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ABSTRACT 

 

Variation of the tide levels and its interaction with strong monsoon wind can increase the 

frequency of coastal inundation. These specific hazards are not well studied in Bangladesh 

coast while inundation due to storm surge and mean sea level rise are recognized in many 

research works and considered by policy makers. Astronomical and meteorological forcing 

are the two main cause of tide level modulation which can lead to devastating coastal 

inundation. Present study aims to study characteristics of wind and tide along Bangladesh 

coast, computing sea surface swelling due to strong monsoon wind and simulate the coastal 

inundation when the peak of long-term astronomical tide coincides with strong monsoon 

wind. In this study, wind with its direction along the coast are analyzed from short term and 

long term wind data. Modulation of long-term astronomical tide due to lunar nodal and 

perigean cycles is identified from the harmonic analysis fitted to sinusoidal signals. 

Characteristics of short-term and long-term tide level are analyzed to see the variation of tide 

levels along the 710km long coast by tidal constituent analysis. Sea surface swelling due to 

strong monsoon wind or wind setup is computed by applying an analytical model. Flow 

module of Delft3D modeling suit is applied to simulate the coastal inundation due to extreme 

combination of astronomical tide and strong monsoon wind. Areal extent of inundation, 

average inundation depth and likely scenarios of polder overtopping are computed in union 

scale for all the 19 coastal districts of Bangladesh. This study finds that the coast experiences 

the strongest wind along the Chittagong coast and the weakest wind along the Khulna coast. 

Along Bangladesh coast, 18.61-year lunar nodal cycle has no significant influence but 4.425-

year lunar perigean cycle are clearly visible. M2 (Principal lunar semidiurnal constituent) is 

the dominant tidal constituent along the coast. Both M2 and HAT (Highest Astronomical 

Tide) show an increasing trend which is a likely evidence of SLR in Bangladesh coast. Wind 

speed of 10 m/s is identified as the representative wind that can be treated as the strong 

monsoon wind without cyclone. Wind setup or sea surface swelling is found to be high in 

the mouth of Meghna estuary and low in the mouth of Pasur-Shibsa estuary. During the 

extreme combination of astronomical tide and strong monsoon wind, 153 unions of 

Bangladesh coastal zone are likely to be inundated by overtopping 16 coastal polders. 
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         CHAPTER ONE 

1 INTRODUCTION 

 

1.1 Background of the Study 

 

The potential of high tide flooding at the coast has a strong spatial component at a variety of 

scales. The coastal area of Bangladesh is low lying and flooding is a common phenomenon. 

Primarily astronomical and meteorological forcing are the two main causes (Pugh, 1996) of 

this flooding where various local and climatic factor engender the severity of this 

phenomenon (Rasid & Paul, 1987). Short and long term rotation of the earth, sun, and moon 

are the main cause of astronomical force which leads daily to 20392-year tidal cycle (Haigh 

et al., 2011). On the other hand, due to meteorological forcing, wind setup is of particular 

importance in shallow water bodies with large horizontal extent (Enriquez & Friehe, 1995). 

In Bangladesh coast, during monsoon strong south /south-westerly monsoon wind coming 

from the Indian Ocean, after traveling a long distance over the water surface, enter into the 

coastal area (Mukut et al., 2008). This wind gives additional rising to astronomical tidal 

water level (TWL) (Ali, 1995; Haque et al., 2002). Astronomical tide follows short and long 

term cycles. Amplitude & phase of these cycles can also vary along the coast and have a 

significant impact on flooding (Eliot, 2010). There is a high possibility that strong monsoon 

wind coincides with the peak of any astronomical cycle. That will lead to an extreme flooding 

event which will have a stern impact with different characteristics from usual high tide 

flooding. In recent years, in few locations along Bangladesh coast, there is some evidence of 

extreme tidal flooding during monsoon period (The Daily Prothom Alo, 2014). Studies have 

not yet been performed to analyze this flooding in detail. This study will analyze short and 

long term astronomical tidal characteristics, monsoon wind patterns, their interactions, up-

welling of the sea surface due to monsoon wind and resulting coastal flooding due to these 

combined forces. 
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1.2 Rationale of the Study 

The most important geographical feature of Bangladesh is that it has a 710 km long coast 

comprises of the highly dynamic estuary, numerous tidal creeks, waterway inlets, and 

complex coastline geometry. High tidal range primarily governs the hydrodynamic behavior 

and coastal processes. Wide and shallow continental shelf and the funneling shape of the 

coast made the coastal area much more vulnerable. This coastal area represents 32% of the 

country’s total geographical area which is 47,211 km2. 35 million people live in 6.85 million 

households which are 28 percent of the country’s total population (Shamsuddoha, 2007). 

Mean elevation of the coastal region ranges from less than 1m on tidal floodplains, 1m to 3m 

on the main river and estuarine floodplains (Shardul, 2003). Almost every year, the region 

experiences hazards of one kind or another—such as tropical cyclones, storm surges, river 

erosion, and floods —causing heavy loss of life and property and jeopardizing the 

development activities (Ali, 1999). 

 

Inter-annual modulation of the tide which is governed by the lunar nodal and perigean cycle 

is not yet studied for Bangladesh coast and is not addressed in coastal zone policy (WARPO, 

2005). The current study analyzed the lunar nodal and perigean cycle with daily and neap-

spring cycle to give a complete picture of the tidal variation of the water level. On the other 

hand, during monsoon period tidal water level frequently exceed the level of the flood control 

embankment and the huge force generated by the tidal water caused a great damage to the 

embankment. Although few studies are conducted to identify the sea surface is swelling 

along Bangladesh coast due to monsoon wind (Ali, 1995; Haque et al.,2002), but no study 

has yet to conduct to observe the resulting flooding due to this swelling. A study was needed 

to have a clear idea of short and long term astronomical cycle, monsoon wind pattern, their 

interaction and resulting impact on coastal flooding in Bangladesh. The present study is 

expected to answer this research question. 
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1.3 Objective of the Study 

The main objectives of this research are: 

Along the Bangladesh coast - 

1. Analyze short and long term characteristics of tidal water level and monsoon 

wind. 

2. Determine the nature of the dynamic interaction between the tide and monsoon 

wind. 

3. Study the impacts of tide-monsoon wind dynamic interaction on coastal 

flooding. 

1.4 Scope of the Study 

This study analyzes the short and long term astronomical tidal characteristics, monsoon wind 

patterns, nature of the dynamic interaction between the tide and monsoon wind, upwelling 

of the sea surface due to monsoon wind and resulting coastal flooding due to the interaction 

of tidal water level and monsoon wind. The outcome of this study will give a complete 

picture of the impact of astronomical and meteorological forcing on coastal flooding.  

 

1.5 Organization of the Thesis 

 

 To outline how this research work has been done, the thesis is divided into nine chapters. 

The organization of this study is as follows: 

 

In chapter one background information is given with rationality of this study in Bangladesh 

coastal zone with three specific objectives. 

 

In chapter two previous literature and reviews related to the theory of tide generation and 

analysis, wind analysis, their interaction and inundation patterns are outlined.  
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Chapter three gives description of the study area such as administrative boundary, 

topography and river network, protection against flooding etc.  

 

Methodology followed to achieve the objectives of this thesis is given in chapter four. This 

chapter also deals with the theory and equations of the analytical and numerical models used 

in this research work. 

 

In chapter five seasonal and inter-annual variation of wind speed and direction are analyzed 

with frequency distribution. From this analysis extreme monsoon wind are identified. 

 

In chapter six tide characteristics along the coastline of Bangladesh are analyzed for daily, 

neap-spring, lunar nodal, and perigean cycles. Variation of tidal constituents are described 

in detail for tide prediction. 

  

Chapter seven deals with the dynamic interaction of tide and wind. Sea surface swelling due 

to this extreme wind are calculated using an analytical equation. 

 

In chapter eight preparation of Delft 3D hydrodynamic model is described with model 

calibration, validation, and error estimation. Inundation pattern is analyzed from the model 

output in union level. 

 

Chapter nine summarizes the conclusions of this thesis work. 
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CHAPTER TWO 

2                                                        LITERATURE REVIEW 

 

2.1 Introduction 

 

This chapter recaps the previous studies conducted on tidal constituents, tide cycles, the 

theory of tide analysis, wind characteristics, wind setup, analytical method for wind setup 

computation, tide wind interaction and coastal inundation issues. 

2.2 Tide 

Relative movement of the earth, moon, and sun are the main cause of systematic variation of 

astronomical forcing which produces the tidal cycle in ocean coastal waterways within 

different time scales. The daily cycle of diurnal or semi diurnal tide with the monthly spring-

neap cycle is the most commonly observed phenomenon. Over inter-annual time scales, 18.6-

year lunar nodal cycle and the 8.85-year cycle of lunar perigee greatly influenced the tides. 

Perigean cycle influences the sea level as a quasi-4.425 year cycle (Woodworth and 

Blackman, 2004). These inter-annual modulations affect the interpretation of tide gauge 

records that extend over several years, particularly when dealing with water level extremes. 

In addition, astronomical tides are significantly influenced by the meteorological factors, for 

example - the wind, temperature, pressure, rainfall, and oceanographic effects of salinity, 

waves, currents, erosion, sedimentation and hydrological process.  

2.3 Daily Tide Cycle 

Based on the daily tidal cycle, the world’s coastline can be divided into three major types - 

diurnal, semi diurnal and mixed. The semi-diurnal tide is characterized by two daily high 

and low tides. The time difference between two consecutive high and low tides are 12 hours 

25 minutes. When the moon is not aligned with the equator, successive high and low tide 

and their range are not equal. This phenomenon is called semi-diurnal inequality. (Dronkers, 

2005). Along the Bangladesh coast, daily tides are semidiurnal, with a slight diurnal 

inequality (Akter, 2015). Based on the basis of daily tidal range, tide in Bangladesh coast is 
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divided into three tidal zones (Ali, 2005): micro-tidal zone (below 2m tidal range), meso 

tidal zone (2m to 4m tidal range) and macro-tidal zone (above 4m). 

 

2.4 Neap- Spring Tide Cycle  

 

Tides are greatly influenced by the moon and it is easy to follow the lunar calendar for neap-

spring tide cycle analysis. During the synodic month combination of the solar and lunar 

envelopes causes spring tides and neap tides. The synodic month is referenced to the sun or 

phase of the moon and is 29.530588 days in length. Neap-spring tides occur twice in a 

synodic month. 

 

 
 

Figure 2.1: Position of earth-moon-sun during high and low tide 

Source: (http://global.Brita nnica.com/science/tide) 

 

 

Kvale (2006) studied the origin and behavior of neap-spring tidal cycles in details. He 

reviewed the equilibrium and dynamic theory of tide with tidal range and time of occurrence. 

He studied the amplitude of M2, S2, N2, K2, K1, O1, P1 at seven tide gauge stations on the 

east side of the gulf of Carpenteria, Australia. His study suggests that for a semi-diurnal tide 
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characterized by distinct diurnal inequality descending order of tidal constituents are M2, S2, 

K1 and O1. For his study, he recognized the neap-spring cycle from the rock record. 

 

 

 
Figure 2.2: Position of earth-sun-moon during the neap-spring tide of a synodic month 

(Source: http://www.aviso.altimetry. ) 
 

 

2.5 Inter-annual Tide Cycle 

 

Woodworth and Blackman (2004) examined the occurrence of extreme water levels using 

the exceedance frequency for a range of tidal stations across the globe and find out the 

correlations with regional climate indices. For this study, they collected tidal water level data 

from the University of Hawaii Sea Level Center. They examined the 0.1% and 1% 

exceedance levels and found that the 0.1% level was more prone to corruption from data 

errors. They removed the annual median sea level and tidal components to examine the 

correlation of the residual against regional climate indices.  

 

Araujo and Pugh (2008) analyzed the trends of sea levels at Newlyn for future flooding risks 

due to inter-annual modulation of the tide.  They collected hourly tide data from British 

Oceanographic Data Centre (BODC) for each year, which ranges from 1915 to 1999 and at 

15-min intervals until 2005 at Newlyn, UK. A harmonic analysis was made separately for 

each year of data using the Proudman Oceanographic Laboratory Programme TASK-2000, 

which provided values for 63 harmonic constituents. They studied the trend of inter-annual 

modulation of tide, mean sea level and modulation due to metrological factor separately. 

http://www.aviso.altimetry./


  

8  

Using year‐by‐year standard deviations of hourly water level signals about the annual mean 

at Newlyn they found 33.9 mm amplitude of 18.6-year nodal cycle. In that study amplitude 

of M2, S2 and M4 tide were studied separately for trend analysis. 

 

Eliot (2010) examined the influence of inter-annual tidal modulations on coastal flooding 

along the Western Australian coastline using tide gauge observations. In this study, annual 

standard deviations and exceedance frequency have been used to examine both hourly and 

high‐pass‐filtered water levels to establish the influence of tidal modulations. The amplitude 

of the tidal modulation was subsequently calculated from harmonic analysis of the signal, 

fitted to 18.6, 9.305, 8.85, and 4.425-year sinusoidal signals. His results indicated that the 

contribution of tidal modulations to the likelihood with which high water levels would be 

exceeded varied significantly around the coastline in terms of both amplitude and phase. 

High water levels along the southern part of the coastline which is diurnal tide were 

dominated by the nodal cycle with a high peak in 2007 and low peak in 2017, while the semi-

diurnal northwest region was affected mainly by the quasi 4.425-year cycle of perigean 

influence with a high peak in 2006 and low peak in 2011. The largest modulation due to the 

18.6-year lunar nodal cycle was determined 0.07 m amplitude at the 0.5% exceedance level. 

The spatial trend of the lunar nodal modulation was opposite to the pattern of the M2 tidal 

constituent, although the weaker signal of the nodal sub-harmonic followed the general 

increase.  

 

Haigh (2011), analyzed the contribution of the 18.6-year lunar nodal cycle and the 8.85-year 

cycle of lunar perigee to high tidal levels on a global scale. Tidal constituents from the 

TPXO7.2 global tidal model were used, with satellite modulation corrections based on 

equilibrium tide expectations, to predict multi-decadal time series of tides. Two robust 

methods were used to determine the influence of tidal modulations on high tidal levels across 

the globe. First, the standard deviation of the 60-year tidal time series was calculated for each 

calendar year at each ocean grid node. Second, the hourly tidal values for each calendar year 

were ordered in terms of height and used to calculate time series of various percentile levels 

with a focus on the 99.9th percentile. The amplitude and phase of the tidal modulations and 

their sub-harmonics were estimated from both the annual standard deviations and each 
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percentile time series using harmonic analysis fitted to 18.6, 9.305, 8.85, and 4.425-year 

sinusoidal signals. The amplitudes of the 9.305 and 8.85-year cycles were typically more 

than an order of magnitude smaller than that of the 18.6 and 4.425-year cycles, respectively, 

and hence did not consider for analysis. Their study found that 18.6-year lunar nodal 

modulation dominates in regions where the tide is mixed or diurnal in form, whereas the 

4.425-year modulation dominates high tidal levels in regions where the tide is semidiurnal 

in form. The spatial variations in the range and phase of the 18.6 and 4.425-year modulations 

in high tidal levels are related to the global distribution of the main tidal constituents and the 

form and range of the tide. The range of the 18.6-year modulation is between 0.5 to 0.8 m 

and range of the 4.425-year modulation is between 0.3 to 0.6 m. 

 

2.5.1 Lunar nodal (18.6-year) cycle 

 

Doodson (1924) provided one of the earliest analyses of nodal constituents, he examined 19-

year long variations in amplitudes of M2 and N2 in tidal records from Saint John, New 

Brunswick, and Bombay, India. His results for M2 at Saint John showed a reasonably regular 

19-year cycle, as expected from the nodal modulation. However, variations in N2 showed a 

more complex behavior, likely due to the 8.85-year cycle in the longitude of lunar perigee.  

Amin (1985) analyzed an 18.6- year long time series of sea level at stations on the west coast 

of Great Britain. His analyses of the 1963–1981 time series at Liverpool and Newlyn showed 

good agreement with theoretical nodal amplitude ratios for the major constituents. 

 

2.5.2 Description of lunar nodal cycle 

 

Bradley (1728) first defined the lunar nodal cycle. This cycle is determined by the relative 

movement of the plane in which the moon orbits the earth (Pugh, 1987). This orbital plane 

is inclined at 5°9′ to the plane in which the earth orbits the sun (this plane is called the 

ecliptic), which is inclined at 23°27′ to the earth’s equatorial plane. The point where the 

moon crosses from the south to the north of the ecliptic is called the moon’s ascending node 

(Ray, 2007). The mean longitude of the ascending node (denoted N) is calculated relative to 

the vernal equinox, one of two points where the earth’s equator intersects the ecliptic. 



  

10  

Primarily because of the gravitational attraction of the sun, the moon’s orbital plane 

processes in a retrograde sense so that, with time, the rate of change of N is negative (i.e., 

west- ward). The period of precessions is 18.6-year. It is for this reason that a draconic month 

(the time it takes for the moon to return to the same node) is shorter than the sidereal month 

(the time it takes for the moon to complete one revolution with respect to the fixed stars). 

This motion is often referred to as the “regression of the moon’s nodes.” The longitude N 

can be evaluated by the formula (Pugh, 1987) 

 

𝑁(𝑇) = 259.160 − 1934.140𝑇 + 0.00210𝑇2                                                                             2.1 

 

 

 
Figure 2.3: Lunar Stand-still (source: http://slideplayer.com) 
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Where T is the number of Julian centuries that have passed since midnight on 1 January 1900 

at the Greenwich meridian. The 18.6-year lunar nodal precession has a large effect on the 

moon’s declination (its angle below or above the equator), maximizing the declination when 

N = 0° (23° 27′ + 5°9′ = 28°36′) and minimizing it when N = 180° (23° 27′ − 5°9′ = 18°18′) 

(Ray, 2007). In the latter part of the 20th century and early part of the 21st century, N crossed 

0° (lunar declination reached maxima) in March 1969, November 1987, and June 2006. N 

crossed 180° (lunar declination reached minima) in July 1978 and March 1997 and crossed 

180° again in October 2015. Changes in the moon’s declination, in turn, have a large effect 

on the character of lunar tidal forcing. A large declination tends to maximize diurnal forces 

at the expense of semidiurnal and vice versa. 

 

2.5.3 Description of lunar perigean (8.85-year) cycle 

 

The cycle of lunar perigee is determined by the moon's elliptical orbit around the earth, with 

its phase described by the positions of least and greatest distance known as perigee and 

apogee, respectively (Pugh, 1987). The line joining perigee and apogee (the line of apsides) 

advances in the opposite direction of the lunar regression (i.e., eastward) and completes a 

full revolution in 8.85 years. It is for this reason that the anomalistic month (the period of 

time that the moon moves from the perigee to the apogee and to the perigee again) is longer 

than the sidereal month. The longitude of lunar perigee (p) can be evaluated by the formula 

(Pugh, 1987) 

 

𝑷(𝑻) = 𝟑𝟑𝟒. 𝟑𝟗𝟎 − 𝟒𝟎𝟔𝟗. 𝟎𝟒𝟎𝑻 + 𝟎. 𝟎𝟏𝟎𝟑𝟎𝑻𝟐                                                                       2.2 

 

Where T is the number of Julian centuries that have passed since midnight on 1 January 1900 

at the Greenwich meridian 

 

The main influence of the 8.85-year cycle of lunar perigee on high tides occurs as a quasi-

4.425-year cycle. About every 4.425-years, the sun is coincident with the line of apsides. 

Larger tidal ranges are experienced during these years, particularly around the time of the 

equinox when the sun’s declination is zero (which maximizes semidiurnal forces). 
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Figure 2.4: (a) The direction of the major axis of the moon's elliptical orbit which rotates 

once every 8.85-year (Wiki). (b) Quasi 4.425-year perigean cycle 
(Source: http://slideplayer.com) 

 
 
 

2.6 Tidal Constituents 

 

Sindhu and Unnikrishnan (2013) studied the characteristics of tides in the Bay of Bengal. 

