be found on the website (https://www.mathworks.
com/matlabcentral/fileexchange/24217-world-tides).
However, tidal asymmetry can be generated when the in-
teracted constituents satisfy 2w1 = w; and wy + w; = w3 (@
is the constituent frequency) (Song et al., 2011). The rela-
tive phase relations, likely 20; — 6, and 01 + 6, — 65 (0 is the
constituent phase in degrees), are mainly utilized for rec-
ognizing the nature of tidal deformation. In a semi-diurnal
tidal system, for example, the interaction of the princi-
pal lunar semi-diurnal constituents M2 with its first har-
monic M4 was broadly considered as the main cause that
is responsible for tidal asymmetry (Aubrey and Speer, 1985;
Friedrichs and Aubrey, 1988). The phase difference (26, =
6,) in the range of 0 to 180 degrees refers to a shorter
duration of the rising tide than the falling tide, or a flood
dominance, while, in contrast, the phase difference in the
range of 180 to 360 degrees refers to an ebb dominance
tidal wave. When the phase difference was exactly 0 or 180
degrees, no tidal asymmetry will occur. Similarly, triad con-
stituents interactions can lead to a tidal asymmetry. How-
ever, Song et al. (2011) examined the tidal wave deforma-
tion in 335 sea-level stations around the world. He reported
that, in the mixed, mainly semi-diurnal tidal systems, the
most significant triad interactions that can contribute to
the total tidal asymmetry are M2-M4, M2-S2-MS4, M2-N2-
MN4, M2-K1-O1, M2-K1-MK3, and M2-M4-Mé. Similarly, the
relative phase difference of these triad interactions in the

range of 0 to 180 degrees refers to a longer falling tide than
the rising tide, thus flood dominance. Meanwhile, the phase
differences in the range of 180 to 360 degrees refer to an
ebb dominance tidal system (Song et al., 2011).

2.3.2. Tidal skewness
Tidal skewness is a statistical approach based on the
calculation of the probability density function of wa-
ter level proposed by Nidzieko (2010) and extended by
Song et al. (2011). In this method, asymmetry from several
constituents combinations taken into account, with only
two or three combinations, could contribute to tidal skew-
ness (Zhang et al., 2018). The most remarkable feature of
this method is that it can determine the strength and rel-
ative contribution of each of such combinations into total
tidal asymmetry based on the amplitudes, phases, and fre-
quencies of the tidal constituents. The tidal skewness re-
sulting from the combination of two tidal constituents is
given as follows (Song et al., 2011):
by — 2 a2 wlay,5in (291 —;02). @
[3 (@t} + dje})]?

Meanwhile, the skewness resulting from the combina-
tions of three constituents is given as follows (Song et al.,
2011):

3 .
7 A101G203w38iIN (01 + @2 — @3)

[} (@} + aje} + ajed)]”*

3)

V3 =

where a,, ¢,, and o, are amplitude, phase, and frequency
of the tidal constituent. The contribution of the different
combination to the overall tidal asymmetry is obtained as
follows: for the combination of two constituents:

32
@w? + dp?
B = y2<1122 (4)

N 2.2
2 i @ o]

and for the combinations of three constituents:

32
8 <a%a)12 + a%a)% + a%a)%)
3=73 N .
Y @}
Hence, the total skewness can be obtained by the sum-
mation of individual 8:

W= B+ B (6)

The direction of the tidal asymmetry is determined by
the sign of the total skewness yy. The positive values of yy
refer to a short period of rising water and long period of
falling water, that is, the flood dominance, while the nega-
tive values of yy indicate the ebb dominance nature of tidal
asymmetry.

)
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2.3.3. Relative Sensitivity Coefficient (RSC)
The sensitivity of tidal asymmetry contributed by differ-
ent combinations to the evolution of the amplitudes of
tidal constituents can be examined by a nondimensional
parameter known as a relative sensitivity coefficient (RSC)
(Zhang et al. 2018).

