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Abstract: This study investigates tidal-wave amplification and phase shift along a propagation path from the northern Arabian Gulf to 

the Shatt Al-Basrah Regulator (Basrah Province, southern Iraq). We analyze a continuous one-year (2022) record of hourly water-level 

measurements from two stations located at the entrance of Khor Abdullah and at the Shatt Al-Basrah Regulator. Harmonic analysis was 

performed using the MATLAB WorldTide toolbox for tidal and tidal-current analysis and prediction. Results show a northward increase 

in maximum water level, accompanied by progressive amplification of tidal-wave amplitude and an increase in tidal range. At the 

regulator, the maximum water level is approximately 0.5 m higher than at the Khor Abdullah entrance. Among the resolved constituents, 

the principal lunar semidiurnal constituent (M2) has the largest amplitude at both stations and increases by ~100% between them. A 

phase lag of 52.19° (≈108 min) indicates that high tide at the Shatt Al-Basrah Regulator occurs nearly two hours later than at the entrance 

to Khor Abdullah. These findings provide insight into tidal-wave transformation in the northern Arabian Gulf and may help improve 

navigation safety, coastal infrastructure planning, and studies of sediment dynamics in the region. 
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Introduction 

Understanding tidal-wave propagation in coastal and 

estuarine environments is critical for navigation, port operations, 

and coastal infrastructure planning, and it also supports 

assessments of sediment transport and flood risk in low-lying 

regions. Shallow coastal systems are strongly influenced by tidal 

forcing, which drives water-level variability and controls inundation 

and drainage across intertidal areas. Variations over the tidal 

cycle can flood adjacent wetlands, supporting sediment transport, 

nutrient exchange, and habitat availability [1-3]. In these 

environments, changes in local water level are reflected in 

measurable variations in the amplitudes and phases of tidal 

constituents; in turn, these variations can influence water 

temperature, near-surface air temperature, and relative humidity, 

highlighting coupled tidal–meteorological interactions [4-5]. 

Tidal forces drive water-level variability and current dynamics 

that shape shoreline morphology and ecological conditions, 

particularly in environments influenced by shallow-water 

processes and tidal constituents [6,7]. In shallow, constricted 

waterways, tidal characteristics can be significantly modified by 

bottom friction, channel geometry, and bathymetric changes, 

leading to variations in tidal amplitude, range, and timing [8]. Tidal 

waves, generated primarily by the gravitational forcing of the 

Moon and the Sun, undergo substantial transformation as they 

propagate toward coastal and estuarine environments due to 

shallow-water effects [9]. These effects alter key characteristics 

such as amplitude, propagation speed, and tidal range, depending 

largely on the depth, geometry, and seabed topography of the 

waterway [8]. 

In shallow channels, tidal waves may be fully reflected, 
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partially reflected, or continue propagating with reduced energy 

as a result of bottom friction [10,11]. Tidal energy is transmitted 

across multiple frequencies, reflecting the complex orbital 

interactions between the Moon, Earth, and Sun. If both the lunar 

and solar orbits were perfectly circular and aligned with the Earth’s 

equator, tidal energy would be confined to two primary semi-

diurnal constituents—lunar (M2) and solar (S2) [12]. However, 

because both orbits are elliptical, their distances vary over time, 

and their orbital planes are inclined relative to the equator, tidal 

energy is spread across a broader spectrum of constituents [13]. 

These constituents are commonly classified by their celestial origin 

(lunar or solar) and temporal characteristics, including diurnal, 

semidiurnal, and long-period constituents, as well as shallow-

water constituents such as overtides and compound tides that 

arise from nonlinear hydrodynamic interactions in bays and 

estuaries [14-17]. 