They used a two-dimensional depth-averaged numerical model for the simulation of tides. 

Composite tidal elevations and the amplitudes and phases of the respective tidal constituent 

extracted from the global tidal model FES2004 along the open boundary and used for the 

simulation of composite tides and tidal constituents for study region. They prepared the co-

tidal and co-range charts for five major constituents M2, S2, N2, K1, and O1 for the Bay of 

Bengal and analyzed them in detail. 

 

 

 

 

 

 

 

http://slideplayer.com/
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Figure 2.5: Tides in the Bay of Bengal. Amplitudes are given in centimeters and phase is 

given in degrees. a) Co-range lines of M2 tide b) co-tidal lines of M2 tide c) co-range 
lines of S2 tide d) co-tidal lines of S2 tide e) co-range lines of N2 tide f) co-tidal lines of 

N2 tide (Sindhu and Unnikrishnan, 2013) 

 
Rose and Bhaskaran (2016) studied the tidal dynamics in the near- shore region of 

Bangladesh coast. Their study examines the variations in tidal behavior over spatial and 

temporal scales. Tidal constituents were estimated using Sea Level Processing Software 

(SLPR2). The harmonic tide analysis was done using linear least squares method with 

respective nodal correction at five tide gauge stations - Khepupara, Hiron Point, Cox's 

Bazaar, Charchanga, and Khal No-10. The result of this study shows that tide in this five 

stations are mixed semi-diurnal and dominant constituent is M2. Strong seasonal variations 

were also found in this research work. 

 

 

 

 



  

14  

Rose and Bhaskaran (2015) analyzed the tide along Bangladesh coast for prediction of the 

tide. They used Sea Level Processing software package SLPR2 developed by the University 

of Hawaii Sea Level Center in collaboration with the National Oceanographic Data Center. 

The method used by this software for estimation of tidal constituents is harmonic analysis 

using linear least squares, after applying the nodal correction. Their results show higher 

residuals during the monsoonal months of July-September at Charchanga. The stations Hiron 

Point and Khepupara exhibits an increased predicted tide after the onset of monsoon, which 

indicates that the low tide levels have increased considerably for Hiron Point and Khepupara 

during monsoons. The stations Chittagong and Khal No.10 also show elevated values of 

predicted tide during monsoon. They also found that Sa is the third dominant tidal constituent 

for stations Hiron Point, Khepupara and Khal No-10 following M2 and S2, and the fourth 

dominant in Chittagong following M2, S2, and N2. The maximum tidal level is between 4 

to 5 meters for all the stations except Chittagong.  

 

Kumar (2011) analyzed the variations in tidal constituents along the near shore waters of 

Karnataka. To determine the amplitudes and phases of the tidal constituents, measured sea 

level data at four stations was subjected to harmonic analysis. Tidal Analysis Software Kit, 

TASK developed by the Proudman Oceanographic Laboratory, UK was used for the 

analysis. The analysis was done with 24 independent constituents and eight related 

constituents recommended for one-month data of tides. The tidal analysis was carried out 

using the standard harmonic method, where a finite set of cosine functions with frequencies 

at the known astronomical forcing frequencies were fitted to the data using the least square 

method. 

 

2.7 Theory of Tide Analysis 

 

The theory of tides is the application of continuum mechanics to interpret and predict the 

tidal deformations of planetary and satellite bodies and their atmospheres and oceans 

(especially earth's ocean) under the gravitational loading of another astronomical body or 

bodies (especially the moon).The first scientific explanation for the tidal phenomenon was 

given by Isaac Newton in his universal theory of gravitation which was published in 1687. 
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He described in his “Principia Mathematica” how the tides arose from the gravitational 

attraction of the moon and the sun on the earth. He also showed why there are two tides for 

each lunar transit, the reason why spring and neap tides occurred, why diurnal tides were 

largest when the moon was furthest from the plane of the equator and why the equinoxial 

tides are larger in general than those at the solstices. Thus the gravitational theory became 

established as the basis for all tidal science. Details of the tides at any given place are 

governed by the responses of the ocean to the gravitational forces. Although Newton 

discovered the true astronomic nature of the tides, it was Laplace (1775) who derived the 

first hydrodynamic equations of ocean tides. Laplace’s tidal equations contain the tide-

generating force in terms of Newton’s equilibrium tide as the forcing function. The 

observation and mathematical treatments of tides were greatly advanced by Lord Kelvin who 

introduced the method of harmonic analysis of tides. Both the astronomical forcing and the 

responding ocean tide are represented as a series of harmonic tidal components each with its 

characteristic frequency, determined from the regular almost periodic motion of the moon 

and the sun (Gjevik, 2011). 

 

Two methods are widely used for tide analysis and prediction. One is equilibrium theory of 

tide and another is a dynamic theory of tide (Kvale, 2006). The equilibrium theory does an 

excellent job of explaining cyclical tidal phenomena and the recurrence periods associated 

with many of them; it’s an example of a model of ideal behavior. The earth is only partially 

covered by its waters, land masses prevent anything resembling a bulge from traveling 

completely around it, and observations of real tide show that they do not respond instantly 

to the tide-producing forces of the moon and sun as the theory requires (Kvale 2006). 

Dynamic theory overcomes the drawbacks of equilibrium theory and this study used the 

dynamic theory of tide. 

 

2.7.1 Dynamic theory of tide 

 

The dynamic theory of tides, developed by Pierre-Simon Laplace in 1775 which describes 

the ocean's real reaction to tidal forces. Laplace’s theory of ocean tides took into account 

friction, resonance, and natural periods of ocean basins. It predicted the large amphidromic 
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systems (an amphidromic point is a point of zero amplitude of one harmonic constituent of 

the tide) in the world's ocean basins and explained the oceanic tides that are actually 

observed. In the dynamic theory of tides, the movements and angular speeds of the moon 

and sun relative to the earth's equator can be modeled as the combined effects of a series of 

phantom satellites (The movement of each of these satellites, relative to the Earth's equator, 

creates its own tidal wave that moves around an amphidromic point) (Pugh, 1987). Each of 

these imaginary satellites represents a single component of the combined tide-raising forces. 

Each satellite has its own mass (that of the sun, the moon, or resultant of the two) and a 

position that is either in motion in a plane or fixed relative to the stars. Each satellite is 

modeled as generating its own simple tide with its own amplitude, period, and tidal response 

time (phase angle). This simple tide is referred to as a tidal constituent. Tidal constituents 

are derived from the harmonic decomposition of an extended series of hourly tidal height 

measurements taken at a specific harbor or other tidal station and are represented by 

alphanumeric terms. 

 

2.8 Analysis and Prediction of Tide 

 

The present study used the harmonic method of tide analysis and prediction among three 

basic methods of tide analysis. The first, which is now generally of only historical interest, 

termed the non-harmonic method, consists of relating high and low water times and heights 

directly to the phases of the moon and other astronomical parameters. The second method, 

which is generally used for predictions and scientific work, called harmonic analysis, treats 

the observed tides as the sum of a finite number of harmonic constituents whose angular 

speeds and phases are determined from the astronomical arguments. The third method 

develops the concepts, widely used in electronic engineering, of a frequency-dependent 

system response to a driving mechanism. For tides, the driving mechanism is the equilibrium 

potential. The latter two methods are special applications of the general formalisms of time 

series analysis (Pugh, 1987).  

 

By the end of the nineteenth century, scientists had succeeded in achieving the ability to 

make reasonably accurate tide predictions by the harmonic method with significant 
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improvement during the last half of the twentieth century. These improvements include: 1) 

least square analysis for all tidal constituents simultaneously, 2) response analysis and 

prediction, 3) extended harmonic analysis, 4) tidal measurements in deep water on the ocean 

floor and 5) global numerical models of tides (Zetler, 1966). 

 

2.8.1 Harmonic analysis 

 

The tidal harmonic analysis was first developed by William Thomson (later Lord Kelvin) in 

England in 1867 but was developed independently in 1874 in the U.S. by William Ferrel. In 

England, Thomson’s work was modified and improved by George Darwin in 1883 and by 

Arthur Doodson and others in 1921 and 1928. In the U.S., Ferrel’s work was modified and 

improved by Rollin Harris during the period 1897- 1907 and by Paul Schureman and others 

in 1924. The harmonic analysis takes advantage of the fact that one knows a priori all the 

frequencies at which tidal energy will be found in a data time series. Most of these 

frequencies are astronomically caused but many are due to the nonlinear hydrodynamic 

effects of shallow water. The exact mathematical technique for finding the amplitudes and 

epoch of tidal harmonic constituents, there are differences in the various forms of harmonic 

analysis techniques. The biggest difference between older and more recent techniques is that 

the Fourier analysis solution technique has generally been replaced by a least-squares 

solution technique (Parker, 2007).  

 

Tidal constituents are well understood and routinely allowed for in tidal analyses of sea level 

data. Modern harmonic analyses of tidal heights follow the development of tidal potential 

theory by Doodson (1921) and express each constituent frequency as a linear superposition 

of six astronomical forcing harmonics as: 

 

𝒌 = 𝒍𝟏 +  𝒍𝟐𝒔 + 𝒍𝟑𝒉 + 𝒍𝟒𝒑 + 𝒍𝟓𝒏 + 𝒍𝟔𝒑                                                                          2.3 

 

Where k is tidal height, li are integers and , s, h, p, n and p, are the mean rates of change 

of lunar time (with a mean period of 24.84-h) and of the longitudes of the moon (27.3-days), 

the sun (365.24-days), the lunar perigee (8.85-year), the moon’s ascending node (18.6-year) 
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and the solar perigee (20392-year), respectively. From the six variables, one can calculate 

the positions of the sun or moon, and hence the tidal generating forces, at any time (Foreman, 

1977). 

 

2.8.2 Techniques of harmonic analysis 

 

Putting tidal harmonic constants into the tidal prediction equation, it is possible predicting 

the tide for any time in the future or the past. These tidal harmonic constants have to be 

determined from water level data or current data. There have been two primary techniques 

within the idea of harmonic analysis for extracting harmonic constants from a data time series 

– using a Fourier series technique or using the least squares technique (Parker, 2007). To 

obtain the exact frequencies of the tidal constituents least squares fitting performed a better 

job instead of Fourier analysis method (Flinchem and Jay, 2000). So the present study used 

the least squares fitting. 

 

2.8.2.1 Least-squares solution technique 

 

The Least Squares Method (LSM) of harmonic analysis of tides is widely used. Fernandes 

(1991) used the LSM for harmonic analysis on hourly water level record of 29-days at several 

stations. His result founds that the amplitude and phase were in good agreement with 

measured data within ± 1 cm amplitude and ± 30phase deviation. Cheng and Gartner (1985) 

used LSM for harmonic analysis of tides and tidal currents in South San Francisco Bay, 

California.  

 

In the LSM based harmonic analysis, all the tidal constituents are solved simultaneously. The 

approach being to minimize the squared differences between measurements and computed 

tidal predictions. The least squares method has many advantages and is the method generally 

used today. With the development of digital computers least squares technique is used to 

evaluate the tidal constituents from observed data. 
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2.9  Tides along Bangladesh Coast 

 

Tides along Bangladesh coast are semidiurnal with slightly diurnal inequality. It primarily 

originates in the Indian Ocean and enters the Bangladesh coast through two submarine 

canyons, the ‘Swatch of no ground’ and the “Burma trench” reaching very near to the 10-

fathom contour line at Hiron Point and Cox’s Bazar respectively at about the same time. M2 

and S2 are the most dominant principal constituents, whose oscillations periods are 12 hours 

25 minutes and 12 hours respectively (Kamrul, 2012). 

 

Tidal range can reach more than 7m near Sandwip channel, whereas, it is only 2-3m on the 

western side near Hiran Point. Tide is greatly affected by the local conditions like 

geomorphology, configuration, and orientation of the coast, upstream flow of rivers, the 

number of openings in the coast etc. Again, the offshore tidal range is more than the onshore 

range in the central part of the coast which is a deviation from the normal phenomenon. The 

incoming tidal waters from the south are obstructed on the land features during flooding and 

the sea level rises very quickly. Time for rising and fall of tides also differs considerably in 

this region (Ahmed, 2015).  

 

Seasonal/meteorological signature on tide was found by the studies of Rose (2015) in the 

predicted tides arising from the dominance of the annual component Sa. It indicates that there 

is considerable seasonal variation in water level prediction during the monsoon season, 

attributable to meteorological reasons. The shallow nature in the Bay produces partial 

reflections thereby increasing the tidal range, and the seasonal effects of meteorological 

forcing along with non-linear shallow water interaction result in a number of higher 

harmonics with relatively higher amplitude. 

 

Tidal amplitude and range are not same along the 710 km coast of Bangladesh. This coastal 

area was divided into four parts (Haque, 2016). Western estuarine system (WES) which 

mainly consist Sundarban mangrove forest, Central estuarine system (CES) which mainly 

consist three major rivers of Baleshower, Bishkhali, and Burishower, Eastern estuarine 
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system (EES) which consist main flow carrying channel upper Meghna and Chittagong 

region (CR) which is mainly hilly.  

 

2.10 Wind Impact on Coast 

 

The astronomical tide is greatly influenced by the meteorological forcing and known as the 

meteorological tide. Unusually high or low barometric pressure or prolonged periods of 

strong winds can modify the astronomical tide to a great extent. The effect of wind on sea 

level - and therefore on tidal heights and times - is very variable and depends largely on the 

topography of the area. Wind will raise sea level in the direction towards which it is blowing. 

A strong wind blowing over the ocean coast will pile up the water and cause high waters to 

be higher than the astronomic water level, while winds blowing off the land will have the 

reverse effect.  

 

Miller (1958) studied the effects of winds on water levels on the New England Coast. His 

study mainly focused on relatively smaller scale wind with high frequency. Results of this 

study show that departures from mean sea level due to wind may be resolved into two 

components. The first is a component which refers to the symmetrical sinusoidal variation 

of sea level departure as a function of wind direction and applies to the outer coast. The 

second is an asymmetrical component which refers the responses of sea level at observing 

station to local wind force, direction, fetch length and local topography. Under different 

circumstances, these components vary in relative importance in determining the local 

departure from mean sea level. In addition to wind direction and velocity, duration and size 

of wind field determine whether one component is more important than the other. 

 

Wang (1994) studied the wind and tide response in Florida Bay. Correlation of water surface 

fluctuations with wind observations was used to determine the wind-forced dynamic 

response and water exchange. The main responses are distributed within three-period bands: 

diurnal and semi-diurnal tides, 3-5 day period wind forcing, and long period (about 14.7 day) 

astronomical tides. His study shows that tides are strongly influenced by a combination of 

bottom friction and obstruction to flow from chained islands and submerged banks. The 
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damping of the progressive tidal wave is the source of a mean sea level rise of approximately 

0.01-0.02 m within the bay. A large part of the wind response is due to remote forcing and 

results in long wave surges in the bay.  

 

2.10.1 Wind impact on shallow sea 

 

In 1923 Ekman developed a theory for the sea-level changes produced in a deep sea by the 

action of a steady wind. Welander (1957) extended the theory to a shallow sea, for which the 

Ekman “depth of frictional influence” is comparable to the actual depth. The theory is 

furthermore extended to the transient case. It is demonstrated how the velocity profile and 

the flow can be expressed in terms of the local time-histories of the wind-stress and the 

surface slope, and a single integro-differential equation was derived for the sea-level 

elevation. This equation can be used for prediction of meteorological tides and storm surges. 

 

2.10.2 Wind along Bangladesh coast 

 

Shetye (1991) studied the wind-driven coastal upwelling along the western boundary of the 

Bay of Bengal during the southwest monsoon. For this study, a hydrographic survey during 

the southwest monsoon (July-August 1989) was conducted. The result showed that, along 

most of the western boundary of the Bay of Bengal, in an approximately 40km wide band, 

isopycnals (line connecting points of a specific density or potential density) from depths up 

to about 70m surfaced due to upwelling forced by local winds, which is similar to that 

observed along eastern boundaries. Below the upwelling band, there were often signatures 

of down-welling, suggestive of an undercurrent. There were no indications of a large-scale 

remotely forced western boundary current. Geotropic velocity in the upwelling band was in 

the direction of the winds. The dynamic topography outside the upwelling band had cellular 

structures indicating the presence of shelf waves with a longshore wavelength of 400-500 

km.  
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2.10.2.1 Monsoon wind characteristics 

 

From May to August wind speed are higher along Bangladesh coast. The wind speed is very 

high during monsoon period (June-July) and very lean from October to February. During the 

driest season, there is a very strong flow of the wind from NW direction (Golam, 2004). 

Assessments of wind characteristic for Coastal region of Bangladesh were made by Mukut, 

(2008). For wind speed distribution assessment, he used Weibull Distribution Function 

(WDF). His study concluded that shape factor value of k remains between 1.1 to 3.5 and 

scale factor (c) is between 2.5 to 5.5. Most of the Weibull functions follow very close to the 

Raleigh function (k=2) for the study sites. The mean wind speed for each location remains 

2.5 to 5.17m/s and highest two mean wind speed are found in Kutubdia (5.17m/s) and in 

Sandwip (5.12m/s) respectively. 

 

2.10.2.2 Impact of monsoon wind 

 

Ali (1995) studied the backwater effect on flood water in the Meghna estuary due to the 

southwest monsoon wind. His result shows that the SW monsoon wind tends to pile up water 

in the north-east Bay, particularly in the Meghna Estuary. One indication of this is the 

occurrence of upwelling in the western bay and down-welling in the eastern bay during SW 

monsoon season. The increase in water level in the north-east bay (or so to say in the 

Bangladesh coast) decreases the slope of flood water inside Bangladesh causing retardation 

in the discharge of freshwater. As a result, flood water continues to accumulate inside the 

country bringing in more area to be flooded. For this study, he used a numerical model with 

scaled depth and wind stress. However, his study did not include tide-wind interaction and 

resulting inundation scenarios. 

 

Haque et al. (2002) studied the impact of monsoon wind on fluvio-tidal flooding. His study 

finds that, during 1998 flood in Bangladesh, huge upstream flow coincides with the spring 

tide of Bay of Bengal.  In that time monsoon wind gives 25 cm additional rise of this spring 

tide which results in a 29% reduction of velocity of flow in the Meghna estuary. As a result, 

the catastrophic flood occurred in Bangladesh. For this study, he developed a two-
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dimensional horizontal plane finite element numerical model to study 1998 Earthquake 

which occurred near the Nicobar Island (7.329N, 94.277E) with a magnitude of 5.8 and its 

impact along the coastline of Bangladesh. The model solves the basic equations of the 

conservation of mass and momentum in two space dimensions. Later he applied this model 

in a horizontal plane to study the movement of sea water due to monsoon wind. In that model, 

only wind induced shear stress was considered and the transfer of momentum of wind energy 

to a water body is achieved as a shear stress.  By using a square law, shear stress acting on 

the water bodies was calculated.  

 

2.11 Dynamic Interaction of Tide and Wind 

 

2.11.1 Wind setup 

 

Garvine (1985) developed a simple model of estuarine sub-tidal fluctuations forced by local 

and remote wind stress. He developed a simple, linear, barotropic model of wind-forced, low 

sub-tidal frequency motion that includes both the local and remote mechanisms. The 

drawback of his model is that it is not directly applicable to the highly stratified estuary. This 

model provides a conceptual explanation of the relative strengths of the local and remote 

wind forcing mechanisms for producing barotropic current and sea level fluctuations in 

estuaries. 

 

2.11.2 Local wind setup 

 

Local wind setup refers to the movement of water in the bay due to stresses on the water 

surface induced by local winds. In previous research on the topic of wind setup, researchers 

determined that wind setup is a function of wind shear stress applied to the water surface, 

bathymetry, and wind fetch length, bed shear-stress, water body boundaries, and water 

properties. 

