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ABSTRACT 

The global mean sea level rise under climate change is an alarming issue to the 

sustainability of the coastal communities. The sea level rise enhances the vulnerability to cope 

with associated hazard for developing nations. Bangladesh is highly vulnerable to the adverse 

impacts of extreme sea levels (ESLs) because of its geographical location with low-lying 

deltaic coast and the inadequate infrastructure with high population exposure. In addition, as 

most downstream area of large Ganges-Brahmaputra-Meghna (GBM) River and Sangu-

Matamuhuri River near Arakan hilly area, the central and eastern coast of Bangladesh receives 

abundant precipitated-water from the upstream, respectively. The resultant increase in 

precipitated-water discharge from the upstream areas may enhance the ESL-induced flood risk 

along the coast. The ESL arises from the combined interaction of different meteorological 

forcings. The effects of meteorological forcings like atmospheric pressure, storm-induced 

surges, and wind-induced waves to ESL have been investigated intensively. However, the 

influence of terrestrial precipitation to the ESL along the Bangladesh coast remains unknown 

despite the region is known as the highest precipitation-prone area in the world. In this study, 

the influence of precipitation on ESL was investigated for Cox’s Bazar, Charchanga, and 

Khepupara stations, which represent three different geographical areas on the eastern, central, 

and western coast, respectively. 

The ESL events were obtained from the available daily sea level data at Cox’s Bazar 

(1983–2006), Charchanga (1980–2000), and Khepupara (1987–2000). To remove the 

seasonality in observed sea level, the anomalous sea level relative to the 91 days running mean 

was used. The 99th percentile values of daily sea level anomaly (SLA) were used as a threshold 

for the identification of ESL events. After excluding the consecutive days before and after the 

peak sea level, in total 35, 30, and 18 independent ESL events were selected for Cox’s Bazar, 

Charchanga, and Khepupara, respectively. The variations in daily SLA during seven days prior 

to the ESL day were predicted by multivariate linear regression (MLR) using four 

meteorological variables of precipitation, sea level pressure, zonal, and meridional wind. The 

basin average accumulated precipitation over five days was used to account the delay effect in 

precipitation runoff. The daily sea level pressure and wind were averaged over the Bay of 

Bengal. The spatiotemporal variations of the meteorological variables during ESL events 

showed the presence of low pressure system and associated cyclonic circulation over the coast 

and high precipitation especially for Cox’s Bazar area. It is revealed that the prediction of ESL 

height considering precipitation effects outperformed predictions without precipitation. To 
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understand the causality of the precipitation effect, each term of the MLR was investigated. 

The gradual increase in sea level towards the day of extreme was mainly brought by the 

contribution of precipitation term rather than the other atmospheric forcings for Cox’s Bazar. 

In contrast, the influence of precipitation term is relatively small for Charchanga and 

Khepupara. Therefore, the benefit of incorporating precipitation effect is greater at Cox’s Bazar 

than Charchanga and Khepupara. This is consistent with the hilly landscape of Sangu-

Matamuhuri River basin near Cox’s Bazar because a clear response of sea level to river runoff 

is expected there. The SLP and winds are the main drivers for ESL height during many ESL 

events at Charchanga and Khepupara. The analysis revealed that the sensitivity of ESL height 

to precipitation was high during the monsoon season. At Cox’s Bazar, the effect of precipitation 

tended to be strong during June and July. This is presumably because high frequency of strong 

daily precipitation during the monsoon season. In contrast, at Charchanga and Khepupara the 

ESL events with high effect of precipitation was occurred during post-monsoon season. 

The MLR created for each event had led to very high predictability. This is partly 

because the degree of freedom for predictand is closer to the number of explanatory variables. 

Therefore, a new MLR was built using all ESL days including their prior six days at each 

station to validate the robustness of precipitation’s effect on ESL revealed by the MLR created 

for each event. In total 245, 210, and 126 sample days were used for Cox’s Bazar, Charchanga, 

and Khepupara, respectively. The result again showed that the daily sea level is better predicted 

with incorporation of precipitation based on the evaluation using adjusted R2. The MLR 

represent the large contribution of precipitation term to the ESL height at Cox’s Bazar than 

Charchanga and Khepupara, as it was confirmed by the MLR for each event.  

The intensive monitoring of the site-dependent key meteorological factors and the 

incorporation of their effects to prediction model are essential to improve the prediction of 

ESL. These efforts will be mandatory to develop early warning system of the ESL event for 

reducing the risk of the hazards and for better coastal management. In the context of changing 

climate, climate models projected the increase in the intensity of heavy precipitation,  high 

winds, and strong cyclone events in future due to anthropogenic greenhouse gas emissions. 

Therefore, future changes in ESL events should be discussed based on the examination of the 

future changes in key meteorological forcings, which will help reduce the vulnerability of the 

coastal community and ensure coastal sustainability. 
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ABBREVIATION 

APHRODITE Asian Precipitation-Highly-Resolved Observational Data Integration Towards 

Evaluation 

BoB Bay of Bengal 

BMD Bangladesh Meteorological Department 

BOM Bureau of Meteorology 

BWDB Bangladesh Water Development Board 

CCC Climate Change Cell 
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DMI Dipole Mode Index 

ENSO El Niño–Southern Oscillation 
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ESL Extreme Sea Level (determined from SLA data using 99th percentiles threshold) 

GBM Ganges, Brahmaputra and Meghna River system 

IMD Indian Meteorological Department 

IOD Indian Ocean Dipole 

IPCC Intergovernmental Panel on Climate Change 

JRA55 The Japanese 55-year Reanalysis 

MLR Multivariate Linear Regression  

MSL Mean Sea Level 

NOAA National Oceanic and Atmospheric Administration 

OISST Optimum Interpolation Sea Surface Temperature 

ONI Oceanic Niño Index 

POT Peak Over Threshold 

RMSE Root Mean Square Error 

SLA Sea Level Anomaly (obtained from observed sea level using 91 days running 

mean) 

SLP Sea Level Pressure 

SST Sea Surface Temperature 

U Zonal wind  

UHSLC University of Hawaii Sea Level Center 

V Meridional wind  

WP With Precipitation (to represent the multivariate linear regression with 

precipitation term; Equation 2) 

WOP Without Precipitation (to represent the multivariate linear regression without 

precipitation term; Equation 3) 
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Chapter 1: Introduction 

 

1.1. Extreme sea level and coastal communities 

Global mean sea level (MSL) rise induced by climate change is an alarming issue with 

respect to the sustainability of the world’s coastal communities (Wu et al., 2002; Wahl et al., 

2017). The global MSL is projected to increase by 0.52 to 0.98 m by the end of this century 

(IPCC, 2013). The increased MSL acts as a primary factor for enhancing the extremeness in 

sea level through the combined interaction of meteorological and oceanic drivers (Antony et 

al., 2016). At present, the extreme sea levels (ESLs) are more frequent along the low-lying 

coastal regions and the changing climate forcings accelerate the ESLs (Mehra et al., 2010; 

Kirezci et al., 2020; Woodworth et al., 2004). The impact of ESL on the highly productive 

coastal regions is a global concern, because the coast supports the livelihoods for more than 

half of the world’s population (Adel, 2002; Ward et al., 2018). The ESL is anticipated to 

increase the risk of floods and deteriorate freshwater environments, particularly in low-lying 

coastal regions (Mirza, 2003; Karim and Mimura, 2008; Wahl et al., 2017). Inundation of saline 

water into agricultural land, severe floods, damages in infrastructures with loss of lives and 

properties are the major impact areas of ESL hazards along the coast of the developing nations. 