The expression of RSC takes the form of two or three
combinations (Yu et al. 2020): for the combination of two
tidal constituents:

2.2 _ 2 2
s 2a505 — ajwy
@ =3 2 22
a0y + G;w;

; )

2,2 2 2

_ Gjoy — 2a;05%
a = " 723 2,2
ajwy + a0y

. @)

and for the combination of three tidal constituents:

2 2 2 2 2 2
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where a and o represents the amplitude and frequency of
the tidal constituent, respectively. The RSCs values refer
to the correlation between tidal skewness and constituent
amplitude. However, the positive RSC implies the positive
relationship between the tidal skewness and the amplitude;
that is, tidal asymmetry will improve with the increase of
the amplitude. In contrast, negative RSC suggests that tidal
asymmetry will be reduced as the amplitude increases.

3. Results and discussion
3.1. Tidal harmonics

The time series measurements of water level are shown in
Figure 2, which are exhibits the spatial and spring-neap vari-
ability of the tidal range. The maximum tidal range was
observed in the Faw station, reaching about 3 and 2.5 m
in spring and neap tides, respectively. These ranges are
nearly similar to the ranges recorded in estuary mouth by
Shahidi et al. (2011), which are about 3.2 and 2.65 m in
spring and neap tides, respectively. Meanwhile, the tidal
range is highly reduced in Basrah station and reaches 0.5
m in spring tide. However, the reduction in the tidal ranges
along the SARE reflect the continuous attenuation of the
tidal wave when propagating further upstream.

The along-estuary variations in the amplitudes and
phases of the tidal constituents (01, K1, N2, M2, S2, MK3,
MN4, M4, MS4, and M6) at the four locations are shown
in Table 2. These ten tidal components explain over 92%
of the total variance in water level at Faw station. Har-
monic analysis results suggested that the tidal form numbers
(O1+4+K1/M2+S2) range between 0.68 and 0.7. Hence, SARE
is characterized by mixed, predominantly semi-diurnal tides
according to the classification of Defant (Defant, 1960).
This result is in accordance with the previous finding of
Abdullah (2002). Among the main tidal constituents used in

the analysis, the largest was M2 in all stations. The second
important constituent was K1, followed by 01, S2, and N2.
The maximum amplitudes of the principal tidal constituents
(M2, S2, N2, K1, and O1) were observed in the Faw station.
However, it is obvious from Table 2 that the amplitudes of
the semi-diurnal and diurnal tidal constituents have under-
gone a large reduction with distance along the longitudi-
nal path of the estuary. The reduction in the constituents’
amplitudes could be attributed to local bathymetry, that
is, friction effect, which appears to exceed the effect of
convergence nature of the estuary. As mentioned before,
SARE is characterized by irregular depths along its course
as well as the existence of several islands, particularly in
the region located north and south of the confluence point
of Karun river with SARE, as indicated in Figure 1. These
islands can work as barriers that participate in the attenu-
ation and nonlinear transformation of tidal energy and con-
sequently the decay of the tidal harmonics. As illustrated by
the results of the harmonic analysis (Table 2), most of the
tidal energy is mainly dissipated near these islands, and this
is reflected by the sharp decline of the amplitudes of the
astronomical tidal constituents at Abo Flous station. How-
ever, Wu et al. (2018) demonstrated that the islands have
a major effect on tidal hydrodynamics in tidal channels and
make the tides more nonlinear. The reduction in the am-
plitudes of the tidal components towards inland direction
was observed in many tidal systems, that is, Murray coastal
lagoon (Jewell et al., 2012), Cochin estuary (Vinita et al.,
2015), and Yangtze estuary (Lu et al., 2015).