 

For the remote effect, winds on the continental shelf adjacent to a particular estuary may 

produce coastal sea level ‘set up’ or ‘set down’ at the mouth of the estuary (Noble and 
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Butman, 1979). Furthermore, the effect of remote wind on the continental shelf far away 

from the estuary in question may produce coastal disturbance which propagates into the 

coastal region adjacent to the estuary in the form of free waves. On the other hand, the local 

atmospheric effect is more straightforward as it represents the effect of local wind stress 

acting on the surface of the estuary. 

 

Kuo-Chuin Wong (1998) studied the remote and local wind effects to the subtidal variability 

in a coastal plain estuary. He found that the subtidal sea level fluctuations in the interior of 

the estuary are more strongly forced by the remote (coastal setup) effect than the local wind 

effect. By inference, this suggests that the sectional averaged subtidal currents in the estuary 

are also strongly influenced by the remote wind effect. However, the local wind effect may 

be more important than the remote wind effect in producing the subtidal currents at any given 

point along the estuary's cross section. They also developed a model based on momentum 

equation to study the setup and current profile in both directions for remote and local wind. 

In their study, they stated that wind setup at the mouth of the estuary is produced by processes 

operating on the continental shelf outside of the estuary and their model is, therefore, 

applicable for the interior of the estuary. 

 

2.12 Theory of Wind Analysis 

 

2.12.1 Wind speed frequency distribution 

 

Justus (1977) discussed the Weibull function for representation of the wind speed frequency 

distribution. He presented a method for estimating two Weibull parameters. One is scale 

factor ‘c’ and other is shape factor ‘k’ from simple wind statistics. He compared the 

distribution result with “square root normal” method. He found that Weibull distribution 

method gave a smaller root mean square errors than “square root normal.” 
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2.12.2 Theory related to wind setup computation 

 

The term wind setup refers to the slope of the water surface in the direction of the wind stress. 

Ippen (1966) summarizes early formulations for wind setup in enclosed lakes and reservoirs, 

offshore, on the open coast, behind the open-coast, and in open bays or estuaries. He first 

analyzed, studied and prepared a series of graphs and equation for wind setup forecasting. 

He mainly focused on the relation of wind with deep water for wave generation, deepwater 

relations for wave decay, propagation of waves and swells into shallow water, generation of 

wind waves in shallow water. His main output from all these analyses is the wave forecasting 

chart.  

 

To study the problem of hurricane surge and storm surges in an early stage he gave the 

equation considering a different situation. He prepared the wind setup equation for enclosed 

lakes and reservoirs, offshore or on the continental shelf, coastline, open bays and estuaries.  

United States department of interior conducted geological survey research and they 

published geological survey professional paper 750 in 1971. In their work, to study the wind 

induced water level change in the large estuaries of coastal North Carolina they modified the 

Ippen equation of wind setup for offshore or on continental self.  

 

Mani (2011) in his book of Coastal Hydrodynamics describe the theory and equation for the 

calculation of storm surge rising or simple rise in water level. He describes storm surge rise 

as a combination of (1) initial setup (2) pressure setup (3) long wave setup (4) wave setup 

(5) wind stress setup (6) carioles setup. He describes the wind stress setup by assuming water 

depth is constant, wind direction perpendicular to the coast, with coefficient kW proposed by 

Saville (1953). 

 

2.13 Inundation due to High Water Level 

 

Coastal inundation is generally caused by high water levels. This high water levels can be 

caused by tides and storm surges together with wind setup, waves, which can lead to 

overtopping of coastal defenses and inundation of low-lying areas. This inundation causes 
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huge damage to property and life. Eliot (2010) examined the influence of inter-annual tidal 

modulations on coastal flooding along the Western Australian coastline using tide gauge 

observations. Monsoon wind also plays an important role on sea surface swelling which 

ultimately results in the increased water level. The combination of sea surface swelling with 

a peak of any astronomical cycle on high tide water level can result in extreme flooding. 

 

2.13.1 Coastal inundation in Bangladesh coast 

 

Bangladesh coastline consists of a vast network of river and estuarine systems which drain 

the combined flow of the Ganges-Brahmaputra-Meghna river systems to the Bay of Bengal 

(Haque, 2016). The combination of these ocean-coast-estuarine systems is highly dynamic. 

This zone is low lying. The mean elevation of this region is just three meters above sea level 

(Allison, 1998), and therefore this area is highly susceptible to floods from monsoon fluvial 

flow, tide, cyclones and sea level rise due to climate change. 

 

Most of the coastal inundation studies in Bangladesh coast mainly focused on storm surge, 

sea level rise, flooding due to monsoon rain and upstream river flow. No study has yet been 

made on coastal inundation due to the peak of long-term astronomical tide and extreme 

monsoon wind setup in Bangladesh coastal zone. 
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CHAPTER THREE 

3 DESCRIPTION OF STUDY AREA 

 

3.1 Location 

 

Coastal zone of Bangladesh is selected as the study area for this research work. It is situated 

in the southern region of the country facing the Bay of Bengal and the Indian Ocean. The 

Coastal Zone Policy considers three indicators for determining the landward boundaries of 

the coastal zone of Bangladesh, which are: influence of tidal waters, salinity intrusion and 

cyclones/storm surges. This zone worked as a combined out-falls of the Ganges, 

Brahmaputra, and Meghna that rank among major rivers of the world. Major part of the 

coastal zone is covered by the deltas of the Ganges, Brahmaputra and Meghna where the 

coastline is oriented along the east-west direction. This region is crisscrossed by a network 

of interconnected distributaries and estuaries. The other part is covered by the Chittagong 

coastal plain bordered by hills, and the coastline is oriented along the north-south direction. 

(Ministry of Water Resources, 2005) 

 

 
 

Figure 3.1: Map of the coastal zone of Bangladesh  
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3.2 Administrative Area 

 

The coastal zone comprises 19 administrative districts out of 64 districts in Bangladesh and 

encompassing a land area of 47201km2.  This zone comprises 32% of the total area of the 

country. All these districts are included in the present research work. These 19 coastal 

districts cover 147 upazillas and 1886 unions. Among these districts, 12 meet the sea or lower 

estuary directly. This zone also consists of about 60 islands. Most of the islands are located 

in the mouth of the dynamic Meghna estuarine system. Among them, there are three upazilas: 

Hatiya, Sandwip, and moheshkhali. Bhola is an administrative district. This is the biggest 

island in this region. A total of 177 chars are also identified in the coastal zone (Islam, 2004; 

cited in Sarwar, 2005). All these islands and chars are highly susceptible to coastal flooding. 

 

3.3 Classification of the Coastal Area 

 

According to the position of the land, Bangladesh coastal zone has been broadly divided into 

two groups: exposed coast and interior coast. 48 upazilas in 12 districts fall into exposed 

zone categories which face the coast directly. A total of 99 upazillas that are located behind 

the exposed coast is treated as the interior coast. The exposed coast embraces the sea directly 

and is subject to be highly affected by the anticipated sea level rise and inundation. Pramanik 

(1983; cited in Sarwar, 2005) has divided the Bangladesh coastal zone into three regions 

namely eastern, central and western coastal region. Sarwar (2005) gave the boundary of these 

three zones. The western coastal zone consists of Sundarban, the central zone consists of 

eastern corner of Sundarban up to Feni river and the eastern coastal zone starts from Feni 

river and consists of the whole Chittagong region.  

 

Present research work divided the coastal zone into four regions. These are: Western 

Estuarine System (WES) which consists of the Sundarban and Rupsa-pasur systems, Central 

Estuarine Systems (CES) consists of Baleswas-Bishkhali-Buriswar systems, Eastern 

Estuarine System (EES) consists of the Meghna estuarine system, and the Chittagong Region 
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(CR).  These EES, CES, WES, and CR are connected through several cross channels (Haque, 

2016).  

 

3.4 Topography and River Network 

 

The WES is covered by the Sundarbans mangrove forest. This zone mainly consists of 

numerous creeks, tidal inlet and cross-connecting channel. Rupsa-Pasur and Sibsa are the 

main rivers in this region. This region lies at 0.9 to 2.1m above mean sea level (Iftekhar & 

Islam, 2004). The CES mainly consists of Baleswar, Bishkhali, and Buriswar rivers. The 

EES starts from the Lohalia estuary in the western corner up to Sandwip channel in the 

eastern corner. Dynamic Meghna estuary, Tentulia, Lohalia and Feni river are the main river 

and estuary in this region. CR starts from the Sandwip channel up to the exile part of south-

east corner. The main estuaries and rivers in Chittagong region are Karnafully, Sangu, 

Matamuhury, Halda, Ichamoti, and Bakkhali which falls directly into the Bay of Bengal. 

These rivers and estuaries play an important role to cause tidal flooding in the region.  

 

3.5  Protection against Flooding 

 

About 139 Polders (embankments that encircled an area) are constructed in this area to 

protect the land from tidal flooding and salinity intrusion. These polders are found to be 

effective in protection against the storm surge also. The polders play an important role in 

determining the flood inundation patterns in the study region. The maximum, minimum, and 

average polder heights in the study area are 5.75m, 4.50m, and 4.79m, respectively (Source: 

BWDB, CEGIS). The regions inside the polders are not flooded during a flood event if the 

flood water elevation outside the polder is lower than the polder height. Once flooded, 

drainage of flood water from the protected land depends on the drainage system inside the 

protected area and conveyance of the outside channels. This study considers all the polders 

in their design condition, although, due to lack of proper maintenance, a large number of 

polders have much lower heights compared to their design condition. 
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        CHAPTER FOUR 

4 METHODOLOGY 

 

4.1 Study Framework 

 

The study framework that has been followed to achieve the objectives of this research work 

is shown in Figure 4.1 

 

 
 

Figure 4.1: Flow chart of study framework 
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In recent years (for example in 2014), sudden tidal flooding during monsoon season occurred 

in Bangladesh coast with devastating impact. Initial motivation of this research work came 

from these incidence – why these are happening ? Are these incidences have a separate 

identity? The first stage of this research work was the literature review. From the literature 

review it was found that, long term lunar nodal and perigean cycle is one of the prime reason 

for extreme tidal flooding which is yet to be explored along the Bangladesh coast. In addition, 

during monsoon period strong monsoon wind blows along the Bangladesh coast and this 

wind can significantly swell the sea surface which can lead the rise of tidal water level which 

ultimately results tidal flooding in the coast. After literature review long term tidal water 

level data from BWDB and BIWTA and wind data from BMD are collected to study the 

characteristic of tidal water level and wind along the Bangladesh coast. Tidal water level 

data are then analyzed for daily, neap-spring, perigean, and nodal cycles. Amplitude, phase, 

and range of this cycles are identified from which tide modulation for long term cycle is 

computed. From the harmonic analysis of tidal water level data, amplitude and phase of tidal 

water levels are calculated. From this analysis, dominant tidal constituents are identified. 

This amplitude and phase of tidal water level are then used for tide level prediction. From 

wind data analysis, extreme wind with dominant directions are identified. For this extreme 

wind, setup along the coast are calculated. Hydrodynamic model is applied for flood 

inundation analysis due to coincidence of the extreme condition of these two parameters. To 

do this, a base model is prepared. After calibration and validation of the base model, scenario 

is generated by superimposing wind setup for extreme wind, long term tide modulation by 

using the predicted tidal water level. 
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4.2 Data Collection 

 

Selected tide gauge and wind stations for the data analysis of this research are shown in 

Figure 4.2. 

 

 
 

Figure 4.2: Location of the selected tide gauge and wind stations 
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4.2.1 Water level data collection 

 

Hourly TWL data are collected from Bangladesh Inland Water Transport Authority 

(BIWTA) and University of Hawaii Sea Level Center (UHSLC). UHSLC also collects data 

from BIWTA and Chittagong Port Authority. Table 4.1 provides the information of collected 

data 

Table 4.1: Detail of tide gauge stations and data availability (BIWTA and UHSLC) 

Station 
ID 

Longitude Latitude Name of gauge 
stations 

River name Time 
period 

110 89.46 21.78 Hiron Point Pussur 1977-2003 
610 90.21 21.98 Khepupara Nilganj 1977-2002 
1010 91.1 22.13 Charchenga Shahbazpur 1980-2000 
1410 91.43 22.48 Sandwip Sata Khal 1977-2002 
1210 91.5 21.27 Cox's Bazar Maheshkhali 

Chanel 
1977-2006 

 

Daily high and low TWL data are collected from Bangladesh Water Development Board 

(BWDB) at ten estuaries which cover the entire coast. The western corner estuary is the 

Ichamati and the eastern most is Kutubdia channel.  All the data are measured in Public 

Works Department (PWD) datum. The detail of the collected data is given in Table 4.2. 

 

Table 4.2: Detail of tide gauge stations and data availability (BWDB) 

River name Station name Data time 
period 

Latitude Longitude 

Ichamati (Western Border) SW130 1981-2014 22.1945 89.08 
Kobadak SW165 1981-2014 22.2156 89.31 

Rupsa-Pasur SW244 1960-2014 22.4642 89.6 
Barisal-Buriswar SW20 1981-2014 22.142 90.23 

Bishkhali SW39 1981-2014 22.0368 89.98 
Baleswar SW107.2 1981-2014 22.3134 89.86 
Tentulia SW288.4 1990-2014 22.6779 90.56 

Surma-Meghna SW278 1959-2014 22.611 90.82 
Halda SW121 2013-2014 22.362 91.86 

Kutubdia Channel SW176 2013-2014 21.462 91.93 
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Data collected from BIWTA and UHSLC have been selected for TWL characteristics 

analysis as 1h interval long-term data are available which also covers the entire coastline of 

Bangladesh. Hiron point located at the mouth of Rupsa-Pasur estuarine systems within the 

Sundarban region in the western part of the coast. Khepupara located at west of Dimer Char 

Island in the central part of the coast. Charchanga is situated at the mouth of Meghna estuary 

on the western side of Hatiya Island, facing Manpura Island and surrounded by several other 

small island groups in the eastern part of the coast. Sandwip station is located in Sandwip 

Island along the south-eastern coast of Bangladesh. Cox’s Bazar is nearly 10km offshore 

from the mouth of Maheshkhali Channel on the Chittagong hilly part of Bangladesh coast 

 

Data collected from BWDB are used to study the dynamic interaction of tide and wind as it 

covers all the major estuary of the coastline which has a greater probability to display the 

evidence of the extreme TWL. 

 

As long term measured data is not available, model generated (Global Coastal-Ocean 

Modelling System, GCOMS) (Kay, 2015) data at Hiron point, Khepupara, Charchanga, and 

Cox’s Bazar are used to study long-term astronomical cycle. Time duration of the collected 

data is from 1971 to 2099.  

 

4.2.2 Wind data collection 

 

Three hourly wind data are collected from the Bangladesh Meteorological Department 

(BMD). The time span of collected data is from 1980 to 2015. All these 36 years data are 

used for analysis.  

 

Table 4.3: Detail of wind stations and data availability 

Name of 
observation stations 

Latitude Longitude Time Period 

Chittagong (City) 22.350 91.810 1980-September 2015 
Hatiya 22.450 91.100 1980-September 2015 

Khepupara 21.980 90.230 1980-September 2015 
Khulna 22.780 89.530 1980-September 2015 

Kutubdia 21.810 91.850 1980-September 2015 
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Data at all five stations are selected for the analysis of wind speed and direction. These five 

stations cover the entire coastline of the Bangladesh. According to the met office of United 

Kingdom (http://www.metoffice.gov.uk/learning/science/first-steps/observations/weather-

stations) a wind station should represent the data as much as 40km apart. As one of the main 

focuses of this research work is to study the wind impact on tide, all the wind stations are 

kept within 40km range among the selected tide gauge stations. 

 

4.2.3 Analysis of tidal water level  

 

Frequency analysis of measured tidal water level data is conducted using the interval method 

to study the long-term variability of tide. Annual mean, maximum, and minimum of high 

tide, low tide and tidal range are computed to determine the change of tide amplification.  

 

Daily and neap-spring tidal cycles are analyzed for the five water level measurement 

locations as shown in Figure 4.2 and Table 4.1. Four parameters are selected to analyze tidal 

water level characteristics. The parameters are: amplitude, phase difference, tidal range and 

diurnal inequality. For this analysis, September 2000 is selected as the base year.  

 

Influence of perigean and nodal cycle are computed using standard deviation method. The 

amplitude and phase of the tidal modulation are estimated from standard deviation time series 

using harmonic analysis fitted to sinusoidal signals.  

 

4.2.3.1 Frequency analysis of water level data 

 

Frequency analysis computes the probability of occurrence of a certain water level over the 

period of time during which data is available. In this study, frequency analysis is done using 

the interval method based on interval classes of 1-hour water levels record. This method is 

used in flood frequency analysis as described by Galloway (2014). 
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4.2.3.2 Description of interval method 

 

The interval method is used to categorize recorded water levels from a station into predefined 

classes and then calculate their frequency of occurrence. An interval of 0.5m is chosen for 

analysis. The number of data points falling into each interval for that range of data is 

determined. The number of points in each interval is then divided by the total number of 

points, which gives the frequency of occurrence of each interval for the data period available. 

The percentage exceedance is then calculated by counting the number of times the water 

level has exceeded that particular 0.5m interval and then dividing this by the total number of 

exceedance values. This method is expressed by the following equations: 

 

𝐹𝑖 = 𝐹 (𝑎𝑖  < 𝑋 ≤ 𝑏𝑖) =  
𝑚𝑖

𝑛
                                                                                             (4.1) 

 

Where, 

Fi = frequency of data in the i’th interval 

X = data point 

i = interval serial number 

k = interval 

ai= lower limit of interval 

bi = upper limit of interval 

n = total number of data 

mi = total number of data in interval 

 

The sum of frequency of all intervals is equal to one, as shown below: 

 

∑ 𝐹𝑖
𝑘
𝑖=1 = ∑𝑚𝑖

𝑛⁄ =  𝑛 𝑛⁄ = 1                                                                                                 (4.2) 

 

Frequency of Exceedance: F(x > ai) = mi/n 
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4.2.4 Computation of inter-annual modulation 

 

Standard deviation method is used to determine the influence of inter annual tidal 

modulations on high tidal levels. First, the standard deviation of 80-years tidal time series is 

calculated for each calendar year at four stations following Araújo and Pugh (2008), and 

Eliot (2010). The amplitude and phase of the tidal modulations and their sub-harmonics are 

estimated from the annual standard deviations time series using harmonic analysis fitted to 

18.6 and 4.425-year sinusoidal signals.  