The ESL hazards cause a loss in the agro-based economy of the developing nations that 

increases their food-insecurity and forces them to migrate (IPCC, 2013; Wahl et al., 2017). 

Therefore, the high frequency and intensity of ESL hazard is a major concern for the people of 

the socioeconomically vulnerable coast of the world. Likewise other coastal regions, the 

country Bangladesh is considered to be highly vulnerable to the adverse impacts of ESL 

(Sarwar, 2013; Lee, 2013; Brammer, 2014).  

 

1.2. Location of Bangladesh and vulnerability to ESL 

Bangladesh is located in South Asia. It is one of the world’s largest active deltaic 

country with flat and low-lying (1–5 m) coast (Rasid and Pramanik, 1990). Bangladesh is the 

most downstream country of the Ganges-Brahmaputra-Meghna (GBM) river system (Fig. 1.1). 

The GBM is one of the world’s largest sets of river basin and an outlet of huge freshwater to 

the global ocean (Nishat and Rahman, 2009). The upstream of the GBM river basin receives 

plenty of precipitation and causes higher runoff to the downstream (Hassan, 2019; Dandapat et 

al., 2020). As a most downstream country, the coastal area of Bangladesh receives huge 

upstream flow that enhances the ESLs along the coast (Rahman and Rahaman, 2018; Antony 



14 
 

et al., 2016). The extremeness in sea level causes inundation and severe flooding along the 

coast (Lee, 2013; Karim and Mimura, 2008). The coastal area of Bangladesh is flooded every 

year and it is more frequent and intense in recent years (Singh et al., 2000; Wahiduzzaman, 

2021). The geographical location with low coastal elevation (1–5 m), makes the country more 

vulnerable to ESL (Rasid and Paramanik, 1990; Brammer, 2014) (Fig. 1.1). Inadequate 

infrastructure and high population with poor economy also enhance the vulnerability of this 

area (Mirza, 2003; Sarwar, 2013; Dastagir, 2015). As a main economic activity of the coast, 

the agriculture is highly vulnerable to the adverse impacts of ESL (Brammer, 2014). The ESL-

induced hazards cause a loss in agricultural land and production every year and that increases 

the vulnerability to the agro-based economy of the coast (Ali, 1999). It was revealed that a 1 m 

increase in MSL by the late 21st century could affect approximately 1,000 km2 of coastal area 

in Bangladesh (Unnikrishnan et al., 2011; Antony et al., 2016). The vulnerabilities in people’s 

livelihoods and properties due to the impact of ESL hazards are increasing over the coast  

(Mirza, 2003; Karim and Mimura, 2008). Therefore, it has importance to assess the magnitude 

of ESL hazards to reduce the vulnerability of the Bangladesh coast. 

  

Figure 1.1 Topography and location of Bangladesh (red boundary) in South Asia. 

 

1.3. Factors for ESL 

ESL represents the high coastal water above MSL that are typically caused by 

meteorological and oceanic drivers (IPCC, 2019). In connection with the warming climate, the 

ocean thermal expansion caused by the excess heat absorption of the ocean water and melting 
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of the ice sheets acts as the main global drivers for sea level change (Fig. 1.2). The hydrological 

cycle, river runoff, and ocean currents are the dominant regional divers for sea level change. In 

association with global and regional divers the storm surges, waves and tides are the important 

atmospheric and oceanic factors, which modulate the ESL along the coast (IPCC, 2019).  

 

Figure 1.2 A schematic illustration of the climate and non-climate driven processes that can 

influence global, regional (green colors), relative and extreme sea level (ESL) events (red 

colors) along coasts. Major ice processes are shown in purple and general terms in black. SLE 

stands for Sea Level Equivalent and reflects the increase in GMSL if the mentioned ice mass 

is melted completely and added to the ocean (Source: IPCC, 2019). 

It was noticed that the high precipitated-water discharge from continental upstream 

related to the hydrological cycle enhances the coastal sea level to be extreme (Svensson and 

Jones, 2002; Kuang et al., 2017; Piecuch et al., 2018; Ward et al., 2018). Likewise other coastal 

regions, it is hypothesized that in association with other factors, the abundant precipitated-

water discharge from the GBM river basin may accelerate the ESL along the coast of 

Bangladesh. Therefore, regarding the target of this study a schematic of the considered 

contributing factors for ESL is illustrated in Figure 1.3. The interactions of the contributed 

factors from the atmosphere, ocean, and precipitated-water discharge as a part of the 

hydrological cycle to ESL will be discussed in the following sub-sections.  
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Figure 1.3 Contributing factors for ESL (Islam and Sato, 2021). The meteorological factors 

contributing to the ESL are indicated in orange. SLP represents sea level pressure. 

 

1.3.1. Atmospheric and oceanic factors 

The ESL along the coast mainly arises from the interactions of meteorological factors, 

such as low atmospheric pressure and associated high winds and oceanic factors, such as tides, 

surges, and oceanic waves (Moron and Ullmann, 2005; Han, 2005; Vialard e al., 2009; Iskandar 

and McPhaden, 2011; Lee, 2013; Tazkia et al., 2016; Karabil et al., 2017). It was revealed that 

during cyclones the low pressure induced storm surge is one of the main factors for ESL change 

along the coast (Karim and Mimura, 2008; Unnikrishnan et al., 2011; Lee, 2013). The frequent 

tropical cyclones over this region generate high winds and wind-induced surges enhance ESL 

along the coast (Dube et al., 2009; Iskandar and McPhaden, 2011; Suresh et al., 2013; Singh et 

al., 2021). The ESL along the coast is influenced by the winds-associated high waves and ocean 

currents (Vialard et al., 2009; Mehra et al., 2010; Anoop et al., 2015). The anomalous strong 

ocean current and its seasonal reversal modulates the high sea level variability along the coast 

(Dandapat et al., 2020). The ocean tidal component plays an important role for sea level 

variation along the coast and the large lunar tides modulate the rising sea level to be extreme 

(Tazkia et al., 2016). High sea surface temperature (SST) also enhances the sea level along the 

Bangladesh coast, because it leads to an increase in rainfall through the higher rate of 

evaporation (Salahudddin et al., 2006; Fan et al., 2016). The role of the above-mentioned ocean 

and atmospheric factors to ESL variability along the coast of Bangladesh have been studied 

intensively. 
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1.3.2. Precipitation as a factor related to the hydrological cycle 