Oceanographic research in the northwestern Arabian Gulf, 

particularly within Khor Abdullah, Khor Al-Zubair, and the Shatt Al-

Basrah Canal, remains scarce—especially studies using 

continuous, long-term measurements. Several observational and 

modeling studies have examined tidal dynamics in the 

northwestern Arabian Gulf and adjacent estuaries. Field-based 

harmonic analyses and one-year water level records have 

characterized tidal constituents and tidal asymmetry within Khor 

Abdullah, Khor Al-Zubair, and the Shatt Al-Arab estuary, 

identifying M2 as the dominant constituent and documenting 

spatial changes in tidal amplitude and range [17,18]. Numerical 

hydrodynamic models (e.g., MIKE11, Mike 21) have also been 

applied to simulate tidal propagation and to assess prospective 

impacts such as sea-level rise on water levels [18]. Despite these 
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contributions, long-term observational datasets that 

simultaneously quantify tidal-wave amplification and phase lag 

between the entrance of Khor Abdullah and the Shatt Al-Basrah 

Regulator remain scarce. Accordingly, this study addresses this 

gap by analyzing tidal-wave amplification and phase shift along 

the propagation pathway from the entrance of Khor Abdullah to 

the Shatt Al-Basrah Regulator using a continuous one-year record 

of hourly water-level observations collected at strategically 

located stations. 

 
Figure (1): Map of the study area and the locations of measurement 
stations. 

Materials and Methods  

Study Area 

Khor Abdullah is funnel-shaped and extends approximately 

40 km in a northwestward direction until it reaches the southern 

part of Warbah Island, where it branches into Khor Bubiyan, 

connecting it to Khor Al-Subiyah and Khor Shaitana [18]. Khor 

Shaitana serves as a link between Khor Abdullah and Khor Al-

Zubair, as illustrated in Figure (1). The eastern bank of Khor 

Abdullah has a moderate slope, whereas the western bank, 

represented by the shores of Warbah and Bubiyan islands, has a 

steeper slope. As a result, the international navigation channel in 

Khor Abdullah is located closer to the Kuwait side. Water depths 

in Khor Abdullah range from 7 to 14 m, with an average depth of 

approximately 10 m [18,19]. The channel has an average width of 

17 km at its southern entrance, where it meets the Arabian Gulf, 

but narrows northward to 6.5 km south of Warbah Island Figure 

(1). The salinity of Khor Abdullah reaches 38 psu, classifying it as 

a high-salinity bay [20]. It is characterized by strong tidal currents 

during both the spring and ebb phases [21,22]. 

On the other hand, Khor Al-Zubair is located in southwestern 

Iraq and connects to the Arabian Gulf through Khor Shaitana and 

Khor Abdullah, making it a natural extension of the Arabian Gulf 

[18]. The total length of Khor Al-Zubair is approximately 40 km, 

with its lower boundary located about 8 km south of Umm Qasr 

city and north of Warbah Island. The upper boundary of Khor Al-

Zubair branches into multiple smaller channels, forming a tree-like 

pattern, as shown in Figure (1). Khor Al-Zubair has an average 

width of approximately 1 km, with navigational channel depths 

ranging from 10 to 20 m. The total surface area covered by water 

during a spring tide is approximately 60 km² [18]. Shatt Al-Basrah 

Canal was constructed in 1983 as an artificial drainage canal to 

discharge flood waters from the Euphrates River into the Arabian 

Gulf via Khor Al-Zubair. This canal is approximately 37 km long, 

extending from its connection with the Karmah Ali River to the 

upper reaches of Khor Al-Zubair. Due to reduced discharge from 

the Euphrates River, a new hydraulic connection for the canal was 

constructed [23]. In 1993, its connection was modified to divert 

water into the Main Outfall Drain (MOD), which is designed for 

draining agricultural wastewater from the Euphrates basin. 

Seawater intrusion is controlled by the Shatt Al-Basrah Regulator, 

which is located approximately 22 km upstream toward Khor Al-

Zubair Figure (1). However, in recent years, agricultural 

wastewater has been redirected toward the marshes, significantly 

reducing the flow reaching Shatt Al-Basrah. Currently, the 

discharge rate is very low, not exceeding 10 m3/sec. 

Figure (2): Time series of water level fluctuations during the year 2022 at 

(A) Khor Abdullah entrance and (B) Shatt Al-Basrah regulator. 