 

4.2.4.1 Standard deviation  

 

Standard deviation is calculated as: 

 = √
1

𝑁
∑ (𝑥𝑖 − µ)2𝑁

𝑖=1                                                (4.3) 

 

Where, 

 = standard deviation 

N = number of data point 

xi = each data point 

µ = mean of data point 

 

4.3 Harmonic Analysis of Tide 

 

WORLD TIDES (2009), a Matlab based application is used for harmonic analysis of tidal 

water level data. This model can perform tide analysis and prediction task. The method used 

by this model to analyze a water level time series is commonly known as Harmonic Analysis 

Method of Least Squares (HAMELS).  
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4.3.1 Selection of tidal constituents 

 

Thirty five tidal constituents are selected for harmonic analysis. Name and symbol of these 

constituents are given in Table 4.4: 

 

Table 4.4: Tidal constituents used for harmonic decomposition of water level 

Meaning of the 

constituents 

Symbol Meaning of the 

constituents 

Symbol 

Shallow water terdiurnal 
constituent 

2MK3 Shallow water 
terdiurnal constituent 

MK3 

Shallow water quarter 
diurnal constituent 

2MN6 Shallow water quarter 
diurnal constituent 

MN4 

 2MS6  MNS2 
Lunar elliptical 

semidiurnal second-order 
constituent 

2N2 Shallow water quarter 
diurnal constituent 

MS4 

Shallow water 
semidiurnal constituent 

2SM2 Variational constituent MU2 

 3MS8 Larger lunar elliptic 
semidiurnal constituent 

N2 

Smaller lunar elliptic 
diurnal constituent 

J1 Larger lunar evectional 
constituent 

NU2 

Lunar diurnal constituent K1 Principle lunar diurnal O1 
Lunisolar semidiurnal 

constituent 
K2 Lunar diurnal OO1 

Smaller lunar elliptic 
semidiurnal constituent 

L2 Solar diurnal 
constituent 

P1 

Smaller lunar evectional 
constituent 

LAM2 Larger lunar elliptic 
diurnal constituent 

Q1 

Smaller lunar elliptic 
diurnal constituent 

M1 Smaller solar elliptic 
constituent 

R2 

Principal lunar 
semidiurnal constituent 

M2  RHO1 

Lunar terdiurnal 
constituent 

M3 Solar diurnal 
constituent 

S1 

Shallow water overtides 
of principal lunar 

constituent 

M4 Principal solar 
semidiurnal constituent 

S2 

Shallow water overtides 
of principal lunar 

constituent 

M6 Shallow water overtides 
of principal solar 

constituent 

S4 
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Shallow water eighth 
diurnal constituent 

M8 Shallow water overtides 
of principal solar 

constituent 

S6 

Larger solar elliptic 
constituent 

T2   

 

4.3.2 Tidal form number 

 

Tidal form number are calculated by dividing the sum of the amplitudes for O1 and K1 by 

the sum for M2 and S2. Form number is an indicator of tide type. Form numbers below 0.25 

indicates a fully semidiurnal tide, 0.25-1.5 mixed (mainly semidiurnal), 1.5-3.0 mixed 

(mainly diurnal) and, greater than 3.0 indicates fully diurnal. 

 

4.3.3 Performance evaluation of harmonic model (RMS Error and Percent Reduction 

in Variance) 

 

Two statistical parameters are used to evaluate the degree of success achieved by the model 

in harmonic analysis. The RMS error, calculated as the square root of the mean square 

difference between observed and predicted water levels, is a measure of the expected error 

associated with an individual water level prediction. The Percent Reduction in Variance (%R 

Var) is the percentage of the total variance in water level explained by the astronomical tide 

model. If water level strongly affected by meteorological forcing in relation to the tidal 

regime, these statistical parameters will be unable to achieve either a high %R Variance or a 

low RMS error. 

 

4.3.4 Harmonic model 

 

The harmonic model for the prediction of tides assumes that tidal motion can be represented 

by the sum of a series of simple harmonic terms (tidal constituents), each term being 

represented by an oscillation at a known frequency of astronomical origin. The equation for 

the harmonic model in this research is: 

 

ℎ(𝑡) =  ℎ0 + ∑ 𝑓𝑗𝐻𝑗cos (𝑗𝑡 + 𝑢𝑗 − 𝑘𝑗
∗𝑚

𝑗=1 )              (4.4) 
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Where, 

𝑡= time in serial hours,  

ℎ(𝑡)= predicted water level at t,  

ℎ0= mean water level,  

𝑓𝑗 = lunar node factor for jth constituent,  

𝐻𝑗 = mean amplitude for jth constituent over 18.6-year lunar node cycle,  

𝑗  = frequency of jth constituent, 

𝑢𝑗  = nodal phase for jth constituent,  

𝑘𝑗
∗ = phase of jth constituent for the time origin in use (midnight beginning December 31, 

1899) and  

𝑚 = number of constituents.  

For purely solar constituents, fj = 1 and uj = 0 

 

4.3.5 Method of least squares 

 

Harmonic analysis by the method of least squares (HAMELS) is a simple but powerful 

means of obtaining tidal constituent amplitude (Hj) and phase (κj*). These are the tidal 

harmonic constants needed for tidal predictions using equation (4.4). The least squares 

criterion requires a solution for the harmonic constants that will produce the minimum 

possible sum of squared differences for a series of observations ht of length n 

∑[ℎ𝑡

𝑛

𝑡=1

− ℎ (𝑡)]2 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 

For this purpose, Equation (4.4) can be rewritten in equivalent form as: 

 

ℎ(𝑡) =  𝐴0 + ∑ 𝐴𝑗 
𝑚
𝑗=1 𝑐𝑜𝑠𝑗𝑡 + ∑ 𝐵𝑗 sin𝑗

𝑚
𝑗=1  𝑡             (4.5) 

 

Where, Ao =ho, Rj = √𝐴𝑗
2 + 𝐵𝑗

2  = fj Hjand
𝑗
= 𝑡𝑎𝑛−1 (

𝐵𝑗

𝐴𝑗
) = 𝑘𝑗

∗ − 𝑢𝑗. The unknowns A0, 

Aj,Bj in equation (4.5) are obtained by solving the general matrix equation for least squares 

approximations: 
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[C] = [SSX]-1[SXY]                (4.6) 

 

In Equation (4.6), [C] is a 2m+1 x 1 vector of unknowns, [C] = [A0 A1 B1 A2 B2...Am Bm] 

with [SSX] = [X] [X]and [SXY] = [X] [Y], where 

 

[𝑋] =

[
 
 
 
 
1 𝑐𝑜𝑠1𝑡1 𝑠𝑖𝑛1𝑡1 . . 𝑐𝑜𝑠𝑚𝑡1 𝑠𝑖𝑛𝑚𝑡1
1 𝑐𝑜𝑠1𝑡2 𝑠𝑖𝑛1𝑡2 . . 𝑐𝑜𝑠𝑚𝑡2 𝑠𝑖𝑛𝑚𝑡2
1 𝑐𝑜𝑠1𝑡3 𝑠𝑖𝑛1𝑡3 . . 𝑐𝑜𝑠𝑚𝑡3 𝑠𝑖𝑛𝑚𝑡3
. . . . . . . . . . . .
1 𝑐𝑜𝑠1𝑡𝑛 𝑠𝑖𝑛1𝑡𝑛 . . 𝑐𝑜𝑠𝑚𝑡𝑛 𝑠𝑖𝑛𝑚𝑡4]

 
 
 
 

 

 

and [Y] = [ h1 h2 h3 .. hn] is a vector containing n observations. The prime symbol used in 

these equations indicates the transpose of a matrix or vector whereas the unit negative 

exponent indicates the inverse of the 2m+1 x 2m+1 square matrix, [SSX].  

 

4.4 Analysis of Wind Characteristics 

 

Wind speed v/s wind direction are calculated and represented graphically using Wind Rose 

Diagram for short and long time period to understand the dominant direction of strong wind. 

Monthly maximum and mean wind speed for 36-years are calculated to see the range and 

seasonal variation of wind speed. Mean, maximum, and minimum of wind speed are 

calculated for each year of the 36-years study period. Trend line analysis are done to study 

the change in long term duration. Wind speed frequency analysis are done to see the 

frequency of occurrence of a strong wind. Wind speed distribution are analyzed applying the 

Weibull distribution function. 

 

4.4.1 Weibull distribution function 

 

Frequency histograms are plotted for wind speed data using ‘Windographer’ software 

(https://www.windographer.com) which overlays the best-fit Weibull distribution. The 

https://www.windographer.com/
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Weibull distribution for wind speed V is expressed by the probability density function or 

wind speed frequency curve as: 

 

𝑝(𝑉) 𝑑𝑉 = (
𝑘

𝑐
) (

𝑉

𝑐
)𝑘−1exp [−(

𝑉

𝑐
)
𝑘

]𝑑𝑉              (4.7) 

 

Where, p(V) is the probability density function, v is the wind speed in m/s, c is the scale 

factor with units of speed and k is the shape factor which is dimensionless. There are several 

methods which can be used to estimate the Weibull parameters c and k. Present study applied 

three method namely maximum likelihood, least squares, WAsP to calculate the shape and 

scale factor. 

 

4.5 Trend Line and Regression Analysis 

 

Trend line analysis are done to compute the changes of variable over time. Trend line and 

regression analysis is used to inspect the characteristics of the data, in particular to see 

whether a trend exists. It represents the long-term movement in time series data. In this study, 

trend analysis is performed to different parameters by applying linear, logarithmic, 

exponential, power, polynomials, sinusoidal and cubic trend line with regression 

analysis.  Creating a trend line and calculating its coefficients allows for the quantitative 

analysis of the underlying data and the ability to both interpolate and extrapolate the data for 

prediction purposes. In present study, the ‘Coefficient of Determination’ or ‘R-squared 

value’ is computed by regression analysis. 

 

4.6  Dynamic Interaction of Tide and Wind 

 

From the harmonic analysis of the TWL the pure astronomic tide and the residuals are 

separated. This analysis shows the swelling of sea surface due to meteorological force. The 

evidence of occurrence of extreme TWL except any stormy event are then identified by 

standard deviation analysis. The corresponding wind also find out from the long-term data. 

Sea surface swelling are then computed for this high wind speed which has a high frequency 

of occurrence by applying Ippen’s (1966) equation. 

https://en.wikipedia.org/wiki/Time_series
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4.6.1 Computation of wind setup 

 

Ippen’s (1966) equation is used to compute the wind setup. This is one of the early 

formulations for wind setup in enclosed lakes and reservoirs, offshore, on the open-coast, 

behind the open-coast, and in open bays or estuaries.  

 

Ippen equation: 

𝑆 = ℎ̅ [√
2𝑘𝑥𝑈2

𝑔ℎ̅2 + 𝑛 − 𝑛]                                                                                                   (4.8) 

Where, 

S= wind setup or change in water level (ft). 

ℎ̅ = average depth (ft) 

𝑘 = constant empirically evaluated as 3.3*10-6 

x = fetch length (miles) 

U = wind speed in miles per hour 

n = constant 

Effective wind speed is computed as Ue = U cosβ 

Where, β = angle of wind direction. 
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4.7 Analysis of Inundation Pattern  

 

To study the resulting coastal inundation due to the coincidence of peak of astronomical 

cycle with strong monsoon wind, a numerical model (Delft 3D Flow Model) is applied. The 

steps followed during the model setup, calibration, validation, and application of the model 

is shown in Figure 4.3. 

 

 
 

Figure 4.3: Flow chart showing steps of the preparation of hydrodynamic model 

 
Base model is prepared for year 2000. The calibrated and validated model is applied to 

generate the scenarios. One extreme scenario is constructed to generate the maximum 

possible flood inundation pattern. In this scenario only sea boundary is changed to study the 

impact of strong wind with peak of astronomical tide. For scenario generation, pure 

astronomical tides are predicted by using tidal constituents. The calculated tidal modulation 

due to long term astronomical cycle like lunar perigean and nodal cycle are added to the 
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predicted tide. Calculated sea-surface swelling due to extreme wind with dominant direction 

is super-imposed over the astronomical tide. Downstream sea boundary of this scenario can 

be explained as: 

 

Downstream sea boundary: Pure astronomical tide + modulation due to perigean/ nodal 

cycle + Sea surface swelling 

 

All other parameters remain same to explain the impact of strong wind and lunar cycle. 

 

Inundation patterns are analyzed for both base model run and scenario model run.  

Comparison of inundation pattern is analyzed by using union level inundation data. Number 

of unions inundated are identified with inundated area. As Delft 3D model does not provide 

the union level data, another Matlab code is applied to prepare the result.  
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    CHAPTER FIVE 

5 WIND ALONG BANGLADESH COAST 

 

5.1 Introduction 

 

One of the objective of this study is to analyze the short and long term monsoon wind 

characteristics along the Bangladesh coast. This chapter is organized in the way to give a 

detail picture of the  wind speed and direction. Seasonal and inter-annual variation of wind 

with frequency analysis are described in detail.  

 

5.2 Seasonal Variation of Wind 

 

Previous studies found that (Mukut, 2008) wind along Bangladesh coast follows strong 

seasonal variation.  In this study, wind rose diagram are drawn to find out the dominant wind 

direction for each month. This analysis is done from three hourly data covering a period of 

1980- 2015. Monthly maximum and mean wind speed are analyzed for the wind coming 

from the dominant direction to find out the seasonal variation.  

 

5.2.1 Monthly direction frequency 

 

 
 

Figure 5.1: Direction classification used for wind 
rose diagram 
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Figure 5.1 shows the direction classification used for the wind rose diagram which follows 

the universal coordinate system. Among the five wind stations selected for the study - 

Khulna, Khepupara, and Hatiya stations are facing the ocean in the South-West (SW) and 

South-East (SE) direction and  facing the land in the North-West (NW) and North-East (NE) 

direction. The other two stations - Chittagong and Kutubdia are on the hilly rigion where 

ocean facing side is in the North-West (NW) andSouth-West (SW)  and land facing side  is 

in the South-East (SE) and North-East (NE) direction. 

 

Figure 5.2 (a-e)  and Table 5.1 shows the monthly wind speed and direction patterns for all 

five stations during the 36 years period from 1980 to 2015.   

 

Table 5.1: Monthly direction frequency of wind speed 

Station 
Name 

Direc 
-tion 

Jan 
(%) 

Feb 
(%) 

Mar 
(%) 

Apr 
(%) 

May 
(%) 

Jun 
(%) 

Jul 
(%) 

Aug 
(%) 

Sep 
(%) 

Oct 
(%) 

Nov 
(%) 

Dec 
(%) 

 
Khulna 

SW 1 20 60 75 63 60 60 45 45 25 3 3 
SE 4 10 5 20 35 40 40 55 55 35 12 7 
NW 75 50 23 2 1 0 0 0 0 18 65 80 
NE 20 20 12 3 1 0 0 0 0 22 20 10 

 
Khepupara 

SW 3 20 40 75 75 60 65 55 50 25 3 4 
SE 7 5 15 21 22 40 35 45 50 30 2 1 
NW 80 65 30 2 2 0 0 0 0 30 85 85 
NE 10 10 15 2 1 0 0 0 0 15 10 10 

 
Hatiya 

SW 0 10 40 65 55 65 65 50 40 15 0 0 

SE 0 10 15 25 45 35 35 50 60 20 0 0 
NW 80 60 35 5 0 0 0 0 0 35 70 80 
NE 20 20 10 5 0 0 0 0 0 30 30 20 

 
Chittagong 

SW 5 13 40 55 55 40 40 30 40 20 5 3 
SE 5 7 15 35 41 60 60 70 52 35 10 3 
NW 60 50 30 5 2 0 0 0 5 20 40 40 
NE 30 30 15 5 2 0 0 0 3 25 45 54 

 
Kutubdia 

SW 10 15 30 40 20 25 40 35 30 20 15 10 
SE 30 40 40 45 55 60 45 45 55 35 35 35 
NW 20 15 20 10 10 10 3 5 5 30 20 35 
NE 40 30 10 5 15 5 12 15 10 15 30 20 
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From the months of November to February NW and NE direction is dominated by  85%, 

90% , 95% , 70% of the time at Khulna, 95%, 95%, 90%, 75% of the time at Khepupara, 

100%, 100%, 100%, 80%  of the time at Hatiya and 85%, 94%, 90%, 80% of the time at 

Chittagong. In March SW direction is dominated by 60%, 40%, 40% , 40% of the time in 

Khulna, Khepupara, Hatiya, and Chittagong succesively. From April to September 100% 

of the time dominant wind direction is from SW and SE which is the ocean direction. October 

shows a transition period  for all these four stations 

 

Wind direction pattern of Kutubdia is little different from the other four stations as it is more 

near to the continental shelf. In this station wind is blowing from the NE and SE direction 

for the months of November to February which is nearly 70% of the time. During March 

and October wind is blowing from all directions without dominancy of any particular 

direction. From April to September  85% of the time wind is blowing from the SW and SE 

direction. 
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Figure 5.2: Monthly frequency of wind speed vs. wind direction diagram at 

(a) Khulna (b) Khepupara (c) Hatiya (d) Chittagong (e) Kutubdia 
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5.2.2 Monthly maximum wind speed 

 

Analysis of wind direction shows that along Bangladesh coast dominant wind direction 

during monsoon is towards SW and SE. In this section magnitude of wind speed is analyzed. 

The analysis in this section mainly concentrates on the maximum wind speed during 

monsoon which exerts shear stress on the sea surface causing piling up of water mass that 

ultimately results tidal flooding along the coast. 

 

Figure 5.3 and Table 5.2 shows the monthly maximum wind speed at five coastal stations 

during the period of 36-years from 1980 to 2015. Monsoon wind along the Bangladesh coast 

starts blowing from April and ends at September. During this time, maximum wind speed 

band is 2.14 to 18.75 m/s at Khulna, 4 to 27.5 m/s for Khepupara, 1.5 to 40 m/s for Hatiya, 

5.5 to 25 m/s for Chittagong and 1 to 49.5 m/s for Kutubdia. During the monsoon, Kutubdia 

coast experiences the strongest wind while Khulna coast experiences the weakest wind. 

During winter, wind speed is much lower (lower than 15 m/s except some noise). Most of 

the noises are detected during November which are suspected as stormy events.  

 

5.2.3 Monthly mean wind speed  

 

To analyze the seasonal variation trend, monthly mean wind speed is calculated and is shown 

in Figure 5.4 and Table 5.2. At Khulna station mean wind speed varies from 0.5 to 4.41 m/s 

in January to March and October to December, 0.96 to 5.4 m/s for April to September. At 

Khepupara station mean wind speed varies from 1 to 9.7 m/s from January to March and 

October to December, 1.32 to 6 m/s for April to September. At Hatiya station mean wind 

speed varies from 0.8 to 6.5 m/s from January to March and October to December, 0.8 to 5 

m/s for April to September. At Chittagong station mean wind speed varies from 1.16 to 6.5 

m/s from January to March and October to December, 2.57 to 7.15 m/s for April to 

September. At Kutubdia station mean wind speed varies from 0.6 to 3.5 m/s from January to 

March and October to December, 0.6 to 3.88 m/s for April to September. The results show 

that similar to the maximum wind speed, mean wind speed is also high in Chittagong and 

low in Khulna.         
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Table 5.2: Range of monthly maximum and mean wind speed. 

Station 
name 

Monthly maximum 
and 

mean wind speed 

Wind speed range 
in monsoon 

(April-September) 

Wind speed range 
in winter 

(October-March) 

 
Khulna 

Maximum 
(m/s) 

Max 18.75 21 
Min 2.14 0.5 

Mean 
(m/s) 

Max 5.40 4.41 
Min 0.96 0.5 

 
Khepupara 

Maximum 
(m/s) 

Max 27.5 32.5 
Min 4 1 

Mean 
(m/s) 

Max 6 9.7 
Min 1.32 1 

 
Hatiya 

Maximum 
(m/s) 

Max 40 26 
Min 1.5 0.5 

Mean 
(m/s) 

Max 5 6.5 
Min 0.8 0.8 

 
Chittagong 

Maximum 
(m/s) 

Max 25 22.5 
Min 5.5 1.5 

Mean 
(m/s) 

Max 7.15 6.5 
Min 2.57 1.16 

 
Kutubdia 

Maximum 
(m/s) 

Max 49.5 46 
Min 1 1 

Mean 
(m/s) 

Max 3.88 3.5 
Min 0.6 0.6 
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Figure 5.3: Monthly maximum wind speed blowing 
from the ocean at five coastal stations 
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Figure 5.4: Monthly mean wind speed blowing  
from the ocean at five coastal stations 

 

5.3 Inter-Annual Variation of Wind 

 

In this section, inter-annual variation of wind is analyzed for both speed and direction. Yearly 

maximum and mean are analyzed along with direction frequency for the 36 years data (1980-

2015). 