   Likewise, the discussed role of the ocean and atmospheric factors to ESL in section 

1.3.1, the effect of another factor related to the hydrological cycle is the discharge of 

precipitated-water from continental upstream which has been studied in many coastal areas 

across the world. The high precipitation enhances the surge-induced high sea levels along the 

eastern coast of Britain (Svensson and Jones, 2002). The high river discharge raises the sea 

level in the Yangtze River estuary near China (Kuang et al., 2017). The high sea level changes 

along the Atlantic coast of the United States are influenced by the upstream river discharge 

(Piecuch et al., 2018). The precipitation has an influence on the seasonal and spatial variability 

of the decadal sea levels along the Baltic coast (Karabil et al., 2017). Ward et al. (2018) studied 

that the high sea level is highly dependent on the river discharge for many deltas and estuaries 

over the global coast. It is known that as a downstream area of large GBM river basin, the 

coastal area of Bangladesh receives abundant precipitated-water that may enhance the high sea 

levels over this coast (Singh, 2001). However, the effect of precipitation on ESL variability 

remains unexplored along the coast of Bangladesh. The sensitivity experiment of the ocean 

model revealed that the river discharge affects the interannual variation of sea surface height 

near the river mouth (Dandapat et al., 2020). The earlier studies also mentioned that the high 

precipitated-water discharge modulates the intraseasonal variability of sea level along the coast 

of the northern Bay of Bengal (BoB) (Vialard et al., 2009; Cheng et al., 2013; Antony et al., 

2016; Ghosh et al., 2018). The above-mentioned studies focus on the variability of sea level 

from monthly to seasonal time scale over different years. However, the influence of 

precipitation on ESLs at daily time scale along the coast of Bangladesh remains unknown.  

 

1.4. Precipitation and ESL along the coast of Bangladesh 

Bangladesh is one of the highest rainfall-prone areas in the world and it receives about 

one hundred percent of GBM river flow (Singh et al., 2000; Caesar et al., 2015). The monsoon 

is the peak precipitation season in Bangladesh area (Ahasan et al., 2010; Shahid, 2011). Figure 

1.4 shows the monthly area average precipitation over the coast of Bangladesh during 1980–

2006. It is revealed that the coastal area of Bangladesh receives high precipitation during peak 

monsoon (June to July). The previous study predicted that the rainfall over the Bangladesh area 

was increasing (Endo et al., 2015; Shahid, 2011) with the rate of +5.53 mm yr -1 during 1958–

2007 (Shahid, 2009, 2010). Precipitation in and around the Bangladesh area has increased in 

recent decades (Shahid, 2010, 2011; Endo et al., 2015) and is projected to increase further by 
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the late 21st century (Turner and Annamalai, 2012; IPCC, 2013). The increase in future 

precipitation will enhance due to the increase in water vapor content. The intensity of monsoon 

circulation is, however, projected to be weak (Fan et al., 2012; Ma and Yu, 2014). As a low 

altitude basin area of the GBM rivers, the coastal area of Bangladesh receives abundant 

precipitated-water (Habib et al., 2019), that enhances the sea level near the coast and causes 

severe coastal flooding (Singh, 2002a, 2002b; Mirza, 2003; Shahid, 2011; Brammer, 2014; 

Dastagir, 2015). Hence, it is likely that the river discharge enhances the sea level in this region.   

 

Figure 1.4 Monthly average precipitation (mm/day) during 1983–2006, averaged over Cox’s 

Bazar area (21.00°–21.50° N and 92.00°–92.60° E). The daily precipitation data obtained from 

APHRODITE-V1003R1 was used (Yatagai et al., 2012). 

It is hypothesized that the high sea level variation along the coast may follow the high 

precipitation over this region. Figure 1.5 illustrates the seasonal variation of the daily sea level 

and precipitation in 1999 observed at Cox’s Bazar area (see Fig. 2.1 for location). There are 

marked sea level peaks during the monsoon season which appear to coincide with the 

precipitation peaks. Figure 1.5 strongly suggests that precipitation enhances the sea level at 

daily time scale and its impact seems to be large for ESL events. Meanwhile, Figure 1.5 also 

suggests the role of other forcing factors. The synchronized variation in daily sea level and 

precipitation shown in Figure 1.5 is a common character observed in many other years (Fig. 

1.6). Strong precipitation events during the monsoon season are often caused by synoptic 

atmospheric disturbances (Hatsuzuka et al., 2014), which have the potential to increase sea 

level, even though precipitation-induced river discharge is absent, because the disturbances 

usually accompany changes in air pressure and wind speed/direction. The earlier studies 
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mentioned that the monsoonal precipitation also varies interannually in relation to the effect of 

the large-scale ocean and atmosphere dynamics (Salahuddin et al., 2006; Fan et al., 2016; 

Ahmed et al., 2017). The El Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole 

(IOD) are the dominant climate modes to modulate the interannual variability of precipitation 

in this region (Singh et al., 2001; Salahuddin et al., 2006; Ahmed et al., 2017; Wahiduzzaman, 

2021). The previous studies also mentioned the effect of local BoB SST forcings on the 

interannual variations of precipitation over Bangladesh area (Rahman et al., 2013; Roxy et al., 

2013). Considering this specific geographical background and high precipitation over 

Bangladesh area, it is important to verify the contribution of precipitation variability during 

ESL events.  

 

Figure 1.5 The time series of daily observed sea level (red) at Cox’s Bazar station and daily 

area averaged precipitation (black) near Cox’s Bazar area (22°–22.5°N and 92°–92.5°E) in 

1999. The shaded period represents the period for monsoon season (late May to early October). 
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Figure 1.6 The time series of daily observed sea level (red) at Cox’s Bazar station and daily 

area averaged precipitation (black) near Cox’s Bazar area (22°–22.5°N and 92°–92.5°E) during 

1984–2006. The figure for 1999 (p) is identical to Figure 1.5 and the years of 2001–2003 were 

excluded due to data unavailability. 

 

1.5. The objective of the study 

The coastal area of Bangladesh is highly vulnerable to ESL hazards and in the context 

of changing climate, the vulnerability of the coast is increasing severely. The variability of ESL 

is a short-term phenomenon, which is influenced by the ocean and atmospheric disturbances. 

To address the long-term variability of sea level, the role of different ocean and atmospheric 

factors along the coast of Bangladesh was studied intensively (Singh et al., 2001; Vialard et al., 

2009; Iskandar and McPhaden, 2011; Lee, 2013; Tazkia et al., 2016). It is expected that the 

high precipitated-water discharge from upstream may enhance the ESL along the coast of 

Bangladesh. The earlier studies mentioned the effect of river discharge, different ocean and 

atmospheric factors to the intraseasonal and interannual sea level variations over BoB (Vialard 

et al., 2009; Cheng et al., 2013; Antony et al., 2016; Ghosh et al., 2018; Dandapat et al., 2020). 