Used Data 

The present study relies on field measurements of water-level 

fluctuations collected at two locations. The first location is at the 

entrance of Khor Abdullah, near the western breakwater of the 

Grand Faw Port. The second location is located upstream near the 

Shatt Al-Basrah Regulator, as shown in Figure (1). Water-level 

data at Station 1 were obtained using a HOBO tide gauge installed 

at the Shatt Al-Basrah Regulator. Data at Station 2 were provided 

by the General Company for Ports of Iraq (GCPI) in collaboration 

with Daewoo Engineering & Construction, which constructed the 

western breakwater of the Grand Faw Port [24]. An automated 

monitoring station was established to record various 

oceanographic variables and is located approximately 650 m from 

the western breakwater of the Grand Faw Port Figure (1). Both 

datasets were referenced to Iraq’s official vertical datum (Faw 

1979 Datum), which represents the mean sea level in Al-Faw city 

[18]. Water-level records at Station 1 were interrupted for several 

days due to a temporary malfunction of the tide gauge. 

Harmonic Analysis 

The analysis of recorded sea-level data in the study area was 

conducted using the MATLAB WorldTide program. This software 

applies harmonic analysis using the least-squares method to 

determine the tidal constants of the constituents used in sea level 

data analysis. The program includes between 5 and 35 tidal 

constituents in the harmonic model [9]. Harmonic analysis 

represents periodic functions as a linear superposition of 

fundamental waves and extends the concept of Fourier series. 

Sea-level fluctuations resulting from various forcing mechanisms 

can be expressed as the sum of a series of simple harmonic 

terms, also known as tidal constituents. Each term can be 

represented as a sinusoidal wave with a known frequency linked 

to the periodic motion of the Earth-Moon-Sun system. The primary 

objective of harmonic analysis is to determine tidal constants, 

including the amplitude and phase of each sinusoidal component 

affecting sea-level variability in a given region. These constants 

can then be used to predict future tidal behavior for that location. 

The fundamental equation for the harmonic model is written as 

follows [9]: 

h(t) = h° + ∑mfj Hj cos(wjt + uj − k∗)       (1) 

where h(x,t) represents the water level computed using the 

harmonic model; t is time; is the mean water level in the study 

area; fj is the lunar node factor for the amplitude of the jth tidal 

constituent; Hj is the amplitude of the jth tidal constituent; ωj is the 

frequency of the jth tidal constituent; uj is the nodal phase; k*j is 

the phase lag; and m is the number of tidal constituents used in 
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the model. For purely solar tidal constituents, fj is taken as 1 and 

uj is set to 0. 

Results and Discussion 

As the tidal wave propagates from the northwestern of the 

Arabian Gulf toward the Shatt Al-Basrah canal system, it 

undergoes amplification and distortion due to local hydrodynamic 

processes. The water level fluctuations shown in Figure (2) 

indicate a noticeable increase in the Higher High Water (HHW) as 

the tidal wave propagates northward. At the upper reaches of the 

study area (Shatt Al-Basrah regulator), the HHW reaches 

approximately 2.25 m, which is more than 0.5 m higher than at the 

lower reaches (Khor Abdullah entrance). The highest recorded 

HHW values during the study period were 1.98 m at Station 1 and 

2.25 m at Station 2. Meanwhile, the recorded Lower Low Water 

(LLW) values were −2.78 m at Station 1 and −3.45 m at Station 

2. This variation in extreme water levels is attributed to local 

hydrodynamics and the convergent geometry of the study area. 

As the cross-sectional area gradually decreases from the Arabian 

Gulf toward the upper reaches of the Shatt Al-Basrah Canal, 

incoming tidal energy becomes concentrated within a narrower 

region. This concentration leads to amplification of tidal-wave 

amplitude and an increase in tidal range. 

 
Figure (3): Comparison between observed and estimated water level at 
A: station 1 and B: station 2. 

Figure (2) shows that there are no significant seasonal 

fluctuations in water level heights. However, due to the elliptical 

orbit of the Moon and modulation of the M2 tidal constituent by 

variations in lunar gravitational forcing, noticeable differences 

occur between successive spring and neap tidal cycles. Figure 

(3) compares observed and estimated water levels generated by 

the harmonic model at stations 1 and 2. The harmonic model 

performs well at both stations, with agreement levels of 93.2% and 

94.63% and root mean square errors of 0.22 m and 0.36 m at 

Stations 1 and 2, respectively. Using the harmonic model 

(MATLAB WorldTide), 35 tidal constituents were identified and 

classified as diurnal, semi-diurnal, and shallow water constituents. 