 

5.3.1 Annual direction frequency 

 

Figure 5.5 shows the direction frequency rose diagram for each of the calender year during 

the period of 36-years (1980-2015). Wind is bolowing in a perpendicular direction from the 
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ocean to the coast for approximately 60%, 70%, 70%, 20% and 30% of the time for Khulna, 

Khepupara, Hatiya, Chittagong and Kutubdia respectively. Khulna station is far from the 

coastline while Khepupara and Hatiya is in the mouth of the estuary. This may be the reason 

for the 10% higher winds that are blowing in perpendicular direction for Khepupara and 

Hatiya. Although first three stations (Khulna, Khepupara and Hatiya) clearly shows the 

dominancy of the SW direction, Chittagong and Kutubdia are exceptions. For these two 

stations, SE direction is dominating 

 

   

   
Figure 5.5: Yearly display of wind rose diagram 
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5.3.2 Annual maximum wind speed  

 
 

Figure 5.6: Yearly maximum wind speed blowing from the ocean at five coastal stations 
 

 

In this section, the maximum wind speed is analyzed based on the 3-hourly wind data 

covering a period of 36-years (1980 to 2015). Among the five stations selected for the 

analysis, wind speed is the lowest at Khulna and the highest at Kutubdia. This characteristic 

is similar to the seasonal variation as described in section 5.2. The reason is - Kutubdia is 

closer to the continental shelf while Khulna is situated more inland. The highest wind speed 

is detected in 1991 in Chittagong which is due to the 1991 cyclone that made landfall at the 

Chittagong coast. From 1980 to 2000 the maximum wind speed follows a band that falls 

within the range varying from 5 to 30 m/s. From 2000 to 2015 the maximum wind speed is 

much lower and the band is 2.5 to 20 m/s. The trend line analysis of the maximum wind 

speed during the period from 1980 to 2015 also shows a linearly decreasing trend. Global 

wind analysis (Xu, 2006) also shows that in recent year wind speed are showing decreasing 

trend (Figure 5.6, Table 5.3). 
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5.3.3 Annual mean wind speed 

 

 
Figure 5.7: Yearly mean wind speed at five coastal stations when wind blows from the 

ocean  
 

 

Figure 5.7 and Table 5.3 shows the annual mean wind speed for each calender year during  

 

the 36-years time period from 1980 to 2015. Yearly mean wind speed also shows a 

decreasing trend in all five stations. Mean wind speed is the highest at Chittagong station 

followed by Khepupara, Hatiya, Kutubdia and Khulna. Kutubdia shows higher yearly 

maximum value but lower annual mean value compared to other stations. 

 

At Khulna station wind speed varies from 1.09 to 3.6 m/s.  Wind speed was greater then 1.6 

m/s from 1980 to 1995, after that annual mean wind speed started to decrease, at Khepupara 

annual mean wind speed varies from 1.62 to 3.98 m/s. At Hatiya wind speed varies from 1 

to 3.62 m/s with a decreasing trend after 2004. At Chittagong annual mean wind speed varies 

from 2.97 to 5.93 m/s with a decreasing trend. At Kutubdia station, from 1980 to 1995 annual 

mean wind speed data are higher than 2m/s and the maximum is 3.02m/s, from 1996 to 2008 

it is almost 1.6m/s and from 2008 to 2015 it is 1.15m/s. 
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Table 5.3: Range of annual maximum and mean wind speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annual maximum and 
mean wind speed 

Khulna Kutubdia Hatiya Chittagong Kutubdia 

Maximum Maximum 
(m/s) 

20 32.5 40 25 49.5 

Minimum 
(m/s) 

4 5 5 8 2.5 

Mean Maximum 
(m/s) 

3.60 3.98 3.62 5.93 3.02 

Minimum 
(m/s) 

1.09 1.62 1 2.97 1.15 
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5.3.4 Frequency of annual mean 

 

 

  

  

Figure 5.8: Frequency 
histogram of annual mean 

wind speed  
 

 

Figure 5.8 shows the frequency histogram of annual mean wind speed with best fit normal 

distribution curve. At Khulna, Khepupara, Hatiya, Chittagong and Kutubdia stations annual 

mean wind speed with higher frequency are 1.2m/s, 2.8m/s, 2.5m/s, 3.3m/s, 1.8m/s  

respectively which has the highest frequency of 18%, 23%, 20%, 18%, 30% successively. 

Normal distribution curve shows sharp peak for all stations except Chittagong.  

 

Table 5.4: Frequency of annual mean 

Wind speed 
and 

frequency 

Khulna Khepupara Hatiya Chittagong Kutubdia 

Wind speed 
(m/s) 

1.2 2.8 2.5 3.3 1.8 

Frequency 
(%) 

18 23 20 18 30 
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5.3.5 Yearly wind speed frequency analysis 

 

Figure 5.9 showes frequency (%) v/s wind speed (m/s) curve at five stations. Table 5.5 and 

5.6 show the frequency and occurance of wind speed at all five stations for all the available 

data of the study period (1980-2015). The frequency of speed varies among the stationas so 

different intervels are used for calculation. At Khulna, Khepupara, and Hatiya the interval is 

1m/s and for the Chittagong and Kutubdia the interval is 2.5m/s. At Khulna, Khepupara, and 

Hatiya the highest frequency wind speed fall in the interval of 1 to 2 m/s which is 51.34%, 

47.73%, 39.76% respectively and clearly shows a decreasing trend among the stations. At 

Chittagong the highest frequency falls in to 2.5 to 5 m/s interval with 46.04% frequency. At 

Kutubdia the highest frequency is 75% in the interval of 0 to 2.5 m/s. There is evidence of 

extreme wind which is greater then 10m/s and up to 23 m/s with low frequency at Khulna, 

Khepupara and Hatiya. At Chittagong 6.381% of the time wind speed is higher then 10m/s 

and evidence found up to 47.5m/s.  At Kutubdia 3.23% of the time wind speed is higher than 

7.5m/s and evidence found up to 50m/s. In Kutubdia station, while high frequency is less 

than 2.5m/s, evidence of extreme event is comperatively high. This variation shows a varied 

wind pattern from west to east coast. In all five stations, except extreme event in winter ( 

October- March) high wind speed with low frequency incidents are found in monsoon period 

( April-September) 
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Table 5.5: Wind speed frequency for all years at (Khulna, Khepupara, Hatiya) 
Number Limit Khulna Khepupara Hatiya 

Lower Upper Occurrences Frequency 
(%) 

Occurrences Frequency 
(%) 

Occurrences Frequency 
(%) 

1 0 1 1,481 22.676 25 0.526 1,269 17.265 
2 1 2 3,353 51.34 2,269 47.728 2,922 39.755 
3 2 3 916 14.025 1,078 22.676 1,454 19.782 
4 3 4 333 5.099 501 10.538 698 9.497 
5 4 5 183 2.802 359 7.552 440 5.986 
6 5 6 128 1.96 193 4.06 143 1.946 
7 6 7 71 1.087 147 3.092 195 2.653 
8 7 8 40 0.612 61 1.283 85 1.156 
9 8 9 10 0.153 57 1.199 50 0.68 
10 9 10 5 0.077 24 0.505 36 0.49 
11 10 11 4 0.061 23 0.484 26 0.354 
12 11 12 1 0.015 10 0.21 4 0.054 
13 12 13 3 0.046 4 0.084 6 0.082 
14 13 14 0 0 1 0.021 6 0.082 
15 14 15 0 0 0 0 0 0 
16 15 16 0 0 0 0 7 0.095 
17 16 17 0 0 0 0 0 0 
18 17 18 1 0.015 0 0 4 0.054 
19 18 19 0 0 0 0 1 0.014 
20 19 20 0 0 0 0 0 0 
21 20 21 1 0.015 0 0 1 0.014 
22 21 22 0 0 1 0.021 2 0.027 
23 22 23 1 0.015 0 0 1 0.014 
24 23 24 0 0 0 0 0 0 
25 24 25 0 0 0 0 0 0 
26 25 26 0 0 0 0 0 0 
27 26 27 0 0 0 0 0 0 
28 27 28 0 0 1 0.021 0 0 
29 28 29 0 0 0 0 0 0 
30 29 30 0 0 0 0 0 0 

Total 6,531 100 4,754 100 7,350 100 
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Table 5.6: Wind speed frequency for all years at Chittagong and Kutubdia 

Number Limit Chittagong Kutubdia 
Lower Upper Occurrences Frequency 

(%) 
Occurrences Frequency 

(%) 
1 0 2.5 15,709 25.797 49,502 75.105 
2 2.5 5 28,038 46.043 13,805 20.945 
3 5 7.5 11,561 18.985 2,129 3.23 
4 7.5 10 3,886 6.381 315 0.478 
5 10 12.5 1,202 1.974 84 0.127 
6 12.5 15 343 0.563 18 0.027 
7 15 17.5 86 0.141 14 0.021 
8 17.5 20 38 0.062 7 0.011 
9 20 22.5 17 0.028 5 0.008 
10 22.5 25 10 0.016 7 0.011 
11 25 27.5 2 0.003 3 0.005 
12 27.5 30 0 0 3 0.005 
13 30 32.5 0 0 10 0.015 
14 32.5 35 0 0 0 0 
15 35 37.5 0 0 1 0.002 
16 37.5 40 1 0.002 2 0.003 
17 40 42.5 1 0.002 0 0 
18 42.5 45 0 0 0 0 
19 45 47.5 1 0.002 3 0.005 
20 47.5 50 0 0 2 0.003 

Total 60,895 100 65,910 100 
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Figure 5.9: Frequency histogram for 5 

coastal stations 
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5.4 Wind Speed distribution 

   

  

 

Figure 5.10: Weibull distribution function 
 

 

Table 5.7: Weibull distribution parameter in five stations. 

Station Algorithm Shape factor (k) Scale factor (c) R squared 
 

Khulna (6531) 
Maximum likelihood 8.235 8.165 -0.69093 

Least squares 1.689 1.671 0.70521 
WAsP 0.79 1.041 0.62003 

 
Khepupara (65910) 

Maximum likelihood 1.886 2.951 0.43384 
Least squares 1.705 2.659 0.53516 

WAsP 1.081 2.295 0.54294 
 

Hatiya ( 7350) 
Maximum likelihood 1.127 2.075 0.79439 

Least squares 1.519 2.178 0.68771 
WAsP 0.829 1.531 0.66022 

 
Chittagong ( 60895) 

Maximum likelihood 1.743 4.314 0.82126 
Least squares 2.071 4.244 0.80033 

WAsP 1.556 4.247 0.81554 
 

Kutubdia ( 6531) 
Maximum likelihood 10 18.557 -0.58502 

Least squares 1.876 2.003 0.92697 
WAsP 0.972 1.806 0.92358 
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The behavior of wind speed at a given site can be specified as a probability distribution 

function. Two probability distribution functions, Weibull distribution and Rayleigh 

distribution are commonly used for wind speed. The simpler of the two is the Rayleigh 

distribution which has a single parameter c. The Weibull distribution is characterized by two 

parameters: the shape parameter k (dimensionless) and the scale parameter c (m/s.).  If the 

value of c increases for a given value of k the shape of the distribution gets wider.  Because 

of this c is called the scale parameter; it has dimensions of velocity.  If k increases for a given 

value of c, the maximum in the probability distribution function increases. Because of this k 

is called the shape parameter; it is dimensionless. The Rayleigh distribution is actually a 

special case of the Weibull distribution with k = 2. To see the wind speed variation in the 

Bangladesh coast and to find out the distribution curve, the Weibull distribution analysis is 

performed in the present research.  

 

Best fit Weibull distribution function have been plotted using three different algorithms 

namely maximum likelihood, least squares, WAsP for all stations. The goodness of fit is 

measured by R-squared mean. A higher R-squared value means a good fit and a lower value 

means a poor fit. In those algorithms, maximum likelihood does not fit with the actual data 

very well and least squares performed a better job. R squared value have been calculated for 

all the algorithms along with the Weibull shape factor and scale factor. All the values are 

shown in Table 5.7. The value of shape factor k varies 1.519 to 2.071 which is in the range 

of the standard k value 1 to 3. Lower value of k characterized the wind as highly variable 

while larger value of k represents a more stable wind speed. Weibull scale parameter c is 

proportional to the mean wind speed. In the present study, the value of c varies from 1.671 

to 4.244. The R squared value is lower for least square method at Khepupara which is 

0.53516 and higher for Chittagong which is 0.92697. 

 

It is found that, wind speed in Bangladesh coast is well represented by the Weibull 

distribution function. The distribution of wind speeds is skewed (not symmetrical) and the 

value of shape factor k and scale factor c presented in Table 5.7 shows that shape factor and 

scale factor are not same for all the station which gives a different distribution curve. 
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5.5 Concluding Remarks 

 

1. Along Bangladesh coast SW and SE wind direction is dominant during monsoon and 

NW and NE direction is dominant during winter. 

2. During  monsoon, around 90% of the time wind blows in a perpendicular direction 

from the ocean to the coast in the east, central and the west coasts. Chittaong region 

shows exception. 

3. Chittagong region experiences the strongest wind which is 40 m/s while Khulna 

region experiences the weakest wind. 

4. The trend analysis of the wind speed during the period from 1980 to 2015 shows a 

decreasing trend. 

5. Weibull distribution function gives a skewed distribution curve and different 

parameters for different zones. 
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        CHAPTER SIX 

6 TIDE ALONG BANGLADESH COAST 

 

6.1 Introduction 

 

This chapter describes the second part of the first objective of this research which is short 

and long term tidal water level (TWL) characteristics analysis along the 710km Bangladesh 

coast. For short term TWL analysis, measured data at five tide gauge stations and for long 

term TWL analysis, model data at four locations are used. Detail of the collected data are 

given in Table 4.1 of Chapter 4. 

 

6.2 Daily Variation of Tide 

 

Earlier studies related to fluvio-tidal flooding pattern along Bangladesh coast used year 2000 

as the base year (Nihal et al., 2016). Present study also selected year 2000 as base year for 

TWL and flood analysis along Bangladesh coast. 

 

To study the TWL characteristics, harmonic analysis is performed using the thirty-five tidal 

constituents from the measured data at five selected stations namely at Hiron point, 

Khepupara, Charchanga, Sandwip and Cox’s Bazar for year 2000. Using the amplitudes of 

O1, K1, M2 and S2, tidal form factors are calculated. Form factor describes the pattern of 

daily variation of tide. For Bangladesh coast form factor remains less than 0.25 at all selected 

stations which represents the semi-diurnal tide with daily two high and low peaks.  

 

Table 6.1 represents a snapshot of daily variation of TWL on 15th September (generally 

considered to be the peak of the monsoon) of year 2000. Data used for this analysis are 

collected from Hawaii sea level center and BIWTA with Chart Datum. Tide reaches its peak 

at Hiron point and Cox’s Bazar at the same time, one hour later at Khepupara and four hour 

later at Charchanga and Sandwip. Diurnal inequality is higher at Charchanga followed by 

Cox’s Bazar, Khepupara and Hiron point. At Sandwip only 13 h measured data is available 

which varies from 6.0 AM to 6.0 PM. In this location two peaks of tide are not available to 
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calculate the diurnal inequality. Maximum tidal rage is found in Sandwip, followed by 

Charchanga, Khepupara, Cox’s Bazar and Hiron point. Tidal range shows an increasing trend 

from SW to SE and it is the highest at the mouth of Meghna estuary in Sandwip Channel. 

Cox’s Bazar, which is in the exile part of the estuary, shows the lowest tidal range (Table 

6.1, and Figure: 6.1).  

 

 Table 6.1: Daily TWL characteristics (15th September, 2000) 

 

 

 
Figure 6.1: Daily tidal water level variation at five stations (Data: BIWTA) 

 
 

  

Station 
name 

High tide 

amplitude 

(m) 

Low yide 

amplitude 

(m) 

Tidal 

range (m) 

Diurnal 

inequality 

(m) 

Time of 

high hide 

Hiron Point 3.32 0.88 2.44 0.03 5.00 AM 

Khepupara 4.09 1.32 2.77 0.08 6.00 AM 

Charchanga 4.05 1.05 3.00 0.24 9.00 AM 

Sandwip 6.99 0.61 6.38 - 9.00 PM 

Cox’s Bazar 3.72 1.22 2.50 0.10 5.00 AM 
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6.3 Neap-Spring Cycle of Tide 

 

Hourly time series of TWL at five stations are shown in Figure 6.2 for 30 day’s tidal cycles 

during the month of September of the year 2000. This time series includes a complete neap-

spring cycle. All the five stations show almost the same timing of neap-spring cycle with a 

maximum phase shift of ± 1 day. Spring tide level is high in the mouth of Meghna estuary 

(Figure 6.3). During the time selected for the study period, tidal range varies from a 

maximum of 6.88m at Sandwip during spring tide to a minimum of 1m at Hiron Point during 

neap tide (Figure 6.4). At Hiron Point, high water level starts with spring phase with an 

amplitude of 3.54m and starts to decrease until it reaches 2.71m at neap phase after 6 days 

of the starting date. Neap tide reaches the same phase with 2.71m amplitude after 15 days. 

In the middle, amplitude of spring tide is 3.32 m. The high water level during the spring 

phase at Khepupara, Charchanga, Sandwip and Cox’s bazar are 4.43m, 4.59m, 7.3m, and 

4.37m respectively and for neap phase these values are 3.04m, 3.21m, 5.34m, and 2.61m. 

Neap-spring cycles largely influence the coastal inundation.  

 

 
Figure 6.2: Hourly time series tidal water variation 
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Figure 6.3: Daily maximum and minimum water level. 

 
 

 
Figure 6.4: Variation of tidal range in a neap-spring cycle (Data: BIWTA) 
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6.4 Inter-annual Modulation of Tide 

 

Previous studious (Haigh et al., 2011) show that over inter-annual time scale TWL varies 

due to two precessions of lunar cycle. In present study - annual maximum, annual minimum, 

annual mean, yearly standard deviation and tidal constituents are analyzed in detail and is 

presented in the following sections to study the variation of TWL in inter-annual time scale 

and lunar cycle.  

 

6.4.1 Annual maximum tidal water level 

 

Annual maximum TWL shows sinusoidal signals over the inter-annual time scale in all five 

stations along the Bangladesh coast. As high frequency and long term measured data is still 

not available at any station of Bangladesh coast, accurate frequency and amplitude 

calculations are not possible from this signals.             

 

 
Figure 6.5: Annual maximum water level (Data: BIWTA) 
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TWL is low at Hiron point and high at Sandwip. At Hiron point, annual maximum TWL is 

available for 27-years which varies from 3.44m to 4.04m. At Khepupara 15-years TWL 

varies from 4.24m to 4.95m, at Charchange, Sandwip, and Cox’s Bazar TWL are available 

for 21-years and the ranges are 4.29 to 5.35, 6.49 to 7.9 and 3.85 to 4.75 m respectively 

(Figure: 6.5 and Table 6.2).  

 

6.4.2 Annual minimum tidal water level 

 

Annual minimum TWL represents the low tide at five stations. High wind at the instant of 

low tide has low probability to cause any tidal flooding. The range of low TWL variation at 

Hiron point, Khepupara, Charchanga, Sandwip, Cox’s Bazar varies from -0.2 to 0.23 m, 0.16 

to 0.64 m, -0.29 to 0.3 m, -0.46 to 1.53 m, -0.6 to 0.46 m respectively. Sinusoidal signals are 

also visible in annual minimum TWL. As Sandwip station has different range compared to 

the other stations, value of this station is shown in the secondary axis (Figure 6.6 and Table 

6.2).  

 

 
Figure 6.6: Annual minimum water level (Data: BIWTA) 
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6.4.3 Annual mean tidal water level 

 

Annual means of TWL are calculated for each calendar year and is presented in Figure 6.7. 

Annual mean is comparatively higher at Sandwip station and it shown in the secondary axis. 

At all five stations, sinusoidal signals are visible. In the study period mean TWL varies from 

1.7 to 2.02 m, 2.18 to 2.45 m , 1.96 to 2.34 m, 2.7 to 4.01 m, 1.80 to 2.21 m at Hiron point, 

Khepupara, Charchanga, Sandwip and Cox’s Bazar respectively (Table 6.2).  