The shallow water tidal constituents are generated when
the tidal wave is distorted inside the estuary. The high-
est amplitudes of these constituents were observed near
the estuary mouth (Faw station), except for M6. Unlike the
M4 constituent, which is the most significant shallow wa-
ter component in semi-diurnal tidal systems, MK3 was the
largest shallow water constituent in the SARE. This could be
because SARE is a mixed, mainly semi-diurnal tidal system,
and the dominant astronomical components M2 and K1 con-
trol the tidal behavior. Consequently, the nonlinear transfer
of energy from these two constituents gives a rise to MK3
among the other shallow water components. The second-
largest shallow water constituent was M4, followed by MS4.
These two constituents vary almost similarly due to their
close frequencies. However, the evolution trend of the shal-
low water constituents displays a continuous reduction to-
wards the inland direction, generally like the evolution of
the principal astronomical components, except for the Mé
and MK3. The M6 amplitude reaches its peak value at the
Sihan station, about 61% relative to its amplitude at Faw
station, and then decreases towards upper stations. In ad-
dition, the amplitude of the MK3 constituent showed a little
increase between Abo Flous and Basrah stations, in compari-
son with its continuous reduction from Faw to Abo Flous sta-
tions. This inconsistent behavior of the shallow water com-
ponents reflected the influences of the local geometry of
the estuary in such regions.

The phase lags of all tidal constituents exhibited a grad-
ual increase along the SARE. The tidal period in the SARE
is close to the period of the M2 constituent, that is, 12.42
hours (Abdullah et al., 2016). Hence, the time of high and
low water along the estuary is associated with the time of
crest and trough of the M2 wave. However, according to
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Figure 2  Time series of hourly water level records along the Shatt Al-Arab river estuary at Faw (A), Sihan (B), Abo Flous (c), and
Basrah (D) stations during 2014.

Table 2 Amplitudes (m) and phases (degrees) for the tidal constituents used in the analysis.

Tidal Constituent Faw Sihan Abo Flous Basrah

Amp. Phase Amp. Phase Amp. Phase Amp. Phase
01 0.261 218.89 0.122 260.66 0.068 297.30 0.059 304.81
K1 0.449 305.53 0.277 346.40 0.133 22.59 0.129 32.58
N2 0.159 166.29 0.081 225.60 0.04 268.27 0.036 298.01
M2 0.799 278.58 0.443 342.32 0.23 28.39 0.221 54.09
S2 0.249 36.59 0.125 101.17 0.06 153.01 0.053 177.94
MK3 0.07 141.26 0.041 239.61 0.027 308.47 0.028 341.25
M4 0.049 110.10 0.03 261.64 0.015 350.85 0.014 30.99
MS4 0.039 236.95 0.022 22.15 0.011 109.57 0.008 154.10
MN4 0.017 2.17 0.009 156.61 0.005 256.09 0.004 299.08
M6 0.005 223.8 0.013 79.98 0.011 202.85 0.008 265.33
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Hicks (2006) and Kuang et al. (2017), the time corresponding
to the phase lag of the tidal constituent can be estimated
by the following:

Time = X Teont.,

G
360
where AG is the phase lag between two locations and
Teont. is the period of the tidal constituent. The results re-
vealed that the phase lags of the semi-diurnal constituents
increase faster than the phase lags of the diurnal con-
stituents. This is mainly related to the effect of friction,
which is proportional to the square of the wave speed
(Parker, 2007); that is, wave speeds of semi-diurnal con-
stituents are slower than those diurnal constituents. How-
ever, according to Hicks (2006), the speed of the tidal con-
stituents is 360°/ Tone ; hence, semi-diurnal constituents de-
cay faster than the diurnal constituents under the effects
of friction. This result is consistent with the theoretical in-
dication of Godin (1999), which illustrated that the decay
rate of the tidal constituents is frequency-dependent; that
is, constituents with higher frequencies decay faster. The
phase lag of M2 (Ty; = 12.42 hours) between Faw and Si-
han stations reaches 63.74 degrees; that is, high water, or
wave crest, takes about 2.19 hours between these two sta-
tions. By taking into account that the distance between Faw
and Sihan stations reaches 55 km, hence tidal wave propa-
gates with speed at about 25 km/h. As the tidal wave moves
further upstream, a pronounced delay in speed occurs. The
phase lag of M2 reaches 46.07 degrees between Sihan and
Abo Flous stations, and hence, high water needs about 1.58
hours to cover the distance between these two locations.
The distance between Sihan and Abo Flous is about 31 km,
and consequently, the tidal wave propagates at a speed that
reaches 21 km/hour. The phase lag reaches 135.51 degrees
between Faw and Basrah station; that is, about 4.67 hours
are required for the tidal wave to move from Faw to Basrah
station. The phase lags of the S2 and N2 exhibited a simi-
lar evolution trend as M2 but with a few different magni-
tudes as a result of their different periods. Additionally, the
phase lags of the diurnal constituents also showed gradual
increases towards upstream. For instance, the phase lag of
K1 between Faw and Basrah stations reaches 87.05 degrees.
Based on the period of the K1, which equals 23.93 hours,
the time required by this wave to move from Faw to Basrah
station reaches 5.78 hours. However, since the wave speed
of K1 is about half of the speed of M2 (Hicks, 2006), and by
comparison of the time required by M2 and K1 to move from
Faw to Basrah stations, it is obvious that semi-diurnal con-
stituents experience a large delay along the estuary. Mean-
while, the phase lags for the shallow water constituents are
related to their frequencies and increase faster than the as-
tronomical constituents towards upstream under the effect
of nonlinear friction.

3.2. Tidal asymmetry

Tidal asymmetry can be created by the combinations of two
or more constituents, both astronomical or mixed between
astronomical and shallow water constituents (Guo et al.,
2019; Provost, 1991; Song et al., 2011).

The results of the harmonic method indicated that the
relative phase relation between M2 and M4 (2604, — —6u,)

at the Faw station is 87.06 degrees and varies along the
estuary with 63, 65.93, and 77.19 degrees in Sihan, Abo
Flous, and Basrah stations, respectively. Hence, according
to Aubrey and Speer (1985), SARE exhibits a flood domi-
nance behavior if only the M2-M4 interaction is taken into
account. According to Lu et al. (2015), the M4/M2 amplitude
ratio that is greater than 0.01 indicates the significant tidal
distortion in the tidal system. In SARE, this ratio ranged be-
tween 0.061 and 0.067 and exhibited an inconsistent evolu-
tion trend by increasing from Faw towards Sihan, and then,
it displayed a little reduction towards the other stations.
However, the evolution of this ratio depends on the behav-
ior of both M2 and M4. The spatial distribution of this ratio is
highly dependent on the local geometry of the estuary, and
when it increases, it refers to the large transfer of energy
from M2 to M4.

Tidal asymmetry was investigated further by the tidal
skewness metrics. Following Song et al. (2011), the tidal
asymmetry in SARE can be induced by several interac-
tions, such as M2-M4, M2-K1-O1, M2-S2-MS4, M2-K1-MK3,
M2-N2-MN4, and M2-M4-Mé6. However, the relative phase
relations for all these interactions ranged between 5 and
179 degrees, suggesting a flood dominance tidal asymme-
try in the estuary. These results are mainly consistent with
the observed longer period of the ebb tide than the flood
tide and are in agreement with the previous indications of
Abdullah (2014). Figure 3 displays the mean values of the
tidal skewness at all stations. Positive values of tidal skew-
ness were observed at all stations, indicating a longer pe-
riod of the falling tide than the rising tide. The steadily in-
creasing tidal skewness reflected the continuous tidal wave
deformation towards the upper reaches of the estuary.