Shallow-water constituents, such as overtides and compound tidal 

constituents, are generated through nonlinear interactions 

between the primary tidal waves and the seabed [25,26]. The 

amplitude of semi-diurnal constituents M2, S2, and N2 is amplified 

from the Khor Abdullah inlet to upstream, as shown in Table 1, in 

response to the influence of local hydrodynamics. The 

amplification of the tidal constituents’ amplitudes is caused by a 

balance between geometric amplification, which occurs when the 

cross-sectional area decreases in the upstream direction, and 

frictional dissipation. The results showed that the highest 

amplitude value was for the M2 constituent at two study stations. 

Its amplitude increases in the upper reaches of the study area by 

approximately 100% compared to its value at the Khor Abdullah 

entrance. It was also found that there is a significant increase in 

the amplitudes of the principal semidiurnal tidal constituents (S2 

and N2), accompanied by a slight increase in the amplitude of the 

principal diurnal constituent (K1) and a slight decrease in the 

amplitude of the diurnal tidal constituent (O1) as we move 

northward toward the upper reaches of the study area. 

Percentage increases in amplitude were 102% for S2, 100% for 

N2, and 13% for K1. Meanwhile, the O1 constituent decreased by 

7% at Station 2 compared to its value at Station 1. Amplification 

of tidal constituents in the study region is attributed to the 

convergent geometry of the channel, which overcomes frictional 

dissipation along the bed. The primary contributor in all stations 

was the principal lunar semidiurnal constituent (M2), accounting 

for 30% at Station 1 and 31% at Station 2. 

The contributions of other principal tidal constituents were as 

follows, principal solar semidiurnal constituent (S2) is 10.1% and 

10.5%, lunar semidiurnal constituent (N2) is 5.9% and 6.1%, 

diurnal constituent (K1) is 16.5% and 9.5%, diurnal constituent 

(O1) is 9.8% and 4.6% at station 1 and station 2, respectively. The 

fluctuation in maximum tidal wave amplitude and the contribution 

of each tidal constituent differs from one location to another, 

depending on various natural factors, primarily bathymetric 

characteristics and the shape of the waterway. This is particularly 

evident at Station 1, which has a larger cross-sectional area 

compared to the station 2. Similarly, our results show that the 

diurnal constituent P1, which has a major contribution to water 

level variation in the Arabian Gulf, as reported by Pous et al. 

(2012) [27], has an amplitude reduction of roughly 16% in the 

upstream of the study area. Constructive or destructive 

interference, created due to the non-interaction of P1 with K1 and 

O1 further amplifies or dampens the P1 component. A 

combination of factors, including reduced water outflow, 

bathymetric gradients, and frictional effects, likely contributes to 

the observed reduction in P1 amplitude toward the upstream 

reaches of the study area. Similar frictional damping of the P1 

constituent has been reported in the Han River estuary, attributed 

to sediment loads and local bathymetric conditions [28]. 

Shallow water tidal constituents are raised by nonlinear 

interactions between primary astronomical tides and typically 

occur at higher harmonic frequencies. These constituents play a 

key role in shallow-water effects within tidal streams and estuarine 

environments. 

The results show amplification of several shallow-water 

constituents, including M3, MN4, M4, MS4, S4, 2MN6, M6, 2M6, 

S6, M8, and 3M8 from the inlet toward the upstream reaches of 

the study region. The amplification is attributed to nonlinear 

interactions among primary tidal constituents that generate 

overtides at higher harmonic frequencies [29]. Such amplification 

may result from combined of hydrodynamic factors on tidal 

propagation within Khor Abdullah, Khor Al-Zubair, and the Shatt 

Al-Basrah canal. In particular, strong tidal currents and irregular 

bathymetry can promote the formation of compound tides and 

overtides, enhancing higher harmonic components upstream [10]. 

Similar amplification of shallow-water constituents has been 

documented in other systems; for example, converging geometry 

and shallow depths have been shown to increase the amplitude 

of M4 in the Gulf of Khambhat, Arabian Sea [30], while bathymetric 

and geometric controls have led to tidal amplification in the Elbe 

estuary [31]. 

Table (1): Amplitude and phase for the tidal constituent in the studied 
area. 