However, the influence of precipitation on ESLs at daily time scale along the coast of 

Bangladesh remains unknown. Therefore, the main objective of this study is to investigate the 

effect of precipitation on ESLs at a daily time scale. The ESL was determined using a threshold 

value, and the daily variation of SL within ESL event was studied for seven days period. The 
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effect of precipitation on the variability of ESL will be also examined for all daily samples 

derived from seven days in prior to the ESLs. 

The investigation of precipitation effect on ESL events at daily time scale represents 

the novelty of this study. It is hypothesized that the effect of precipitation has a significant 

influence on the variability of ESL along the coast of Bangladesh. The expected outcomes will 

contribute to improve the forecast of ESL events and to reduce the hazards along the vulnerable 

coastal regions. The predictions of ESL will be helpful for coastal beneficiaries and policy 

makers for planned coastal management as well as to ensure the sustainability of the vulnerable 

coast. 
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Chapter 2: Data and methodology 

 

2.1. Selection of the study sites for ESL analysis 

The variability of ESL was investigated at three selected study sites along the coast of 

Bangladesh and their names are Cox’s Bazar, Charchanga, and Khepupara. These sites are 

located in different geographical settings (Fig. 2.1). The elevation of Cox's Bazar, Charchanga, 

and Khepupara area is 4.5 m, 4.0 m, and 3.5 m above MSL, respectively (CCC, 2016). Based 

on the tide gauge record during 1977–1998, it was mentioned that the increasing coastal water 

level at Cox's Bazar, Charchanga, and Khepupara is 7.8 mm/yr, 6.0 mm/yr, and 4.0 mm/yr, 

respectively (Mondal, 2001; Sarwar, 2013; Antony et al., 2016). Cox’s Bazar is located in the 

eastern coastal area (21.45°N and 91.95°E) and characterized by a hilly landscape. The location 

of Cox's Bazar makes it more vulnerable to cyclones and surge-induced coastal floods 

(Unnikrishnan et al., 2011; Dastagir, 2015). Cox's Bazar is popular for tourism, having the 

world's largest sea beach (Brammer, 2014). Charchanga is located in the lower estuary of the 

GBM river system (22.22°N and 91.06°E) and famous for river port and fishing. Khepupara is 

located in the low-lying deltaic plain of the western coast (21.85°N and 90.08°E) and has 

potential for agriculture. The selection of three study sites from three different topographic 

areas will be useful to investigate the spatial variations of ESL along the coast of Bangladesh. 

 

Figure 2.1 Selected study sites along the coast of Bangladesh.  
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2.2. Data and variables 

The studied periods are 1983–2006 for Cox’s Bazar, 1980–2000 for Charchanga, and 

1987–2000 for Khepupara. The difference in study period is due to the availability of the in-

situ sea level data. The daily station-observed sea level data, provided by the University of 

Hawaii Sea Level Center (UHSLC, Caldwell et al., 2015) were used. The satellite-observed 

daily gridded (0.25° × 0.25°) anomalous sea level product of the Copernicus Climate Change 

Service (C3S) was adopted to investigate the spatial pattern of coastal sea levels during 1993–

2006 (Taburet et al., 2019). Daily precipitation data were obtained from APHRODITE-

V1003R1 (Yatagai et al., 2012), which covers land area at a spatial resolution of 0.25° × 0.25°. 

The daily sea level pressure (SLP) and wind data were obtained from the Japanese 55-year 

Reanalysis (JRA55, Kobayashi et al., 2015), whose horizontal grid size is 1.25° × 1.25°. Daily 

discharge data of the Bangladesh Water Development Board (BWDB, 2005) for Bahadurabad 

point of the Brahmaputra River and for Hardinge Bridge point of the Ganges River were used 

for the period of 1990–2000. The Indian Meteorological Department (IMD, 2008) best-track 

data was used to identify the location of cyclone over the targeted BoB area during ESLs for 

the period of 1993–2006. 

The Oceanic Niño Index (ONI) and the Dipole Mode Index (DMI) obtained from the 

National Weather Service and Physical Sciences Laboratory of NOAA, respectively were used 

to explore the role of large-scale atmosphere-ocean coupled modes. The ONI was determined 

from the three-month running mean of ERSST.v5 (Huang et al., 2017) SST anomalies over 

Niño 3.4 region (5°S–5°N and 120°W–170°W). The DMI is the difference in anomalous SST 

between the western (10°S–10°N and 50°E–70°E) and southeastern (10°S–0°N and 90°E–

110°E) equatorial Indian Ocean (Rayner et al., 2003). Here, the anomaly means the deviation 

of daily SST from a three-month running mean of daily SST. Aside from these two modes, 

local SST in the BoB was also analyzed to investigate the relationship between the local SST 

and interannual variation of high sea level and precipitation in the studied region. For local 

SST in the BoB, the Optimum Interpolation Sea Surface Temperature (OISST, Reynolds et al., 

2007) data from NOAA was used. The monthly mean SST anomaly was adopted to represent 

the warm and cold BoB (17°N–23°N and 83°W–95°W) SST, which was determined from daily 

climatology during 1983–2006.   

For the statistical analysis, four explanatory variables of precipitation, SLP, zonal wind 

(U), and meridional wind (V) were used and their influences on ESL variations were evaluated.  
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2.3. Methods 

 

2.3.1. Determination of sea level anomaly (SLA) 

The sea level near the Bangladesh coast exhibits prominent seasonal variation (Cheng 

et al., 2013) corresponding to the monsoon (Khandaker, 1997; Anoop et al., 2015) and regular 

tidal cycles (Tazkia et al., 2016). The sea level anomaly (hereafter referred to as SLA) was used 

to remove the seasonal component of the sea level variation. An example of the seasonal 

variation of the daily sea level at Cox’s Bazar station for a one-year period of 1998 is shown 

in Figure 2.2. The figure shows a seasonal variation in sea level corresponding to pre-monsoon, 

monsoon, and post-monsoon seasons. The variation in equatorial wind-driven waves (Han, 

2005; Vialard et al., 2009), changes in SST by atmospheric factors (Han, 2005), variation in 

tides with lunar phases (Tazkia et al., 2016), and storm-driven oceanic surges (Iskandar et al., 

2011) are the important factors for seasonal variation of sea level along the coast. To remove 

the seasonality in observed sea level, daily sea level anomalies relative to the 91 days running 

mean were used. The removal of the seasonal effects of atmospheric and oceanic forcings from 

regular sea levels will be necessary to investigate the role of other factors (e.g., precipitation) 

to the variation of anomalous sea level. To calculate the anomaly, 91 days (seasonal) running 

mean time series was constructed from the daily observed sea level data. The seasonal running 

mean with 91 days was determined for each 91-sea level event from the beginning of the study 

period. Then, the anomaly was calculated from the differences between the daily sea levels and 

its 91 days (seasonal) running mean (Equation 1).  