The highest values of tidal skewness were recorded at
Basrah and Sihan stations, indicating the nonuniform behav-
ior of tidal wave deformation along the SARE. However, in-
creasing the tidal skewness at the middle reaches of the
estuary, that is, at Sihan station, could be mainly attributed
to the local characteristics of the estuary as well as to the
freshwater inputs from the Karun river, which is sufficient
to prolong the ebb duration, and consequently more tidal
deformation at this region will occur. Similar behavior of
nonuniform tidal wave deformations was observed in sev-
eral estuaries in the world, that is, the upper St. Lawrence
(Godin 1985, 1999), the Amazon estuary (Gallo and Vin-
zon, 2005), and Changjiang river estuary (Guo et al., 2019).
Furthermore, Figure 3 illustrates the contributions of the
six combinations to total tidal skewness. The nonlinear in-
teraction between M2 and its first harmonic M4 appears
to be the dominant contributor to tidal asymmetry, with
a gradual evolution along the estuary. This interaction ac-
counts for 49.17, 51.73, 54.67, and 54.45% of the total
skewness at Faw, Sihan, Abo Flous, and Basrah stations, re-
spectively. However, asymmetry generated by this interac-
tion is traditionally increased by the reduction of M2 ampli-
tude and generation of M4, and obviously, this is the case
at SARE, which displayed a large reduction of the M2 am-
plitude towards inland stations. Such behavior was com-
monly recorded in many estuaries around the world, like the
Amazon estuary (Gallo and Vizon, 2005), Yangtze estuary
(Lu et al., 2015), and Pearl river delta (Zhang et al., 2018).
The interaction of the astronomical M2-K1-01 triad repre-
sents the second main contributor to the tidal asymmetry,
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Figure 4 The mean value of relative sensitivity coefficient for different constituents amplitudes contributing to total tidal skew-
ness by M2-M4 (A), M2-K1-O1 (B), M2-S2-MS4 (C), M2-K1-MK3 (D), M2-N2-MN4 (E), and M2-M4-Mé6 (F) along the Shatt Al-Arab river

estuary.

accounting for 32.18, 26.26, 21.03, and 18.42% at four sta-
tions, respectively. However, although a substantial decline
in the skewness of this interaction occurs towards the in-
land direction, due to the large reduction of the amplitudes
of astronomical constituents, the tidal asymmetry induced
by this triad combination is a flood dominant in SARE. This
indicates that the tide is mostly a flood dominant in offshore
before entering the estuary. It is well known that the north-
ern Arabian Gulf is a shallow water region with maximum

depths that do not exceed 20 m (Lafta et al., 2019). Hence,
the nonlinear friction in shallow water plays a fundamen-
tal role in tidal wave deformation in the northern part of
the gulf, resulting in the retard of the tidal wave propa-
gation around low tides to high tides. Similar behaviors of
the M2-K1-01 interaction were observed in some estuarine
systems, such as the Cochin estuary (Vinita et al., 2015) and
Yangtze estuary (Yu et al., 2020). The M2-52-MS4 interaction
seems to be the third contributor, participating by about
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9—10% to the total skewness. The considerable attenuation
of both M2 and S2 constituents inside the estuary gave rise
to this interaction. However, Song et al. (2011) indicated
that, in mixed semi-diurnal tidal systems, M2-52-MS4 inter-
action plays a fundamental role in the tidal asymmetry in
such systems. The fourth important interaction was M2-M4-
M6 with contribution percentage rising from 2% at Faw to
10% at Basrah station. This rise was expected as the M2 con-
stituent experiences more reduction in the upper reaches
of the estuary. The interaction of K1-M2-MK3 seems to have
a secondary effect on the tidal asymmetry at all stations,
with the largest contribution reaching about 5% at Basrah
station. While the M2-N2-MN4 interaction has a minor role
in the total asymmetry with the contribution not exceeding
2%, this can be attributed to the small amplitudes for both
N2 and MN4 constituents.