 

Table 6.2: Range of annual maximum, minimum, and mean water level 

Statiion 
name 

Range of annual maximum, minimum, and mean water level 
Maximum Minimum Mean 

Max Min Max Min Max Min 
Hiron point 4.04 3.44 0.23 -0.20 2.02 1.70 
Khepupara 4.95 4.24 0.64 0.16 2.45 2.18 
Charchanga 5.35 4.29 0.3 -0.29 2.34 1.96 

Sandwip 7.9 6.49 1.53 -0.6 4.01 2.70 
Cox’s Bazar 4.75 3.85 0.46 -0.46 2.21 1.80 

 

 
Figure 6.7: Annual mean water level (Data: BIWTA) 
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6.4.4 Trend analysis of annual maximum, minimum, and mean of TWL 

 

The annual maximum, minimum, and mean analysis of TWL shows sinusoidal signals with 

linearly increasing trend in inter-annual variation. The sinusoidal signals are due to long term 

lunar cycle and the linearly increasing trends indicates the sea level rise.  

 

To explain the linearly increasing trend, long term variation of Highest Astronomical 

Tide (HAT) and M2 tide are calculated at Hiron point for 27-years and presented at Figure 

6.8 and 6.9. HAT express the highest water level which can be predicted to occur under 

typical meteorological conditions and any combination of astronomical conditions and M2 

is the dominant tidal constituent at Bangladesh coast. 

 

Both M2 and HAT exhibits the linearly increasing trend (particularly after 1990’s) which 

indicates that sea level is rising at Bangladesh Coast (Araujo, 2008). Hiron point is at the 

mouth of Rupsa-Pussur estuary and comparatively less affected by upstream discharge. R-

squared value calculated which gives the measure of reliability of linear relationship. Values 

close to 1 indicate exact linear reliability. Calculated R-squared value for M2 tide is 0.6285 

and for HAT 0.5824. 

 

Regression slopes are calculated for 27-years for both HAT and M2. Computed regression 

slope is 5.6mm/year for HAT and 4.2mm/year for M2. CCC (2016) found 8 mm/year of 

regression slope at Hiron Point by using mean tide level. SMRC (2003) calculated 4mm/year 

rise of tidal level at Hiron point for 22-years (1977-1998). 
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Figure 6.8: Highest Astronomical tide at Hiron point (Data: BIWTA) 
 

 

 
 
Figure 6.9: Inter-annual variation of M2 tidal constituent at Hiron point (Data: BIWTA) 
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6.4.5 Variation of tidal range 

 

6.4.5.1 Annual maximum tidal range 

 

 
Figure 6.10: Annual maximum tidal range 

 

Figure 6.10 shows the variation of annual maximum tidal range along the coast for year 2000. 

Maximum tidal range occurs during the neap-spring cycle at the time of peak of perigean 

cycle. Along the coast, tidal range varies significantly. Tidal range is high in the west coast 

where Sundarban mangrove forest is situated. From west to east, tidal range starts to 

decrease. At the exile corner of west coast, tidal range varies from 5-6m. At central coast, 

tidal range is low and varies from 3 to 4 m. At the mouth of Meghna estuary in Sandwip 

channel tidal range is maximum. Near Sandwip Island maximum tidal range varies from 6 

to 7m.  In the south part of the Sandwip channel, tidal range starts to decrease. At Kutubdia 

channel it varies from 4 to 4.5m and at Moheskhali channel it varies from 3.5 to 4m. 
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6.4.5.2 Annual mean tidal range 

  

 
Figure 6.11: Annual mean tidal range 

 

Figure 6.11 shows the annual mean tidal range for year 2000. Annual mean tidal range 

follows the same pattern of annual maximum tidal range. At the west coast, maximum annual 

mean tidal range varies from 4 to 5m. At central coast, annual mean tidal range is low. 

Maximum annual mean tidal range are found at Sandwip Channel. At the south of Sandwip 

Channel annual mean tidal range starts to decrease. 
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6.4.5.3 Annual minimum tidal range 

 

 
Figure 6.12: Annual minimum tidal range 

Figure 6.12 shows the annual minimum tidal range for year 2000. Annual minimum tidal 

range occurs during the time of neap tide. This tidal range shows the similar pattern of what 

is observed for annual maximum and annual mean tidal range.  
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6.4.6 Lunar nodal and perigean cycle  

 

Sinusoidal signals are visible in the annual maximum, minimum, and mean analysis which 

is a clear indication of presence of lunar cycle in the Bangladesh coast. As measured data is 

not available to study the lunar cycle, model (GCOMS) generated tide data are used (Kay et 

al., 2015) in Hiron point, Khepupara, Charchanga, and Cox’s Bazar stations. In the absence 

of measured data this approach has followed by many researchers (Haigh et al., 2011). 

 

Previous studies (Haigh et al., 2011) found that lunar perigean cycle are dominated for the 

semi diurnal tide and nodal cycle are dominated for diurnal tide. Along the Bangladesh coast 

tide are semi diurnal.  

 

 
Figure 6.13: Annual mean water level (Data: GCOMS) 

 
 

GCOMS model data are used to calculate the yearly mean values of TWL from 1971 to 2090 

(Figure 6.10). Clear sinusoidal signals are visible in all of these stations with an increasing 

trend. Sea level rise are added to GCOMS model as an increment to the sea surface elevation 

boundary condition every 24 hours, based on the A1B projection of IPCC (Kay, 2016). 

Approximate A1B sea level rise is 0.54m by 2100 for Haldia, West Bengal and this value is 
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used in the current version of GCOMS model. Annual mean is the lowest at Cox’s Bazar 

followed by Charchanga, Hiron point and Khepupara. 

 

Standard deviations of tidal water levels for each year are shown in Figure 6.11.  This shows 

the regular cyclic variation of the tidal signals which is the evidence of the influence of lunar 

cycle. The amplitude and phase of long term tidal modulation due to lunar cycle are then 

estimated from the standard deviation using the harmonic analysis fitted to 18.6 and 4.425-

year sinusoidal signals. The results are presented in Figures 6.12 – 6.15. These figures show 

that 18.6-year lunar nodal cycle has no influence along Bangladesh coast but 4.425-year 

lunar perigean cycle are clearly visible in all selected stations. This cycle (4.425 lunar 

perigean) modulates the tide by 4 cm. The variations of long term cycles are related to the 

tidal constituents, the form factor and tidal range. As mentioned before, the form factor in 

Bangladesh coast is below 0.25 (semi-diurnal tide). In the next section, tidal constituents are 

analyzed in detail. 

 
Figure 6.14: Standard deviation (Data: GCOMS) 
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Figure 6.15: Lunar nodal and perigean cycle at Hiron point 

 

 
Figure 6.16: Lunar nodal and perigean cycle at Khepupara 
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Figure 6.17: Lunar nodal and perigean cycle at Charchanga 

 
 

 

 
Figure 6.18: Lunar nodal and perigean cycle at Cox’s Bazar 
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6.4.7 Tidal constituent 

 

For Bangladesh coast about 50% of TWL are dominated by the M2 constituent. Analysis of 

M2 tide from measured data at Hiron point from 1977-2003 shows that M2 tide is increasing 

at a rate of 4.2mm/year. Around 90% of TWL are dominated by major six constituents which 

are M2, S2, N2, K1, K2, O1 at Hiron point and Khepupara, M2, S2, N2, MU2, K2, K1 at 

Charchanga and Cox’s Bazar. The rest 10% are dominated by other 29 minor constituents. 

Yearly variation of tidal constituents for 80-years (1971 – 2050) are computed at four tidal 

stations.  Previous studies (Haigh et al., 2011) found that when record lengths of at least 

three complete nodal cycles (about 56-years), the amplitude of the four cycles varied by less 

than 1cm, irrespective of the start and end dates of the tidal record, justifying the use of a 80-

year time series for the constituent analysis. Variations of tidal constituents are shown in 

Figures 6.16 - 6.19.  

 

Influence of the tidal constituents on the TWL varied with the rotation of the earth, sun, and 

moon. The descending order of amplitude of the tidal constituents are calculated for the year 

2000 which is selected as the base year for analysis. 

 

At Hiron point descending order are M2 >S2 >N2 >K1 > K2 >O1 >P1 >M4 >2MS6>MS4> 

S1>M6>2MN6>>MN4>MU2>L2>MK3>Q1>3MS8>T2>RHO1>2N2>NU2>LAM2>2M

K3>2SM2>M8 >S4 >S6>MNS2>J1 >OO1 >R2 >M3 >M1 (Figure 6.16).   

 

At Khepupara descending order are M2>S2>N2>K1>K2>O1>P1>M4>MS4> 

2MS6>MU2>M6>MN4>S1>2MN6>MK3>L2>2SM2>NU2>Q1>LAM2>2N2>3MS8>R2 

>T2>2MK3>MNS2>M8 >M1>S6 >M3 >S4 >OO1 >RHO1>J1 (Figure 6.17). 

 

At Charchanga descending order are M2>S2>N2>MU2>K2>K1>O1> 

2MS6>M4>P1>MS4>L2>NU2>M6>2N2>T2>R2>2SM2>LAM2>3MS8>MNS2>2MN6>

S1>MN4>M1>M8>S4>OO1>MK3>2MK3>J1> Q1>S6>RHO1>M3 (Figure 6.18). 
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At Cox’s Bazar descending order are M2> S2>N2> MU2 >K2 >K1 >O1 >M4 >L2>P1 

>MS4>NU2 >T2>2MS6>2SM2>2N2>R2>LAM2>M6>MNS2>MN4>S1 >2MN6>3MS8> 

M1 >S4> MK3 >M8 >2MK3>OO1> J1 > Q1>S6>RHO1>M3 (Figure 6.19). 

 

 
 

Figure 6.19: Tidal constituents at Hiron point 
 

 

 
 

Figure 6.20: Tidal constituents at Khepupara 
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Figure 6.21: Tidal constituents at Charchanga 
 

 

 

 
 

 Figure 6.22: Tidal constituents at Cox’s Bazar  
 
 



  

88  

6.5 Frequency Analysis of Water Level 

 

Frequency and percentage exceedance of TWL are calculated from the measured data using 

the interval method. Frequency is the number of time a certain water level occurred in a given 

period of time and percentage exceedance is the percentage of time that a given value is 

exceeded. For the interval method, upper and lower limit of the TWL are known from the 

annual maximum and minimum analysis and an interval of 0.5m are used.  The results from 

the analysis are shown in Table 6.3 to Table 6.7 and percentage exceedance graph are 

presented in Figure 6.20. 

 

Total number of observations at Hiron point are 234317 and the lower limit of the interval is 

-0.5 and 4.5 is the upper limit. Over the time period, 99.96% of the time TWL are greater 

than zero and only three observations are found which are greater than 4m with a percentage 

exceedance of 0.001% (Table 6.3). At Khepupara total number of observations are 117957. 

The lower limit of the observation in this station is zero and the upper limit is 5m. Over the 

study time 38 number of TWL is in the range of 4.5 to 5.0 m with a percentage exceedance 

of 0.03 (Table 6.4). At Charchanga total number of observations are 178342, the lower limit 

of observation is -0.5 and upper limit is 5.5. At the upper range of 5.0 to 5.5 only 34 

observations are found with a percentage exceedance of 0.02 Table 6.5). Total number of 

observations at Sandwip are 131973, the lower limit of the interval is -0.5 and 8.0 is the 

upper limit. Over the time period, 99.93% of the time TWL are greater than zero and only 

15 observations are found greater than 7.5m with a percentage exceedance of 0.01 (Table 

6.6). At Cox’s Bazar total number of observations are 182400, the lower limit of observations 

is -1.0 and the upper limit is 5. Over the study period 0.0055% of the time TWL is in the 

range of 4.5 to 5.0 m (Table 6.7). 

 

This statistical approach clearly shows the frequency of occurrence of a certain water level 

within a certain period of time which may lead to a tidal flooding. From the SW to SE, 

occurrence of high TWL increases. This very low percentage of frequency with high 

amplitude is significant for tidal flooding analysis as it has a high occurrence number and 

marked as extreme event in the present study. 
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Figure 6.23: Percentage exceedance (Data: BIWTA) 

 
 

Table 6.3: Frequency of TWL at Hiron point 

Interval Number of 
observations in 
class interval 

Cumulative 
observations 

Normalized 
frequency 

Cumulative 
frequency 

Percentage 
exceedance 

4.0-4.5 3 3 0.00001 0.00001 0.00128 
3.5-4.0 317 320 0.00135 0.00137 0.13657 
3.0-3.5 10405 10725 0.04441 0.04577 4.57713 
2.5-3.0 34720 45445 0.14818 0.19395 19.39467 
2.0-2.5 52398 97843 0.22362 0.41757 41.75668 
1.5-2.0 52459 150302 0.22388 0.64145 64.14473 
1.0-1.5 51417 201719 0.21943 0.86088 86.08808 
0.5-1.0 27458 229177 0.11718 0.97806 97.80639 
00-0.5 5061 234238 0.02160 0.99966 99.96628 
-0.5-00 79 234317 0.00034 1.00000 100.0000 
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Table 6.4: Frequency of TWL at Khepupara 

Interval Number of 
observations in 
class interval 

Cumulative 
observations 

Normalized 
frequency 

Cumulative 
frequency 

Percentage 
excedence 

4.5-5.0 38 38 0.00032 0.00032 0.03222 
4.0-4.5 975 1013 0.00827 0.00859 0.85879 
3.5-4.0 7077 8090 0.06000 0.06858 6.85843 
3.0-3.5 17868 25958 0.15148 0.22006 22.00632 
2.5-3.0 24215 50173 0.20529 0.42535 42.53499 
2.0-2.5 24117 74290 0.20446 0.62981 62.98058 
1.5-2.0 22847 97137 0.19369 0.82350 82.34950 
1.0-1.5 16552 113689 0.14032 0.96382 96.38173 
0.5-1.0 4184 117873 0.03547 0.99929 99.92879 
0.0-0.5 84 117957 0.00071 1.00000 100.0000 

 

Table 6.5: Frequency of TWL at Charchanga 

Interval Number of 
observations in 
class interval 

Cumulative 
observations 

Normalized 
frequency 

Cumulative 
frequency 

Percentage 
excedence 

5.0-5.5 34 34 0.00019 0.00019 0.01906 
4.5-5.0 287 321 0.00161 0.00180 0.17999 
4.0-4.5 2251 2572 0.01262 0.01442 1.44217 
3.5-4.0 9177 11749 0.05146 0.06588 6.58790 
3.0-3.5 20054 31803 0.11245 0.17833 17.83259 
2.5-3.0 30189 61992 0.16928 0.34760 34.76018 
2.0-2.5 33993 95985 0.19061 0.53821 53.82075 
1.5-2.0 33239 129224 0.18638 0.72459 72.45853 
1.0-1.5 28925 158149 0.16219 0.88677 88.67737 
0.5-1.0 16487 174636 0.09245 0.97922 97.92197 
0.0-0.5 3642 178278 0.02042 0.99964 99.96411 
-0.5-0.0 64 178342 0.00036 1.00000 100.0000 
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Table 6.6: Frequency of TWL at Sandwip 

Interval Number of 
observations 

in class 
interval 

Cumulative 
observations 

Normalized 
frequency 

Cumulative 
frequency 

Percentage 
excedence 

7.5-8.0 15 15 0.00011 0.00011 0.01137 
7.0-7.5 165 180 0.00125 0.00136 0.13639 
6.5-7.0 886 1066 0.00671 0.00808 0.80774 
6.0-6.5 2596 3662 0.01967 0.02775 2.77481 
5.5-6.0 5296 8958 0.04013 0.06788 6.78775 
5.0-5.5 8466 17424 0.06415 0.13203 13.20270 
4.5-5.0 11141 28565 0.08442 0.21645 21.64458 
4.0-4.5 12786 41351 0.09688 0.31333 31.33292 
3.5-4.0 13139 54490 0.09956 0.41289 41.28875 
3.0-3.5 12426 66916 0.09416 0.50704 50.70431 
2.5-3.0 12453 79369 0.09436 0.60140 60.14033 
2.0-2.5 13088 92457 0.09917 0.70058 70.05751 
1.5-2.0 13781 106238 0.10442 0.80500 80.49980 
1.0-1.5 13516 119754 0.10241 0.90741 90.74129 
0.5-1.0 9618 129372 0.07288 0.98029 98.02914 
0.0-0.5 2520 131892 0.01909 0.99939 99.93862 
-0.5-0.0 81 131973 0.00061 1.00000 100.00000 

 

Table 6.7: Frequency of TWL at Cox’s Bazar 

Interval Number of 
observations in 
class interval 

Cumulative 
observations 

Normalized 
frequency 

Cumulative 
frequency 

Percentage 
excedence 

4.5-5.0 10 10 0.0001 0.0001 0.0055 
4.0-4.5 556 566 0.0030 0.0031 0.3103 
3.5-4.0 5930 6496 0.0325 0.0356 3.5614 
3.0-3.5 19313 25809 0.1059 0.1415 14.1497 
2.5-3.0 31886 57695 0.1748 0.3163 31.6310 
2.0-2.5 36931 94626 0.2025 0.5188 51.8783 
1.5-2.0 37332 131958 0.2047 0.7235 72.3454 
1.0-1.5 31492 163450 0.1727 0.8961 89.6107 
0.5-1.0 15480 178930 0.0849 0.9810 98.0976 
0.0-0.5 3297 182227 0.0181 0.9991 99.9052 
-0.5-0.0 153 182380 0.0008 0.9999 99.9890 
-1.0-0.0 20 182400 0.0001 1.0000 100.000 
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6.6 Concluding Remarks 

 

1. Tide reaches its peak at Hiron point and at Cox’s Bazar at the same time, one hour 

later at Khepupara and four hours later at Charchanga and Sandwip 

2. High tide amplitude, diurnal inequality, and tidal range show an increasing trend from 

SW to SE coast and it is the highest at the mouth of Meghna estuary in Sandwip 

(maximum high tide amplitude: 7.9m, maximum tidal range: 7.36m) Channel. Cox’s 

Bazar, which is in the exile part of the estuary, shows a value which is closer to the 

value at Hiron point (maximum high tide amplitude: 4.04m, maximum tidal range: 

3.14m) . 

3.  18.6-year lunar nodal cycle has no influence along Bangladesh coast but 4.425-year 

lunar perigean cycle are clearly visible which modulates the tide by 4 cm. 

4. For Bangladesh coast, major six tidal constituents are M2, S2, N2, K1, K2, and O1 

of which about 50% of tidal water level are dominated by the M2 constituent. 

5. M2 tide and HAT show an increasing trend with 4.2mm/y and 5.6mm/y regression 

slope which is indicative of SLR in Bangladesh coast. 

6. From the SW to SE coast, frequency of occurrence of high tide level increases. 
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   CHAPTER SEVEN 

7 DYNAMIC INTERACTION OF TIDE AND WIND 

 

7.1 Introduction 

 

This chapter describes the second objective of this research which is the dynamic interaction 

of tide and wind. Chapter five and six presented the detail analysis of wind and tide. In this 

analysis, evidence of unusual high tide and its correspondence with wind are considered by 

excluding the stormy events. Wind setup is calculated by using the analytical equation 

developed by Ippen (Ippen, 1966). 

 

7.2 Residual Analysis 

 

The observed TWL with respect to a specific datum can be divided into tidal and non-tidal 

component. Applying harmonic analysis of TWL these two components can be separated 

and non-tidal components are termed as residual. The residual or non-astronomic tide 

represents the influence of meteorological force. 