         SL´ = SLobs – SLobs                               (1) 

where, SL´ represents SLA, SLobs for daily observation of sea level, and SLobs for 91 days 

running mean of the observation data. An example of the calculation process of the SLA at 

Cox’s Bazar station for the one-year period of 1998 is shown in Figure 2.3. It is noted that there 

is a regular tidal cycle in SLA data. As the daily variation of ESL generally arises with regular 

tides (Mondal, 2001; Cheng et al., 2013; Sarwar, 2013; Tazkia et al., 2016), the effects of tide 

were not removed from observed sea level. 
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Figure 2.2 Time series for the seasonal variation of sea levels in 1998 at Cox’s Bazar Station. 

The sea level is varied by the seasonal effects of the pre-monsoon (March–May), monsoon 

(June–September) and post-monsoon (October–December). 

  

Figure 2.3 Process for the estimation of SLA. Sea level in 1998 at Cox’s Bazar. The green line 

represents the daily sea level. Red line represents its 91-day running mean and the blue line 

represents SLA.  

 

2.3.2. Identification of the ESL events 

As the ESL is the key term of this study, the steps for identification of the ESL events 

will be explained in this section. The ESL events were determined by applying the threshold 

value of the 99th percentiles in the daily SLA time series, following the method of previous 

studies (Woodworth and Blackman, 2004; Kirezci et al., 2020). The 99th percentile high SLA 

values were 0.562 m, 0.486 m, and 0.427 m (indicated by red lines in Fig. 2.4). The determined 

values were used as a threshold for identification of ESL events, and the number of identified 

ESL events were 69, 62, and 37, respectively, for Cox’s Bazar, Charchanga, and Khepupara 

station. However, it was found that there is consecutiveness in those identified ESL events. 
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Therefore, to select the independent ESL events, a peak over threshold (POT) approach was 

adopted for the identification of the events (Ward et al., 2018; Kirezci et al., 2020). The peaks 

over the threshold were identified, and then, the consecutive days before and after the peak sea 

level was excluded to select an independent ESL event. Applying the POT approach, the 

number of selected independent ESL events were 35, 30, and 18, respectively, for Cox’s Bazar, 

Charchanga, and Khepupara station. It was confirmed that most of the selected ESL events 

occurred during summer monsoon, and their number are 28, 27, and, 15 for Cox’s Bazar, 

Charchanga, and Khepupara, respectively. The number of ESL events are many during June–

July for Cox’s Bazar, August–September for Charchanga, and October–November for 

Khepupara.  

 

Figure 2.4 (a) Time series of daily sea levels at Cox’s Bazar during 1983–2006. The green line 

represents the observed daily sea level. The dark orange line shows the 91-day running mean 

and the blue line shows SLA. The discontinuity in the time series denotes the missing data. (b) 

Same as (a) but for Charchanga during 1980–2000. (c) Same as (a) but for Khepupara during 

1987–2000. The red lines in a, b, and c represent the 99th percentile values used for the 

selection of ESL events, which were 0.562 m, 0.486 m, and 0.427 m for Cox’s Bazar (a), 

Charchanga (b), and Khepupara (c), respectively. 
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2.3.3. Estimation of sea level using multivariate linear regression (MLR) analysis 

In Section 2.3.1, it was mentioned that the observed sea level is influenced by the effects 

of different meteorological variables. It is important to investigate the contribution of the 

meteorological variables to the variability of sea levels. Therefore, the estimated sea level was 

calculated here using the contribution of the four explanatory variables of precipitation, SLP, 

zonal and meridional wind. The SLP and wind are selected as dominant factors for the sea level 

change as discussed earlier (Singh et al., 2001; Suresh et al., 2013; Iskandar and McPhaden, 

2011; Anoop et al., 2015; Tazkia et al., 2016). However, the present research is a pioneer study 

to investigate the influence of precipitation on ESL variability combined with other variables. 

A multivariate linear regression (MLR) analysis was used to investigate the effect of 

precipitation on the daily variability of sea level during the selected ESL events. The MLR has 

been widely used to discuss the mechanisms of sea level variations at various timescales 

(Hünicke and Zorita, 2006; Zhang and Church, 2012; Karabil et al., 2017). Using MLR 

statistics, the targeted variable (observed daily SLA) could be described by the linear 

combination of the explanatory variables. Previous studies analyzed the linear relationship 

between sea level and explanatory variables of SLP, precipitation, air temperature, winds, and 

climate variability indices (Mehra et al., 2010; Zhang and Church, 2012; Karabil et al., 2017; 

Kumar et al., 2018). This study adopted two approaches of MLR for estimation of ESL for the 

selected events. The MLR model was created for each ESL event and for all events at each 

station to study how contributions of the meteorological factors depend on the events and 

stations. The MLR approach for each event is referred to as “MLR for each event” and for all 

events at each station is referred to as “MLR for all events. The MLR equations were adopted 

using four explanatory variables. The details of these two approaches are discussed below. 

a. MLR for each event 

The first method described here is MLR created for each event and for each station. 

The results are presented in Chapter 3. The prediction equation for the observed SLA is 

described as 

SL´ (t) = a1 × SLP(t) + b1 × U(t) + c1 × V(t) + d1 × Pre(t) + e1 (2) 

Herein, t represents the duration of the event, which ranged from −6 to 0, corresponding to six 

days before the targeted ESL (t = −6) to the day of the ESL event (t = 0). SL´ represents the 

predicted SLA. Pre represents the accumulated precipitation over the preceding five days for 

each t. The explanatory variables were standardized and the MLR analysis was performed for 
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each ESL event. The regression coefficients are represented as a1, b1, c1, and d1, while e1 

represents the intercept value. The coefficients were determined for each site and for each 

selected event.  

To elucidate the impact of precipitation on the SLA, the MLR without precipitation was 

also created, which is described as  

SL´(t) = a2 × SLP(t) + b2 × U(t) + c2 × V(t) + e2 (3) 

Where a2, b2, and c2, are regression coefficients and e2 represents the intercept value. 

The obtained coefficients are presented and discussed in section 5.2. The predicted sea level 

anomalies obtained from MLR Equations (2) and (3) were evaluated using the same seven-day 

time series of the observed daily SLA as reference data. The goodness of fit of each prediction 

was evaluated by the coefficient of determination (R2). Since the degree of freedom for 

predictand (i.e., seven days) is closer to the number of explanatory variables (three or four), 

that will lead to very high R2. Under this condition, the evaluation of precipitation effect using 

the comparison of R2 for MLRs in equation 2 and 3 may be distorted by the difference in the 

number of explanatory variables rather than the physical impact of the precipitation term. To 

avoid such an effect, this study used adjusted R2. The adjusted R2 values were expected to be 

different between two predictions and an adjusted R2 close to one denotes that the MLR is very 

skillful. If the prediction using Equation (2) outperforms the prediction using Equation (3), it 

means that adding precipitation data could improve the prediction of SLA during the ESL 

event. Here, the MLR performance was evaluated in terms of adjusted R2 to argue the 

biasedness of the MLR output related to the effect of adding variables (Draper and Smith, 

1998). The adjusted R2 was calculated by 

Herein, p is the number of explanatory variables and n is the sample size. It was 

assumed p = 4 (i.e., SLP, zonal and meridional winds, and precipitation) for the prediction of 

sea level with precipitation, whereas p = 3 was assumed for the prediction without precipitation. 