Seq. 
Tidal 

Constituent 

Station 1 Station 2 

Amplitude 
(m) 

Phase 
(deg) 

Amplitude 
(m) 

Phase 
(deg) 

1 Q1 0.058 154.91 0.051 167.5 

2 RHO1 0.014 209.27 0.007 242.33 

3 O1 0.304 231.46 0.282 240.03 

4 M1 0.011 209.19 0.025 169.32 

5 P1 0.142 308.05 0.122 347.87 

6 S1 0.033 257.8 0.053 288.57 

7 K1 0.51 293.35 0.576 323.69 

8 J1 0.017 37.32 0.04 141.38 
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Seq. 
Tidal 

Constituent 

Station 1 Station 2 

Amplitude 
(m) 

Phase 
(deg) 

Amplitude 
(m) 

Phase 
(deg) 

9 OO1 0.017 203.1 0.026 298.64 

10 MNS2 0.011 311.29 0.077 214.77 

11 2N2 0.031 49.97 0.065 65.84 

12 MU2 0.027 6.51 0.265 323.11 

13 N2 0.182 188.84 0.369 223.39 

14 NU2 0.058 281.44 0.092 292.37 

15 M2 0.93 271.15 1.864 323.34 

16 LAM2 0.021 117.19 0.123 103 

17 L2 0.044 302.41 0.149 321.17 

18 T2 0.026 28.59 0.026 83.7 

19 S2 0.314 26.05 0.637 101.58 

20 R2 0.01 235.39 0.041 43.81 

21 K2 0.118 181.64 0.179 250.35 

22 2SM2 0.015 308.62 0.097 346.45 

23 2MK3 0.037 86.17 0.142 105.67 

24 M3 0.012 66.99 0.023 84.91 

25 MK3 0.045 151.73 0.017 159.61 

26 MN4 0.013 37.83 0.096 13.44 

27 M4 0.036 127.66 0.218 117.78 

28 MS4 0.026 227.17 0.169 250.51 

29 S4 0.002 336.85 0.038 75.98 

30 2MN6 0.003 77.23 0.025 257.6 

31 M6 0.004 166.08 0.04 1.43 

32 2M6 0.004 236.11 0.055 123.37 

33 S6 0.001 123.23 0.007 109.51 

34 M8 0.001 38.42 0.008 186.08 

35 3M8 0.002 111.34 0.012 269.91 

The percentage contribution of various constituent types in 

the estimated water level variation is as follows, semidiurnal 

constituents was 58.04% at the station 1 and 66.2% at the station 

2, while diurnal frequencies contributed 35.9% and 19.3% at the 

station 1 and station 2, respectively. Additionally, there is a 

noticeable increase in the contribution of shallow water 

constituents, i.e., quarter-diurnal and sixth-diurnal as the tidal 

wave moves toward the upper reaches of the study area. It is well 

known that these constituents result from shallow water effects, 

which cause energy transfer from principal tidal constituents to 

new frequencies that are multiples of the original frequencies [32, 

33]. Figure (4) shows that the contribution of semidiurnal 

frequency bands or constituents (MNS2, 2N2, N2, M2, L2, T2, S2, 

R2, K2, 2SM2) increases, while the contribution of diurnal 

constituents (O1, M1, P1, S1, and K1) clearly decreases inland. 

Table 1 presents the phase shift variation of tidal constituents: the 

results indicate that only minor phase shifts were observed for the 

principal diurnal constituents, whereas the principal semidiurnal 

constituents exhibited comparatively larger phase variations. In 

contrast, substantial variability was observed for the shallow-

water constituents as a result of nonlinear interactions. The phase 

difference of a tidal constituent reflects its propagation speed 

within a tidal system [34]. 