 

From the harmonic analysis of TWL, metrological tides are separated from pure astronomical 

tide and results are presented in Figure 7.1. This analysis is done for year 2000, which is an 

average flood year (BWDB, 2012). Meteorological forcing has greater impact on NS 

direction compared to SW direction. During monsoon period, due to meteorological forcing, 

TWL increased by 0.5m at Hiron point and Khepupara. At Charchanga and Cox’s Bazar, 

residual is higher compared to Hiron point and Khepupara which is 1.0m during monsoon.  
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Figure 7.1: Residual analysis of tidal water level (Data: GCOMS model) 
 

 

 

7.3 Identification of Extreme Water Level 

 

For this analysis, TWL data are used from Bangladesh Water Development Board (BWDB) 

at ten stations in ten estuaries. Detail information of the collected data are presented in Table 

4.2 of Chapter 4. Annual maximum high tides are calculated for each calendar year and at 

each station.  From these values, average and standard deviation of the annual maximum 

high tide is calculated. Most of the annual maximum data fall within a band of average plus 

standard deviation and average minus standard deviation (Figure 7.2). The annual maximums 

that do not fall within this band represent the extreme events. In all stations, there are two or 

three extreme events.  
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Figure 7.2: Extreme events determined from tidal water level (Data: BWDB) 
 

Table 7.1: Statistical analysis of the tidal water level data (BWDB) 

River name Average 

high tide for 

all available 

year (m) 

Maximum 

high tide for 

all available 

year (m) 

Date of maximum 

high tide from all 

available data 

 (m) 

Standard deviation 

for the year of 

maximum high 

tide (m) 

Ichamati 
(Western Border) 

2.49 5.20 03-Nov-05 0.502 

Kobadak 1.63 4.00 28-Mar-13 0.501 
Rupsa-Pasur 1.86 5.88 11-Jul-96 0.580 

Barisal-Buriswar 1.76 3.52 16-May-95 0.542 
Bishkhali 1.93 4.15 25-May-09 0.446 

Baleswar 2.24 4.20 07-Oct-10 0.780 
Tentulia 1.67 3.7 25-May-09 0.541 

Surma-Meghna 2.25 4.69 13-Nov-1970 0.764 
Halda 4.04 5.51 15-Aug-14 0.558 

Kutubdia Channel 1.95 2.82 14-Nov-14 0.308 

 

7.4 High Wind during a Storm Event 

 

From the analysis of interaction of tide and wind, extreme water level values are identified 

along with the time of its happening. (See Table 7.2). From the measured wind data, wind 

speeds at the time of extreme water level are identified (Table 7.2).  Stormy events are 

detected from the cyclone record (World Bank, 2010). It is found that out of 31 extreme 

events (a) 5 are documented as stormy events (or cyclone) (b) for 11 events wind data are 
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not available (c) for 6 events, wind speeds are greater than 10 m/s which is considered as 

high wind with low frequency, but not cyclone. These 6 events are considered as strong 

monsoon wind. 

 

Table 7.2: Coincidence of extreme water level with a stormy event 

Historical high water level data analysis with wind speed at that time 

No

. 

Water level 

station 

Extreme year from 

statistical analysis 

Water level at 

that time (m) 

Wind speed at 

that time (m/s) 

Any cyclone 

evidence 

1 Ichamoti 3-Nov-05 5.2 0.5 N 
2 25-May-09 4.76 13 Y 
3 16-Oct-85 3.97 10.5 N 
4 26-May-13 3.9 4.16 N 
5 13-Jul-14 3.89 NA N 
6 Kobadak 15-Aug-84 3.63 11 N 
7 6-Sep-09 3.27 NA N 
8 28-Mar-13 4 NA N 
9 Rupsa-Pasur 26-Jun-96 5.88 NA N 
10 10-Aug-98 3.91 3 N 
11 14-Aug-05 3.99 3 N 
12 Baleswar 1-Aug-84 3.95 NA N 
13 25-Aug-09 3.8 10 N 
14 7-Oct-10 4.2  N 
15 Bishkhali 18-Sep-05 3.73 3 N 
16 25-Jun-13 3.75 2.5 N 
17 17-Jun-11 3.85 12 N 
18 Barisal-

Buriswar 
16-May-95 3.52 20 N 

19 21-Aug-01 3.41 5 N 
20 29-Aug-03 3.4 2.5 N 
21 Tentulia 16-May-95 3.26 5 N 
22 25-May-09 3.7 4.5 Y 
23 7-Oct-10 3.28 NA N 
24 Meghna 13-Nov-70 4.69 NA Y 
25 1-Aug-96 4.44 20 N 
26 25-May-09 4.38 20 Y 
27 Halda 28-Jul-13 5.42 NA N 
28 15-Aug-14 5.51 NA N 
29 Kutubdia 

Channel 
15-May-13 2.72 40 Y 

30 15-Nov-14 2.82 NA N 
31 19-Aug-14 2.77 NA N 
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7.5 Selection of Wind Speed for Wind Setup Calculation 

 

Extreme water level and corresponded wind speeds are shown in Figure 7.3. The average of 

extreme wind speed is 10m/s. This wind speed also has the highest frequency (See Chapter 

six). 

 

Cyclones in generated in the Bay of Bengal are classified according to their wind speed with 

following nomenclature (Khan, 2013). 

 

Depression Winds up to 62 km/h or 17.22m/s 
 

Cyclonic storm Winds from 63-87 km/h or 17.5-24.16 m/s 
 

Severe cyclonic ctorm Winds from 88-118 km/h or 24.44-32.77 
m/s 

 
Severe cyclonic ctorm of 

hurricane intensity 
 

Winds above 118 km/h or 32.77 m/s 

 

According to this classification, wind speed greater than 17.22m/s can be termed as cyclonic 

storm. So, any wind speed less than 17.22m/s can be termed as monsoon wind (cyclones are 

normally generated just before or after the monsoon). Considering all these factors, 10m/s 

are considered as ‘strong monsoon wind’ for wind setup calculation. 
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Figure 7.3: Wind speed at the time of extreme water level 
 

7.6 Wind Setup Calculation 

 

Using the Ippen equation (Equation 4.8) described in Chapter 4, section 4.6.1 wind setup or 

sea surface swelling due to strong monsoon wind is calculated in the Bay of Bengal for 10m/s 

wind speed. This wind speed is considered as ‘strong monsoon wind’, not a ‘cyclone’, as 

shown in previous section. In Eq. (4.8), depth and fetch length are variable. Depth are used 

from the General Bathymetric Chart of the Oceans (GEBCO) data for the Bay of Bengal and 

is presented in Figure 7.4. The wind setup calculation domain is selected from the coastline 

to 300km offshore. The 300km offshore boundary line covers the continental shelf and the 

Swatch of no Ground, a trough-shaped canyon that cross the continental shelf diagonally. 

 

As shown in Eq. (4.8), wind setup is directly proportional to the fetch length. This means 

that when wind travels from deep ocean to the coast, setup is increased. In the present study, 

fetch length at the offshore limit, which is 300 km from the coast, is considered as zero. Wind 

setup is inversely proportional to the depth. So, when depth decreased from the deep ocean 

to estuarine mouth, wind setup is increased. At the mouth of the estuaries, channel depths 

vary from 4m to 40m, which gives variation of wind setup from 0.6m to 1.8m (Figure 7.5).  

Wind setup is comparatively high at the mouth of the Meghna estuary near the Sandwip 
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channel which is a shallow water region. Sandwip channel exhibits a different TWL 

characteristics than that of other locations as shown in Chapter-6. In the portion of the Swatch 

of no Ground, depth is very high and varies from 1000m to 1500m. In this location of the 

sea, wind setup is very small and varies from 0.002m to 0.2m. 

 

Table 7.3: Calculated wind setup or sea surface swelling due to strong monsoon wind at four 

coastal stations 

Station name Wind setup (m) 
Hiron point 0.45 
Khepupara 1.08 
Charchanga 1.65 
Cox’s Bazar 1.31 

 

 

 

 

 
 

Figure 7.4: Bathymetry of Bay of Bengal 
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Figure 7.5: Wind setup or sea surface swelling due to strong monsoon wind. 
 

 

7.7 Conclusion 

 

1. Meteorological forcing has greater impact on NS (1m rise of tidal water level) 

direction compared to SW (0.5m rise of tidal water level) direction. 

2. ‘Strong monsoon wind’ is defined as a wind with a wind speed of 10m/s.  

3. Wind setup or sea-surface swelling due to strong monsoon wind is higher in the 

mouth of Meghna estuary which is 1.65m and lower in the mouth of Rupsa-Pasur 

estuary which is 0.45m. 
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CHAPTER EIGHT 

8 INUNDATION ALONG BANGLADESH COAST DUE TO COMBINED IMPACTS 

OF TIDE AND WIND 

 

8.1 Introduction 

 

Inundation along Bangladesh coast when peak of astronomical tide coincides with strong 

monsoon wind is studied by applying the Delft 3D hydrodynamic model and presented in 

the current chapter. In Chapters five and six, characteristics of wind and tide are analyzed in 

detail and in Chapter seven evidences and dynamism of their interaction are discussed. In 

the current chapter, hydrodynamic model setup and application of the model to study the 

coastal inundation due to combined impacts of tide and wind is discussed in detail. 

 

8.2 Model Setup 

 

For inundation analysis, year 2000 is selected as the base year for model setup, calibration 

and validation. Year 200 is an average flood year in terms of percentage of area of the country 

inundated (BWDB, 2012). After the calibration and validation of the model, scenario is 

generated that incorporates strong monsoon wind and peak of astronomical tide. Inundation 

from the generated scenario is compared with the inundation from the base year condition.  

 

8.2.1 Model description 

 

Delft 3D hydrodynamic model is a computational tool for coastal, river and estuarine areas 

which can simulate flow, sediment transports, waves, water quality, morphological 

developments and ecology. In the present research work two dimensional Delft3D-Flow 

model is applied which calculates non-steady flow and transport phenomena. Flow module 

solves the Navier Stokes equations for an incompressible fluid, under the shallow water and 

the Boussinesq assumptions. The set of partial differential equations, initial and boundary 

conditions are solved in finite difference grid. Detail of the equations and numerical aspects 

can be found in the Delft 3D flow user manual (Deltares, 2014). 
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8.2.2 Grid generation 

 

This version of Delft3D-Flow uses a structured grid approach with finite difference scheme. 

As the Bay of Bengal and Bangladesh coast line are funnel shaped (Seal, 2012) outer 

boundary of grid are also prepared in funnel shaped with variable resolution (Figure 8.1) of 

grid size. The latitude and longitude of the four edges of the grid are SW: 86.323, 20.735; 

SE: 93.316, 20.735; NW: 88.995, 24.070; NE: 91.534, 23.750. This variable resolution gives 

the freedom of coarser grid size in the Bay of Bengal where bathymetry does not change 

rapidly and finer grid size in the land which is useful to include the smaller width river and 

rapidly changing bathymetry. Grid size varies from 1320m X 956m in the ocean to 300m X 

200m in the river. Total number of grid cells with this grid size is 914325. The ratio of grid 

spacing in the x-direction (M) and in the y-direction (N) must be within the range of [1, 2]. 

In the model grid this range is [1, 1.93] which fulfills the criteria. 

 

 

 
 

Figure 8.1: Resolution of the grid 
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8.2.3 Model bathymetry  

 

The bathymetry of the model domain is classified in three distinct landscapes. The first one 

is the land topography, the second one is the river bathymetry and the third one is the ocean 

bathymetry. The land topography is prepared from DEM of Bangladesh (Source: Water 

Resources Planning Organization (WARPO), Bangladesh) as shown in Figure 8.2. 

Resolution of DEM is 30m. Land topography plays an important role during land inundation. 

To have a clear idea about the land elevation < 5m, 5m, 10m, 15m and 20m contour lines are 

drawn considering the mean sea level as datum. The contour lines show that SW coastal area 

has an elevation which is less than 5m above mean sea level. The rest of the coastal zone 

(except the Chittagong region which is relatively high) falls within the 5m contour line.  

 

 

Figure 8.2: Land Bathymetry 
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Figure 8.3: Measured cross sections in BWDB and ESPA Deltas project 

 
 

River bathymetry is prepared from the measured river cross sections. Secondary data of river 

cross section are collected from Bangladesh Water Development Board (BWDB), measured 

between the years 2000 and 1996 (shown in green line in Figure 8.3). In 2014, 294 cross 

sections were measured (locations are shown in red line in Figure 8.3) covering the entire 

coastal zone of Bangladesh under ESPA Deltas (Ecosystems Services for Poverty 

Alleviation) project. In 2015, few more cross sections are measured (locations are shown in 

red line in Figure 8.4) under the DECCMA (Deltas, Vulnerability & Climate Change: 

Migration & Adaptation) project. The newly measured cross sections under DECCMA 

projects include rivers in the SW region, several cross connecting channels and all the major 

rivers in the Chittagong region. All these measured cross sections and cross sections 

collected from secondary sources are used to generate the river bathymetry in the model 

domain. In this way, almost all the major rivers, estuaries, cross connecting channels and 

tidal inlets are included in the model domain.  
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Figure 8.4: Measured cross sections in DECCMA project 
 

 

Ocean bathymetry is generated from General Bathymetric Chart of the Oceans (GEBCO) 

data. Detail of the ocean bathymetry are given in Chapter seven. 

 

As data to generate the model bathymetry are from different sources, their datum was also 

different. Synchronization of data from all these different sources is made by bringing back 

all the datum in Mean Sea Level (MSL). Generated model bathymetry is shown in Figure 

8.5. 
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Figure 8.5: Generated model bathymetry  
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8.2.4 Boundary condition 

 

Four upstream open discharge boundaries, seven internal discharge boundaries and four 

downstream open water level boundaries are used in the model to accommodate the complex 

network of the Bangladesh coast. Locations of boundaries in the model domain along with 

the river and estuarine networks is shown in Figure 8.6. 

 

 

 
Figure 8.6: Locations of boundaries in the model domain 

 
 

8.2.4.1 Upstream discharge boundaries 

 

Flow generated in the upper catchments of the Ganges-Brahmaputra-Meghna (GBM) basins 

inter into Bangladesh through three main rivers the Ganges, the Brahmaputra and the Upper 

Meghna. This flow drains through the numerous rivers, estuaries and cross connecting 

channels and ultimately fall into the Bay of Bengal. In the Chittagong region, the main flow 

carrying river is the Karnaphuli. In the present model four upstream discharge boundaries 

are specified in these four rivers (Ganges, Brahmaputra, Upper Meghna, and Karnafuli). 
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Discharge hydrographs for the year 2000 in these four boundaries are presented in Figure 

8.7. Discharge data are collected from BWDB. Detail of the data collection stations are given 

in Table 8.1 

 

Table 8.1: Discharge stations of BWDB in four upstream discharge boundaries of the model 

River Station ID Station name 
Ganges SW90 Hardinge Bridge 

Brahmaputra SW46.9L Bahadurabad_Transit 
Meghna SW273 Bhairab Bazar 

Karnaphuli Flow hydrograph are generated from the maximum 
and minimum value of discharge for an average year 

 

 

Figure 8.7: Discharge hydrograph at four major upstream discharge boundaries of the model 
 

Rivers in the Chittagong region displays different characteristics of flood hydrograph. These 

rivers are mostly flashy rivers characterized by flash flood during pre-monsoon period. In 

the present model seven discharge boundaries are specified in this region as internal 

boundary. The flow hydrograph at these seven stations are presented in Figure 8.8 which 

shows that in dry season discharge never exceed 100 m3/s and in monsoon discharge is up to 

1800 m3/s. Among these seven stations, discharge is comparatively high in Matamuhuri and 

Sangu rivers.  
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Discharge data at these seven stations are collected from BWDB. Large number of data were 

missing from the BWDB source. A systematic time series data required for the model was 

not available. To fill the gaps of missing data and to generate time series of discharge, 

synthetic discharge hydrographs are generated by applying the Log-Pearson III distribution 

as shown in Equation 8.1.  

𝑄 (0, 𝑡) = 𝑄0 + (𝑄𝑝 − 𝑄0) (
𝑡

𝑡𝑝
)

1

(𝑚−1)
exp[(

1

𝑚−1
) (1 −

𝑡

𝑡𝑝
)]             (8.1) 

 

Here,  

Q0, = Initial discharge 

Qp =   Peak discharge 

m = Constant = 1.15 

tp = Time to peak discharge  

 

 

 

 

 

 

Figure 8.8: Discharge hydrograph at seven rivers in Chittagong hilly region 
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8.2.4.2 Downstream water level boundaries 

 

Tidal water level is used as downstream water level boundary in the Bay of Bengal. Tidal 

water levels are specified at four locations as shown in Figure 8.6. The first location is in the 

SW corner below Hiron Point, the second location is below Khepupara, the third location is 

below Charchanga, and the fourth location is below cox’s Bazar in the SE corner.  

 

  
Figure 8.9: Downstream water level boundary at four points 

 

From the harmonic analysis of tidal water level discussed in Chapter six, amplitude and phase 

of 35 tidal constituents are known. Using the World Tide Prediction program (WORLD 

TIDES, 2009) pure astronomical tides are generated at these four locations. The wind speed 

with direction is known for the entire coast as presented in Chapter five. For the year 2000, 

3-h interval wind data are used to calculate the wind setup for whole year. Tidal water level 

in the coast line is expressed as (Pugh, 1996): 

 

Tidal water level = Astronomical tide + Meteorological tide          (8. 2) 
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Using the Eq. 8.2, tidal water levels are generated at four locations and are used as 

downstream boundary. The generated downstream boundary is shown in Figure 8.9. 

 

8.2.5 Model calibration and validation 

 

The Delft3D model setup allows Manning’s roughness coefficient as the only parameter that 

can be used as model calibration parameter. Calibration is conducted by comparing hourly 

predicted water level and hourly measured water level from BIWTA at four stations: Hiron 

point, Khepupara, Charchanga, and Cox’s Bazar. The procedure used for the calibration is : 

(i) For a particular spatial distribution of Manning’s roughness, model results are compared 

with the measurements at four water level stations (for different years) by computing root 

mean square error (RMSE), normalized root mean squared error (NRMSE), mean absolute 

error (MAE), normalized mean absolute error (NMAE), coefficient of determination (R2) 

and model reliability. These statistical parameters are considered as model performance 

indicators (ii) after several model runs, each of the model performance indicators are plotted 

against the individual model runs (iii) the optimum calibration parameter is selected as the 

combination of parameters that produces the best model performance for the majority of the 

locations. Smaller the value of RMSE, NRMSE, MAE, NMAE and larger the value of R2 

indicates better model performance. The reliability method directly calculates (in percentage) 

‘how reliable the model is?’ (iv) following this procedure, range of values of Manning’s 

roughness coefficient for the best performance of the model is found to be in the range from 

0.00025 to 0.45. Low value of roughness is found for the ocean (open water body) and high 

value is found for the land (vegetation and settlement).  
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Figure 8.10: Model validation for one year 

  

  
 

Figure 8.11: Plot of seven day’s model validation  
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Table 8.2: Error and reliability at four stations for validated model 
 

Validation 
station 

Statistical methods 
RMSE NRMSE MAE NMAE R2 Reliability 

Hiron Point 0.4 0.2 0.31 0.16 0.73 61% 
Khepupara 0.48 0.2 0.38 0.16 0.65 51% 
Charchanga 0.66 0.29 0.53 0.23 0.42 37% 
Chittagong 0.72 0.28 0.6 0.23 0.73 54% 

 

Similar procedure is followed for the model validation. Model is applied for the base year 

(year 2000) with the optimum combination of roughness values obtained from the model 

calibration procedure. Graphical representations and values of the model performance 

indicators for the model are shown in Figure 8.10, Figure 8.11 and Table 8.2. Figure 8.10 

shows the graphical representation for the whole simulation period. At Hiron point good 

agreement is found for both high and low tide. In the other three stations although high tide 

gives a good match low tide is ‘under-estimated’. As this model is applied to study the 

inundation, high tide plays the dominant role. Figure 8.11 shows the model performance for 

a spring cycle with daily high and low tides. Tidal phases are accurately simulated at all four 

stations but amplitude is ‘under-estimated’ at Chittagong and Khepupara. At Hiron point and 

Charchanga tidal amplitude and phase are perfectly simulated. 