The sample size was set as n = 7, considering the seven-day variations of meteorological 

variables (Section 2.3.3.1). 

In this study, the difference in adjusted R2 between the two predictions was regarded as 

the significance of the effect of precipitation. If adjusted R2 for the prediction with precipitation 

Adjusted R2 =1 −  (1 − R2 )
n − 1

n −  p −  1
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(i.e., Equation (2); hereafter referred to as WP) is greater than that without precipitation (i.e., 

Equation (3); hereafter referred to as WOP), it means that the precipitation is crucial for the 

targeted extreme event. Thus, a larger difference in adjusted R2 between predictions WP and 

WOP denotes a stronger influence of precipitation on sea level variations. The adjusted R2 

value was evaluated for all selected events to determine the spatial and temporal characteristics 

of the effect of precipitation on the predictions of ESL. One may anticipate that the contribution 

of precipitation to the prediction of ESL might be influenced by the multicollinearity of the 

variables. To argue this point, a correlation analysis was performed among the variables for 

each ESL event of the three study stations (Section 2.3.3.4). 

b. MLR for all events 

In the previous MLR method (i.e., MLR for each event), the MLR was created for each 

event. That method falls short because the number of explanatory variables is too close to the 

degree of freedom of the predictand. To overcome this deficit, the MLR here was created using 

all ESL events at each station. In other words, “MLR for each event” introduced above used 

only seven samples as input for three (or four) explanatory variables. The sample size was 

obviously too small, and this will lead to too high predictability. Therefore, it is needed to 

discuss carefully the impact of adding precipitation effect by adjusted R2. The adopted MLR 

was performed using all daily samples derived from seven days in prior to the ESLs. Therefore, 

the sample size is 7 × event number for each station. The explanatory variables are identical 

with those addressed in “MLR for each event” (Equation 2), but the number of samples is 

increased. The details of the adopted MLR equations and results are presented in Chapter 4.  

 

2.3.3.1. Period of ESL events 

In this study, the ESL as a dependent variable and its controlling factors were studied 

for a seven-day period. The data period for seven days (including the day of ESL and six days 

before the ESL day) was determined by considering the fact that the duration of the ESL events 

are generally around seven days (Fig. 2.5). Figure 2.5 displays the time series of observed SLA 

averaged for all selected ESL events at three study stations. For all three of the stations, the 

mean SLA is highest on the day of the extreme (t = 0), with a gradual increase from the prior 

days. During extremes, the evolution of SLA with a gradual increase from prior days to the day 

of extreme may represent the period (t = −6 to 0) of an ESL event for seven days. Although the 

period for the decline of ESL from its peak to the normal sea level was not considered here, it 

is known to be influenced by the coastal waves (Han and Webster, 2002; Suresh et al., 2013). 
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The seven days period of ESL coincides with the high tidal phase of a fifteen-day tide cycle, 

which possibly influence the evolution of the ESL events. However, during the selected ESL 

events the coastal water level was generally higher than the regular tidal height. In addition, it 

was observed that many ESL events occurred during the low tidal phase. These facts denote 

that there is strong influence of the atmospheric forcing on ESL. It was mentioned that the ESL 

is enhanced during cyclones and surges (Zhang and Church, 2012; Lee, 2013). Therefore, the 

determination of the ESL period for seven days also reflects the life span of storm-induced 

surges and cyclones (Unnikrishnan et al., 2011; Zhang and Church, 2012). Considering the 

period of ESL, the daily SLP and wind data for seven days in prior to the ESL day were used.   

 

Figure 2.5 The average time series (line) of SLA for all ESL events at Cox’s Bazar (a), 

Charchanga (b) and Khepupara (c). The error bars represent the standard deviation of the cases. 

The x-axes represent the day corresponding to the six days before (t = −6) to the ESL day (t = 

0). 

 

2.3.3.2. Area setting for the explanatory variables 

As addressed in Section 1.2, Bangladesh is located in downstream of the GMB river 

basin and it receives almost a hundred percent of the precipitated-water discharge from the 

upstream of the basin. Therefore, it is necessary to delineate the proper basin area for accurate 

estimation of the precipitation amount that causes discharge for the selected stations of 

Charchanga and Khepupara (Fig. 2.1). At the determination of this area, a pre-analysis was 

conducted, aiming to identify the source area from where the precipitated-water could influence 

the coastal water levels. It was found that the available daily discharge at the downstream area 

is highly correlated with the daily precipitation over the upper GBM basin area for the period 

of 1990–2000 (Fig. 2.6). The discharge station is located near the upper basin area and it is 

assumed that the discharge at this station is influenced by the daily precipitation from the upper 
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basin. Therefore, the daily precipitation was used instead of accumulated precipitation. The 

daily discharge at Bahadurabad point shows high correlation with the daily precipitation of the 

upper basin of the Brahmaputra River (Fig. 2.6a). In comparison with the Brahmaputra river, 

the daily discharge of the Ganges River at Hardinge Bridge point shows relatively low 

correlation with the daily precipitation of its upper basin area (Fig. 2.6b). This might reflect the 

effects of humans’ control of the Ganges River water in the upper river basin (Adel, 2002; 

Rahman and Rahaman, 2018; Hassan, 2019), which results in a low correlation between the 

precipitation in upstream and discharge at the downstream. The basin area that causes discharge 

to the downstream through GBM river system is not properly represented by the correlation 

between precipitation and discharge. The insignificant correlation was noticed for almost all 

over the basin area. The low correlation between precipitation and discharge may be influenced 

by the days without precipitation during the study period. The correlation between SLA and 

precipitation over the targeted area for some ESL days which occurred in the post-monsoon 

season also represents the insignificant or negative correlation at Charchanga and Khepupara 

stations (Fig. 2.12b,c). It is assumed that the discharge in the downstream through GBM river 

is mainly influenced by the precipitated-water from the eastern Himalaya and Meghalaya area 

rather than the precipitation from the western Himalaya and Ganges area over India. Therefore, 

the eastern Himalaya and Meghalaya area with adjacent lower catchment of the GBM river 

over Bangladesh, indicated by light pink in Figure 2.7, was adopted as the area for areal 

precipitation. 

 

Figure 2.6 Correlation between the daily precipitation and discharge for the Brahmaputra River 

at Bahadurabad point (a) and for the Ganges River at Hardinge Bridge point (b). 
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Figure 2.7 Selected area for precipitation over GBM basin. The shaded area (light pink) 

represents the grids, whose precipitation was used for estimation of sea level at Charchanga 

and Khepupara.  

The Cox’s Bazar station in the eastern coast is a hydrologic catchment area of  the 

Sangu, Matamuhuri, and Karnafuli River systems. This basin area is relatively small and 

explicitly isolated by the Arakan Mountain range (Xie et al., 2006; Adnan et al., 2019). 