The phase difference of K1 is 30.34° (Time of K1 (tK1= 23.93 

hours)), indicating that this constituent requires approximately 121 

minutes to propagate from the Khor Abdullah inlet to the Shatt Al-

Basrah Regulator. The phase difference of O1 is 8.5° (tO1 = 25.81 

hours), corresponding to a propagation time of approximately 36.5 

minutes between the two stations. Similarly, the phase difference 

of P1 is 39.82° (tP1 = 24.06 hours), indicating that about 160 

minutes are required for this constituent to travel from Station 1 to 

Station 2. For the M2 constituent, a phase difference of 52.19° 

(approximately 108 minutes) was observed, indicating that high 

tide at the Shatt Al-Basrah Regulator occurs about 108 minutes 

after it occurs at the Khor Abdullah entrance. Correspondingly, the 

phase difference of S2 is 75.53°, suggesting that approximately 

151 minutes are required for this constituent to propagate from 

Station 1 to Station 2. Likewise, the phase difference of N2 is 

34.55° (tN2 = 12.69 hours), indicating a propagation time of 

approximately 73 minutes between the two stations. Differences 

in the phase of tidal constituents between the study stations may 

be attributed to bathymetric variations along the study area and 

nonlinear interactions with the channel bed. Significant 

fluctuations were also observed in shallow-water constituents due 

to tidal wave distortion along the study area, resulting from 

interactions with uneven shallow bathymetry, nonlinear advection, 

and bottom friction. 
 

 
Figure (4): The percentage contribution of different frequency bands at the 

study stations. 

The form factor ((Amp K1+Amp O1)/(Amp M2+Amp S2)) was 

0.65 and 0.34 in station 1 and station 2, respectively. This 

decrease in form factor is due to the increase in the amplitude of 

semidiurnal constituents. However, in general, the form number 

falls within the range (0.25 < FN < 1.5), indicating that the study 

area is characterized by a mixed tide with a predominant 

semidiurnal constituent. This means that tidal wave energy is 

distributed across mixed frequencies between the diurnal and 

semidiurnal tide. 

Conclusions 

In this study, water level measurements at two locations 

northwest of the Arabian Gulf, Khor Abdulla entrance and Shatt 

Al-Basrah regulator, were utilized to highlight the characteristics of 

tidal waves that propagate from shallow coastal environments 

towards an inland direction. The analysis demonstrates that the 

tidal wave amplitude gradually increases as it propagates inland 

due to the convergent nature of the studied area. The study 

signifies that the constituent M2 has the highest amplitude at the 

two study stations. Correspondingly, the results illustrate that 

most constituents undergo an amplification as the tidal wave 

propagates towards the inland direction. The semi-diurnal tidal 

constituents M2, S2, and N2 were found to amplify towards the 

upstream with amplification rate was for S2 and M2, with 102% 

and 100%, respectively. The shallow water tidal constituents 

amplified from the station 1 to the upstream regions. The phase 

difference for M2 was recorded as 52.19° (approximately 108 

minutes). This means that the high tide at the Shatt Al-Basrah 

regulator occurs 108 minutes after it occurs at the Khor Abdullah 

entrance. This finding is particularly relevant for navigation safety 

in waterways that support major commercial and oil ports. 

Limitations and Future Work 

This study provides important insights into tidal wave 

amplification and phase shift between Khor Abdullah and the 

Shatt Al-Basrah Regulator; however, some limitations remain. 

1. Spatial coverage: Only two stations were analyzed. Adding 

intermediate sites would better capture spatial variability 

along the channel. 

2. Temporal scope: The dataset covers one year (2022). 

Longer records are needed to evaluate interannual and 

decadal variability. 

3. Meteorological forcing: Wind, atmospheric pressure, and 

river discharge were not considered. Incorporating these 

drivers could improve understanding of non-tidal 

contributions. 

4. Numerical modeling: The study relied on observations and 
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harmonic analysis. Coupling with hydrodynamic models 

would enable scenario testing under sea-level rise or 

engineering modifications. 

5. Nonlinear tidal interactions: Overtides and compound tides 

were not examined in detail. Future work should assess their 

role in tidal asymmetry, sediment transport, and salt 

intrusion. 

6. Anthropogenic influences: Dredging, regulator operation, 

and port construction were not evaluated. Quantifying these 

impacts would help separate natural and human-driven 

changes. 

7. Regional context: Only local tide-gauge data were used. 

Integration with satellite altimetry and regional networks would 

provide broader spatial coverage. 

8. Ecological linkages: Impacts on salinity intrusion, sediment 

dynamics, and ecosystem were beyond this study’s scope. 

Interdisciplinary approaches could address these 

connections. 
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