3.3. Influence of tidal evolution on tidal
asymmetry

Sensitivity analysis is conducted to quantify the response of
the tidal skewness to the evolution of the tidal constituents
along SARE. Figure 4 illustrates the relative sensitivity co-
efficients for the six combinations contributing to the tidal
asymmetry in SARE. The results revealed that RSC for M2
amplitude is negative for all six combinations. This implies
that the tidal asymmetry is enhanced by a reduction in the
M2 amplitude. The tidal asymmetry induced by the M2-M4
combination is mainly intensified by increasing M4 ampli-
tude and decreasing the M2 amplitude. However, our results
showed a relative reduction in the M4 amplitude, which is
expected to minimize the tidal skewness of M2-M4 along the
estuary. In contrast, a substantial increase in tidal skewness
of M2-M4 was observed towards the upper reaches of estu-
ary. This behavior is mainly due to the large reduction in
the M2 amplitude in comparison with M4 amplitude along
the estuary. Regarding tidal skewness induced by the M2-K1-
01 combination, the relative sensitivity coefficient implies
that tidal asymmetry is enhanced by increasing K1 and O1
amplitudes and decreasing the M2 amplitude. The results
indicated that tidal skewness that resulted from M2-K1-0O1
asymmetry experienced a significant reduction towards the
upper reaches of the estuary, despite the substantial atten-
uation of M2 amplitude. However, both K1 and O1 ampli-
tudes showed a large reduction as they propagate towards
the inland direction, leading to an obvious minimizing of
the M2-K1-O1 asymmetry. The sensitivity coefficient of M2
for the M2-M4-Mé6 combination is also negative. The tidal
asymmetry induced by this combination undergoes a signif-
icant increase towards the inland areas and is associated
with a large reduction that occurs in the M2 amplitude, in
the same way as the M2-M4 combination. The sensitivity co-
efficients of M2 for the remaining combinations, including
M2-S2-MS4, M2-K1-MK3, and M2-N2-MN4, are also negative.
However, all these three combinations illustrated a relative
increase along the estuary due to the reduction that occurs
in M2 amplitude. Consequently, the reduction of M2 ampli-
tude plays a fundamental role in intensifying the tidal asym-
metry in SARE.

4. Conclusions

In this study, the water level measurements indicated that
the tidal wave experiences pronounced damping when prop-
agating towards the inland direction. Consequently, the fric-
tion effect was overcoming the convergent nature of the
estuary. The maximum tidal ranges at the seaside station
were 3 and 2.5 m in spring and neap tides, respectively, and
decreased in the upper reaches of the estuary. The results
of the harmonic analysis indicated that the amplitudes of
the principles diurnal K1 and O1 and semi-diurnal M2 and S2
experience considerable reductions towards the inland di-
rection under the effect of friction and the geometry of the
estuary. Hence, in this context, higher and compound tides
were generated.

Six possible interactions, including the astronomical and
nonlinearities to the total asymmetry, were evaluated. The
main contributor to the tidal wave deformation coincides
with the interaction of M2 and M4 at all stations, followed by
other interactions. The results of both the harmonic method
and the tidal skewness method demonstrated that SARE ex-
hibited a flood dominance nature of tidal asymmetry. The
nonuniform behavior of tidal asymmetry was recognized.
The Basrah and Sihan stations presented a more tidal wave
deformation due to the local characteristics as well as the
effect of the freshwater inflow. The relative sensitivity co-
efficient of M2 appears to have the largest values in all com-
binations; hence, the tidal asymmetry of SARE is mainly sen-
sitive to variations in the M2 amplitude.

It is worth mentioning that the results obtained are
mainly based on the water level measurements and focused
on the tidal duration asymmetry due to the lack of flow ve-
locity data. Hence, it is highly recommended to investigate
the velocity asymmetry that is directly correlated with the
sediment dynamics and morphological evolution in coastal
systems. Additionally, it is highly recommended to study the
influence of the river discharge variations on the tidal dy-
namics. This could be conducted based on the numerical
modeling techniques.
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