Following the topographic boundary of this catchment, a proper basin area was identified for 

Cox’s Bazar station (Fig. 2.8), that is also consistent with earlier studies (Smith et al., 2001; 

Xie et al., 2006; Adnan et al., 2019). 
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Figure 2.8 Selected basin area (light pink) for estimation of precipitation at Cox’s Bazar 

station. 

For SLP and winds, the daily area-averaged values over the northern BoB area (16°–

22° N and 85°–95° E) were commonly used for all three sites. The BoB area was considered 

because the high intensity of cyclone-generated winds and surges over this area enhances the 

ESL along the coast (Unnikrishnan et al., 2011; Iskandar and McPhaden, 2011; Lee, 2013). In 

this study, the oceanic precipitation over BoB was not considered in the MLR. This is because 

the precipitation over the large area of sea surface rapidly merges with the sea water and its 

direct contribution to sea level change is negligible (Perigaud and McCreary, 2003; Prakash et 

al., 2012). On the other hand, the effect of terrestrial precipitation is expected to have influence 

on ESL because the river water enters the shallow coastal sea as plumes and these plumes of 

freshwater floats over the salty sea water. The rotation of the Earth pushes the flow of water 

plumes up against the shoreline and raises the sea level along the coast (Piecuch et al., 2018).   
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2.3.3.3. Duration of accumulated precipitation  

For precipitation, the accumulation of preceding five days was used to account for the 

delayed effect of precipitated-water runoff from the upstream to downstream. To investigate 

the effect of different lengths of accumulated precipitation on ESL, a correlation analysis 

between the SLA and different lengths of accumulation was performed for two different basin 

areas of Cox’s Bazar and Charchanga (Fig. 2.9). As the basin area for Charchanga and 

Khepupara are same, the correlation analysis was not performed for Khepupara. The 

correlation analysis was conducted for seven-day period of each ESL event and the 

accumulated precipitation for three, five, and seven days was considered. The result shows 

similar significant correlations (r > 0.67 or r < –0.67) between the different lengths of 

accumulated precipitation and SLA for more than half of the selected ESL events at two 

stations. The variations in correlation among the different lengths of accumulation are similar 

for both stations. Hence, the accumulation over five days was arbitrarily adopted to account 

the effect of precipitation. 

 

Figure 2.9 Correlation between the seven-day time series of SLA and accumulated 

precipitation for each selected ESL event at Cox’s Bazar (a) and Charchanga (b) station. The 

analysis was conducted for different lengths of precipitation accumulation (3, 5, and 7 days). 

The statistically significant positive (negative) correlations were highlighted with orange 

(green) color shading.  

In addition, to evaluate the delay in precipitated-water to reach at river mouth, a pre-

analysis using MLRs for WP (Equation 2) and WOP (Equation 3) was conducted for three 

different accumulation periods of precipitation over three, five, and seven days at Charchanga 

station (Fig. 2.10). The Charchanga station was selected considering the expected delay in 

precipitated-water runoff from the large upper basin area. The result shows that the predicted 

ESLs for three, five, and seven days setting of accumulated precipitation were similar. This is 

because the precipitation time series are similar regardless of the accumulation period (Fig. 

2.11). The previous study mentioned that the river discharge in the downstream area increases 
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with one to ten days delay after the precipitation peak over middle Himalaya and Meghalaya 

hilly areas (Webster et al., 2010). In this study, the lower Himalaya and Meghalaya hilly areas 

were selected as basin area where approximately five days delay is expected (Webster et al., 

2010). Considering these results this study subjectively determined the period of precipitation 

accumulation as five days. The validity of this assumption needs to be investigated in future 

using reliable river discharge data.  

 

Figure 2.10 The relationship between the adjusted R2 values of sea level predictions at 

Charchanga based on MLR for WP and WOP using different accumulation days for 

precipitation. In (a), 3 days accumulated precipitation was used. (b) and (c) same as (a) but for 

5 days and 7 days, respectively. Each dot corresponds to an ESL event. Red and black dots 

represent adjusted R2 for predictions WP and WOP, respectively. The y-axis represents the 

adjusted R2 for predictions WP. The x-axis represents the differences in adjusted R2 between 

WP and WOP predictions. 

 

Figure 2.11 (a) Average time series of the 3 days accumulated precipitation for the selected 

ESL events at Charchanga. (b) and (c) same as (a) but for 5 days and 7 days accumulated 

precipitation, respectively. The error bars represent the standard deviation of the cases. The x-

axes represent the day corresponding to the six days before (t = −6) to the ESL day (t = 0). 
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2.3.3.4. Independency among the explanatory variables 

The prediction of a dependent variable in MLR is influenced by the interdependency of 

the explanatory variables (Hünicke and Zorita, 2006; Zhang and Church, 2012; Karabil et al., 

2017). It is anticipated that the predictability of ESL using MLR predictions is influenced by 

the multicollinearity of the variables. To argue this point, the independency of the explanatory 

variables was investigated using a correlation analysis among the variables for each ESL event 

of the three study stations of Cox’s Bazar, Charchanga, and Khepupara (Fig. 2.12). It shows 

high correlation among the explanatory variables for many events at all three stations. To 

evaluate the significance of the obtained correlation coefficients a significance test was 

performed at 90% confidence level (Table 2.1). The result shows the nonsignificant correlation 

among the explanatory variables (i.e., Pre, SLP, U, and V) for many events at three stations. 

For example, at Cox’s Bazar out of 35 ESL events there are 24, 23, 22, 29, 27, and 20 events 

which show nonsignificant correlation for Pre-SLP, Pre-U, Pre-V, SLP-U, SLP-V, and U-V, 

respectively (Table 2.1). The nonsignificant correlation represents that the explanatory 

variables are independent and they are useful in MLR analysis. On the other hand, some of the 

explanatory variables (i.e., Pre, SLP, and V) shows significant correlation with SLA, that 

denote their high effect on the sea level variations for three stations (upper part of Fig. 2.12). 

For SLP, many events show significant negative correlation with SLA. Some events, however, 

show non-significant correlation. The significant correlation between SLA and SLP implies 

the strong effect of atmospheric load on the sea level variations.   



37 
 

 

Figure 2.12 Correlation coefficients among the explanatory variables for the selected ESL 

events at three study stations of Cox’s Bazar (a), Charchanga (b), and Khepupara (c). The 

statistically significant positive (negative) correlations were highlighted with orange (green) 

color shading.  