 

Table 8.2 shows the values of model performance indicators at four stations. RMSE, MAE, 

NMAE values are high at Chittagong and low at Hiron point. This indicates a better model 

performance at Hiron point. NRMSE value at Chittagong is 0.28, which is lower than 

Charchanga. R2 value is low at Charchanga. The reliability values show that reliability value 

is higher at Hiron point followed by Chittaagong, Khepupara and Charchanga which is in 

the same order of R2. 
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8.2.6 Scenario generation 

 

From the analysis of long term astronomical tidal cycle described in Chapter six, it was found 

that 18.6-year lunar nodal cycle does not have significant impact on Bangladesh coast. The 

4.425-year lunar perigean cycle modulate the astronomical tide by 0.04m. The characteristics 

of wind speed described in Chapter five shows that occurrence of wind with a speed of 10m/s 

has a significant frequency in all the stations and monsoon period. Wind setup for this 

specific wind speed is calculated and described in Chapter seven. The scenario is developed 

by adding the modulation of the perigean cycle and wind setup with the pure astronomical 

tide generated for the year 2000, where other parameters remain constant. This scenario 

assumes that the upstream flows remain unchanged during the generation of an extreme 

combination of astronomical tide and monsoon wind setup at the downstream sea.  

 

8.3 Coastal Inundation due to Generated Scenario 

 

Flood inundation maps are prepared for both the base year and for the generated scenario 

and is shown in Figure 8.12 and Figure 8.13. Both for the base year and the generated 

scenario, inundation patterns are analyzed during (i) the peak of monsoon (ii) at the peak of 

high tide during a spring cycle. The base year does not consider any monsoon wind whereas, 

the generated scenario considers strong monsoon wind (see Figure 8.9). The results show 

that 

(a) Compared to base condition, more inundations are found in Chittagong region and in the 

mouth of the Meghna estuary during an extreme combination of astronomical tide and 

monsoon wind. These are shown in Figure 8.12 and in Figure 8.13 

(b) A total of 153 unions are found which are not inundated during an average condition but 

due to the coincidence of strong monsoon wind and peak astronomical tide these unions are 

inundated. The total inundated area of these unions are about 240km2. Name of these unions, 

their inundated area and inundation depth are given in Table 8.3. 

(c) Polders are considered in the model with its design height. It is found that no polders are 

overtopped during the base condition (Figure: 8.14). Due to extreme combination of 
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astronomical tide and monsoon wind, 16 polders are overtopped (Figure 8.15). Overtopped 

polder numbers are given in Table 8.4. 

 

 
Figure 8.12: Inundation during the base condition 

 

 
Figure 8.13: Inundation during the extreme condition of astronomical tide and strong 

monsoon wind 
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Figure 8.14: Polder overtopping scenario during the base condition 

 
 

 
Figure 8.15: Polder overtopping scenario during the extreme combination of 

astronomical tide and monsoon wind 
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Table 8.3: Inundated area and inundation depth of 153 unions which are inundated during 
the extreme condition. 
 

District 

name 

Upazila/Thana name Union name Inundated 

area (km2) 

Average 

inundation 

depth (m) 

Barisal Babuganj Chandpasha 2.42 1.13 
Barisal Bakerganj Charadi 6.05 1.06 
Barisal Bakerganj Char Amaddi 1.37 0.99 
Barisal Bakerganj Darial 10.58 1.10 
Barisal Bakerganj Dudhal 3.66 1.02 
Barisal Bakerganj Faridpur 1.46 0.97 
Barisal Bakerganj Nalua 6.42 1.02 
Barisal Hizla Guabaria 1.25 0.97 
Barisal Barisal Sadar 

(Kotwali) 
Ward No-01 0.06 0.93 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-11 0.06 1.04 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-14 0.12 1.13 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-15 0.06 1.23 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-19 0.06 1.23 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-20 0.05 1.01 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-21 0.04 1.16 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-22 0.06 1.11 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-29 0.11 1.00 

Barisal Barisal Sadar 
(Kotwali) 

Chandpur 0.45 0.99 

Barisal Barisal Sadar 
(Kotwali) 

Tungibaria 4.43 1.47 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-24 0.18 1.16 

Barisal Barisal Sadar 
(Kotwali) 

Char Kowa 2.26 1.01 

Barisal Barisal Sadar 
(Kotwali) 

Char Baria 4.73 1.08 
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Barisal Barisal Sadar 
(Kotwali) 

Ward No-04 0.01 1.23 

Barisal Barisal Sadar 
(Kotwali) 

Ward No-03 0.06 1.04 

Barisal Bakerganj Bakerganj Paurashava 0.19 1.20 
Barisal Mehendiganj Andhar Manik 0.05 0.97 
Barisal Mehendiganj Bhasan Char 8.51 1.16 
Barisal Mehendiganj Bidyanandapur 0.05 1.35 
Barisal Mehendiganj Gobindapur 0.05 2.01 
Barisal Mehendiganj Char Gopalpur 0.44 1.81 
Barisal Mehendiganj Jangalia 0.86 1.16 
Barisal Mehendiganj Lata 3.01 1.37 
Barisal Mehendiganj Mehendiganj 1.98 1.45 
Barisal Mehendiganj Mehendiganj 9.73 1.81 
Barisal Muladi Gachhua 0.21 1.41 

Bagerhat Morrelganj Chingrakhali 0.12 1.22 
Barguna Amtali Sonakata 0.10 2.00 
Bhola Char Fasson Jahanpur 0.10 1.27 
Bhola Char Fasson Nurabad 0.38 1.44 
Bhola Daulatkhan Saidpur 0.04 1.38 
Bhola Lalmohan Paschim Char Umed 0.24 1.83 
Bhola Tazumuddin Bara Malancha 0.07 1.63 
Bhola Char Fasson Adhakha Nazrul Nagar 6.03 1.54 

Chandpur Chandpur Sadar Ashikati 2.76 1.08 
Chandpur Chandpur Sadar Baghadi 0.04 1.15 
Chandpur Chandpur Sadar Balia 0.69 0.97 
Chandpur Chandpur Sadar Chandra 0.09 0.93 
Chandpur Chandpur Sadar Maishadi 2.47 1.06 
Chandpur Chandpur Sadar Shah Mahmudpur 1.13 1.08 
Chandpur Chandpur Sadar Rampur 0.30 0.97 
Chandpur Chandpur Sadar Tarpur Chandi 0.04 1.27 
Chandpur Faridganj Dakshin Faridganj 0.36 1.00 
Chandpur Hajiganj Purba Barkul 0.34 1.01 
Chandpur Hajiganj Dakshin Gandharbapur 0.04 0.94 
Chandpur Hajiganj Paschim Barkul 0.98 1.10 
Chandpur Hajiganj Uttar Gandharabpur 2.57 0.97 
Chandpur Hajiganj Hajiganj 7.72 0.99 
Chandpur Hajiganj Uttar Kalocho 1.23 1.00 
Chandpur Hajiganj Dakshin Kalocho 0.27 0.95 
Chandpur Hajiganj Uttar Rajargaon 4.87 1.14 
Chandpur Hajiganj Bakila 1.60 1.17 
Chandpur Kachua Bitara 0.05 1.24 
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Chandpur Kachua Uttar Kachua 1.33 1.15 
Chandpur Kachua Dakshin Kachua 0.07 1.00 
Chandpur Kachua Kadla 0.07 1.14 
Chandpur Kachua Sachar 2.51 1.29 
Chandpur Kachua Pathair 0.37 1.11 
Chandpur Kachua Purba Sahadebpur 0.73 1.08 
Chandpur Kachua Paschim Sahadebpur 0.96 1.00 
Chandpur Matlab Dakshin Narayanpur 0.29 1.10 
Chandpur Matlab Dakshin Uttar Nayergaon 2.02 1.03 
Chandpur Matlab Dakshin Uttar Upadi 3.11 1.26 
Chandpur Matlab Dakshin Dakhsin Nayergaon 3.59 1.10 
Chandpur Matlab Dakshin Dakshin Upadi 0.34 1.21 
Chandpur Shahrasti Uttar Suchi Para 0.42 0.92 
Chandpur Faridganj Faridganj Paurashava 3.92 1.18 
Chandpur Hajiganj Hajiganj Paurashava 0.82 0.98 
Chandpur Matlab Dakshin Matlab Paurashava 0.51 1.39 
Chittagong Anowara Anowara 0.10 1.04 
Chittagong Anowara Chatari 1.07 0.99 
Chittagong Anowara Haildhar 2.28 0.95 
Chittagong Anowara Paraikora 0.27 0.95 
Chittagong Banshkhali Baharchhara 0.06 1.70 
Chittagong Banshkhali Khankhanabad 0.33 1.69 
Chittagong Banshkhali Saral 0.12 1.24 
Chittagong Chandanaish Barkal 0.02 0.93 
Chittagong Mirsharai Ichhakhali 0.02 1.39 
Chittagong Patiya Asia 0.09 0.93 
Chittagong Patiya Baralia 0.01 0.95 
Chittagong Patiya Chanhara 0.03 0.93 
Chittagong Patiya Kasiais 0.48 0.97 
Chittagong Patiya Kelishahar 0.01 1.10 
Chittagong Patiya Jiri 0.58 0.98 
Chittagong Patenga Ward No-40 0.10 1.74 
Chittagong Patenga Ward No-41 0.69 1.47 
Chittagong Raozan Urkirchar 0.09 0.92 
Chittagong Sandwip Harispur 0.01 1.56 
Chittagong Anowara Bairag 0.10 1.34 
Chittagong Sandwip Digghapar 0.02 1.50 
Chittagong Pahartali Ward No-10 0.05 1.57 
Chittagong Sitakunda Sonaichhari 0.07 1.71 

Cox'S Bazar Char Fasson Char Madras 0.03 1.57 
Cox'S Bazar Chakaria Badarkhali 1.48 1.06 
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Cox'S Bazar Chakaria Demusia 2.68 1.01 
Cox'S Bazar Chakaria Konakhali 0.98 0.98 
Cox'S Bazar Chakaria Paschim Bara Bheola 2.94 0.97 
Cox'S Bazar Cox'S Bazar Sadar Islampur 0.45 1.30 
Cox'S Bazar Cox'S Bazar Sadar Islamabad 0.01 1.09 
Cox'S Bazar Cox'S Bazar Sadar Patali Machhuakhali 3.15 1.14 
Cox'S Bazar Kutubdia Kaiyarbil 0.00 1.84 
Cox'S Bazar Maheshkhali Bara Maheskhali 3.30 1.11 
Cox'S Bazar Pekua Magnama 9.56 1.07 
Cox'S Bazar Pekua Rajakhali 0.40 1.68 

Jhalokati Kanthalia Amua 1.50 1.02 
Jhalokati Kanthalia Kanthalia 3.03 1.03 
Jhalokati Kanthalia Patkelghata 5.65 1.11 
Khulna Batiaghata Surkhali 0.06 1.30 

Lakshmipur Roypur North Char Bangshi 0.01 1.46 
Lakshmipur Roypur South Char Bangshi 

Union 
0.45 1.49 

Noakhali Hatiya Hatiya Paurashava 0.75 1.50 
Noakhali Hatiya Sonadia 0.09 1.23 
Noakhali Hatiya Tamaruddin 0.08 1.71 

Patuakhali Bauphal Kanchi Para 8.15 1.10 
Patuakhali Bauphal Kalisuri 2.15 0.95 
Patuakhali Bauphal Kanakdia 3.18 0.96 
Patuakhali Bauphal Madanpura 1.52 0.98 
Patuakhali Bauphal Surjyamani 2.42 0.96 
Patuakhali Dashmina Dashmina 0.18 1.85 
Patuakhali Dumki Angaria 0.53 1.37 
Patuakhali Mirzaganj Deuli Subidkhali 0.07 1.22 
Pirojpur Bhandaria Dhaoa 0.41 0.99 
Pirojpur Bhandaria Ikri 8.22 1.15 
Pirojpur Bhandaria Nudmulla 0.68 1.11 
Pirojpur Mathbaria Bara Machhua 2.95 1.15 
Pirojpur Mathbaria Betmore Rajpara 0.43 1.19 
Pirojpur Mathbaria Daudkhali 2.18 1.20 
Pirojpur Mathbaria Dhanisafa 6.03 1.16 
Pirojpur Mathbaria Mathbaria 3.10 1.18 
Pirojpur Mathbaria Mirukhali 14.27 1.23 
Pirojpur Mathbaria Tikikata 0.98 1.15 
Pirojpur Mathbaria Tushkhali 1.26 1.07 
Pirojpur Zianagar Pattashi 0.06 1.93 
Pirojpur Mathbaria Mathbaria Paurashava 0.58 1.10 
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Shariatpur Bhedarganj Arshi Nagar 4.89 1.01 
Shariatpur Bhedarganj Dhakhin Tarabunia 0.15 1.01 
Shariatpur Bhedarganj Sakhipur 0.04 1.01 
Shariatpur Bhedarganj Tarabunia 0.72 1.05 
Shariatpur Gosairhat Gariber Char 0.04 1.72 
Shariatpur Zanjira Barakandi 1.94 1.30 
Shariatpur Zanjira Bara Krishnagar 0.34 1.13 
Shariatpur Zanjira Naodoba 1.81 1.08 
Shariatpur Zanjira Sener Char 1.08 1.11 
Shariatpur Zanjira Zanjira 0.19 1.46 

 
 

Table 8.4: Inundated polder number 

Serial No. Polder No. 
1 40/1 
2 48 
3 55/4 
4 58/1, 58/2, 58/3 
5 59/3C 
6 61/1 
7 62 
8 63/1A, 63/1B 
9 64/1A,64/2B 
10 65,65/A-1 
11 66/1, 66/3 
12 68 
13 69, 69NE 
14 70 
15 71 
16 72 
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8.4 Concluding Remarks 

 

1. During the extreme combination of astronomical tide and strong monsoon wind, 153 

unions of coastal districts are inundated which do not inundate during an average 

condition. 

2. 16 polders overtopped due to extreme combination of astronomical tide and strong 

monsoon wind. 
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        CHAPTER NINE 

9 CONCLUSIONS 

                                                              

Bangladesh coastal zone is low lying and highly populated which makes this region severly 

vulnarable to coastal inundation. Extreme sea levels can have devastating impact due to its 

high population and increasing infrastructure development. This zone experienced strong 

monsoon wind while long term astronomical tidal cycle also modulate the tidal water level 

which ultimately lead to coastal inundation. To study the impacts of monsoon wind and long 

term astronomical tide, this research analyze the wind and tide characteristics, computes the 

wind setup and modulation of the long term tidal cycle. The inundation pattern when peak 

of astronomical tide coincide with strong monsoon wind are analyzed by applying Delft 3D 

hydrodynamic model. The main coclusions of this research can be outlined as follows: 

 

1. Along Bangladesh coast SW and SE wind direction is dominant during monsoon and 

NW and NE direction is dominant during winter. Monsoon wind comes from the 

ocean and travels a long way. During monsson, large horizontal extent and shallow 

nature of Bay of Bengal can significantly pile up the sea water surface. 

2. During  monsoon, about 90% of the time, wind blows in a perpendicular direction 

from the ocean to the coast in the east, central, and the west coasts. Chittaong region 

shows exception. During monsoon, wind is an impotant parameter. Wind produces 

maximum rise of sea surface when it blows perpendicular to the coast. 

3. Chittagong region experiences the strongest wind which is 40 m/s while Khulna 

region experiences the weakest wind. High wind speed at Chittagong coast makes 

this region vulnerable due to wind generated flooding.  

4. The trend analysis of the wind speed during the period from 1980 to 2015 shows a 

decreasing trend. Decreasing trend of wind needs to be analyzed in detail before 

establishing renewable power plants that uses wind energy.  

5. Weibull distribution function gives a skewed distribution curve which shows that 

wind parameters are different in different zones of the coast. Due to this skewed 

distribution of wind parameters, wind generated flooding in Bangladesh coastal zone 

shows a large spatial variation.  
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6. Tide reaches its peak at Hiron point and at Cox’s Bazar at the same time, one hour 

later at Khepupara and four hours later at Charchanga and Sandwip. Characteristics 

of tide in Cox’s Bazar and Sandwip are similar while in the other region it is different. 

For fishermen, this characteristic of tide is important, because this determines their 

sailing time in different region of the coast.  

7. High tide amplitude, diurnal inequality, and tidal range show an increasing trend from 

SW to SE coast and it is the highest at the mouth of Meghna estuary in Sandwip 

channel (maximum high tide amplitude: 7.9m, maximum tidal range: 7.36m). Cox’s 

Bazar, which is in the exile part of the estuary, shows a value which is closer to the 

value at Hiron point (maximum high tide amplitude: 4.04m, maximum tidal range: 

3.14m). 

8.  18.6-year lunar nodal cycle has no influence along Bangladesh coast but 4.425-year 

lunar perigean cycle are clearly visible which modulates the tide by 4 cm. Along with 

strong monsoon wind, cyclonic storm surge in that region has 3-years return period. 

4cm rise of sea level with a 4.425-year cycle creates a possibility of coincidence of 

strong monsoon wind and cyclonic storm surge. This coincidence will create an 

extreme condition. 

9. For Bangladesh coast, major six tidal constituents are M2, S2, N2, K1, K2, and O1 

of which about 50% of tidal water level are dominated by the M2 constituent. Tidal 

constituents are used for the prediction of tidal water level.   

10. M2 tide and HAT from the measured data show an increasing trend with 4.2mm/y 

and 5.6mm/y regression slope which is indicative of SLR in Bangladesh coast. 

11. From the SW to SE coast, frequency of occurrence of high tide level increases. There 

are several Islands in SE region. Increasing frequency of high tide in this region 

increases the frequency of tidal flooding. 

12. Meteorological forcing has greater impact on NS (1m rise of tidal water level) 

direction compared to SW (0.5m rise of tidal water level) direction. This makes NS 

direction coast is more vulnerable to wind induced flooding then SW direction coast. 

13. ‘Strong monsoon wind’ is defined as a wind with a wind speed of 10m/s. This is the 

first time we have given a specific value of wind speed that represents ‘strong 

monsoon wind’. This value is less than the cyclone wind speed but can swell the sea 
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surface significantly. At the mouth of Meghna estuary, this ‘strong monsoon wind’ 

can swell the sea surface by 1.65m. 

14. Wind setup or sea-surface swelling due to strong monsoon wind is higher in the 

mouth of Meghna estuary (1.65m) and lower in the mouth of Rupsa-Pasur estuary 

(0.45m). This means that – during the monsoon when a strong wind blows, passage 

of flood water through the Meghna estuary is ‘delayed’ due to the backwater effect 

caused by the ‘swelling sea’. As flood water from the whole Bangladesh is discharged 

through the Meghna estuary (the main drainage route), delaying the passage of flood 

through the Meghna estuary delays the recession of flood from the entire country 

causing a ‘long duration flood’. This specific phenomenon happened during 1998 

flood when flood duration was almost 3 months. Another implication of high wind 

setup in the Meghna estuary is – flood magnitude due to monsoon wind is higher in 

the east coast compared to the west coast. So, polder heights in the east coast should 

consider flooding due to wind setup. 

15. During the extreme combination of astronomical tide and strong monsoon wind, 153 

unions of coastal districts are inundated (by overtopping 16 polders) which do not 

inundate during an average condition. So, special precaution should be taken for these 

153 unions (raise the polder heights for these 16 polders). 

 

Finally, this study shows that Bangladesh coastal zone is vulnerable to inundation due to 

long-term astronomical tide and strong monsoon wind. Large coastal area is inundated and 

several coastal polders are overtopped during the coincidence of peak of long term 

astronomical tide and strong monsoon wind. This specific phenomenon is never considered 

in any of the existing research including the coastal zone policy of Bangladesh.  
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