Table 2.1 Number of ESL events for significant (S) and non-significant (NS) correlation at 

90% confidence level among the explanatory variables. The analysis was performed for each 

ESL event for three study stations of Cox’s Bazar, Charchanga, and Khepupara. 
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Chapter 3: Influence of the meteorological variables to the predictions of ESLs 

 

3.1. Introduction 

The contribution of the different meteorological factors to the variability of sea level 

was addressed in Section 1.3 (Chapter 1). The reviewed earlier study mainly focuses the 

contribution of a specific factor for sea level change in different coastal regions of the world as 

well as for the coast of Bangladesh (Singh et al., 2001; Svensson and Jones, 2002; Moron and 

Ullmann, 2005; Unnikrishnan et al., 2011; Lee, 2013; Anoop et al., 2015; Tazkia, et al., 2016; 

Kuang et al., 2017). The ESL change along the coast is influenced by the combined influences 

of the different meteorological factors (IPCC, 2013). Details on the combined influences were 

discussed in Section 1.3. Consideration of the combined influences of different meteorological 

factors for the predictability of ESL will be useful to understand the contribution of a specific 

factor. Here, the predictability of sea level was estimated considering the contribution of four 

explanatory variables. The study was mainly conducted based on statistical analysis using MLR 

for each event. The spatiotemporal variations of the sea level and explanatory variables were 

evaluated to understand their evolution pattern during the extremes. As discussed in Section 

2.3.3a (Chapter 2), two different settings of MLR (Equation 2 and Equation 3) were adopted 

for each event to evaluate the contribution of precipitation effect in comparison with other 

factors. The contribution of the precipitation for each ESL event is presented in this Chapter.  

It is well known that the intensity of precipitation in this area varies with pre-monsoon, 

monsoon, and post-monsoon seasons (Vialard et al., 2009; Turner and Annamalai, 2012; 

Suresh et al., 2013). The monsoon is the peak season for high precipitation over this area 

(Singh, 2001; Ahasan et al., 2010). The occurrence of severe cyclones and associated surges 

are also frequent during monsoon over this region (Unnikrishnan et al., 2011; Lee, 2013). It 

was mentioned that the high precipitated-water runoff and storm-induced strong winds and 

surges during monsoon accelerate the sea level along the coast of Bangladesh (Ali, 1999; 

Cheng et al., 2013; Caesar et al., 2015). Therefore, this study investigates the seasonal 

variations of the impact of precipitation on the variability of ESL along the coast.  

The objective of this chapter is to evaluate the spatiotemporal variations of the 

meteorological variables during ESL events and to investigate the contribution of precipitation 

to the predictability of ESL. It is also aimed to investigate the seasonal variations of the impact 

of precipitation on the variability of ESLs. The rest of the sections of this Chapter are outlined 
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as follows. Section 3.2 explains the analytical procedures. Section 3.3 shows the results for 

contribution of the meteorological variables to the predictions of ESL. Section 3.4 discusses 

the outcomes and summary.  

 

3.2. Analytical procedures: MLR for each ESL event 

In section 2.3.3.4, the independency of the explanatory variables in MLR analysis was 

investigated using a correlation analysis among the variables for each ESL event at three 

stations. The significance of the correlation coefficients was tested at 90% confidence level. In 

this Chapter, the effect of precipitation on ESL was investigated using the MLR for each event 

with seven-day period. Here, a composite analysis was performed for spatiotemporal variations 

of sea level and forcing parameters for all ESL events. The time series of SLA and 

meteorological variables were averaged for all selected ESL events at three stations. Similarly, 

a composite spatial distribution of the meteorological variables has been presented for ESL 

events at Cox’s Bazar, Charchanga, and Khepupara. The composite analysis was performed 

for the ESL events which occurred after the year 1992, considering the availability of the daily 

gridded sea level anomaly data from 1993. Details of the datasets for each variable were the 

same as those presented in Chapter 2, except the gridded sea level anomaly data for composite 

analysis over BoB. Here, the used daily gridded sea level anomaly data represents the deviation 

of the daily sea level from 20-year mean and is different from the one mentioned for station 

data in Chapter 2. Here, the influence of precipitation on the predictability of ESL was 

evaluated by the difference in adjusted R2 between the outcomes of MLR Equation 2 and 

Equation 3, as addressed in Chapter 2. 

The seasonal variation of the impact of precipitation was investigated considering the 

relationship between the SLA and adjusted R2 difference between two predictions of with 

precipitation (Equation 2) and without precipitation (Equation 3). Here, the effect of 

precipitation on ESL change was evaluated on a monthly basis for selected ESL events at each 

of the study stations. To confirm the effect of precipitation on the monthly variability of ESL 

events, a comparative analysis was performed between the frequency of ESL events at each 

month and the mean precipitation of that month at Cox’s Bazar station. 
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3.3. Results 

 

3.3.1. Spatiotemporal variations of sea level and meteorological variables 

A composite analysis for all ESL events was performed to understand the 

spatiotemporal variations of sea level and forcing parameters. Figure 3.1 displays the time 

series of SLA and meteorological variables, averaged for all selected ESL events. For all three 

of the stations, the mean SLA is highest on the day of the extreme (t = 0), with a gradual 

increase from the prior days (Fig. 3.1a-c). The precipitation at Cox’s Bazar shows a similar 

evolution with SLA, in which the amount of precipitation increases gradually towards the day 

of ESL (Fig. 3.1d). In comparison with Cox’s Bazar, the amount of precipitation for 

Charchanga (Fig. 3.1e) and Khepupara (Fig. 3.1f) are very less and their evolutions are almost 

stable during extremes. The time series of SLP at all three stations shows a gradual decline 

from the prior days to the day of the extreme (Fig. 3.1g-i), suggesting that a low-pressure 

system is approaching the targeted area. The SLP decrease is relatively steady at Khepupara 

(Fig. 3.1i). The southerly wind velocities at the three stations increased and reached the 

maximum on the day of ESL (Fig. 3.1j-l). In Charchanga and Khepupara, the southerly wind 

was intensified from t = −2, denoting a strong effect of a wind-induced surge for these locations. 

The westerly wind increased during the ESL events at Cox’s Bazar, while the zonal wind speed 

is near zero at Charchanga and an easterly wind is dominated at Khepupara (Fig. 3.1m-o).  

Similarly, a composite spatial distribution of the meteorological variables has been 

presented for ESL events at three study stations of Cox’s Bazar, Charchanga, and Khepupara. 

For each station, the composite analysis was performed for those ESL events, which occurred 

after the year 1992, because the daily gridded sea level anomaly data is available from the year 

1993. Figure 3.2 demonstrates that at Cox’s Bazar the sea level anomaly along the coast is high 

throughout the targeted seven-day duration and increased until the day of ESL, which is 

consistent with the time evolution in the station data (Fig. 3.1a). In comparison with Cox’s 

Bazar the magnitude of the high sea level anomaly is comparatively low throughout the targeted 

seven-day duration for Charchanga (Fig. 3.3a-g) and Khepupara (Fig. 3.4a-g), which is 

consistent with the time evolution in the station data for Charchanga (Fig. 3.1b) and Khepupara 

(Fig. 3.1c). For Cox’s Bazar (Fig. 3.2), the accumulated precipitation over the coastal area 

remained high from t = −6 through to t = 0, presumably reflecting the strong enhancement of 

orographic rain along the Arakan Mountains (Xie et al., 2006). The rainfall began to increase 

from t = −1 and reached a maximum on the ESL day near Cox’s Bazar area (Fig. 3.2a-g). The 
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high orographic rain appeared to be intensified in accordance with strong southerly-

southwesterly winds toward the coast, which are part of synoptic-scale flow surrounding the 

low-pressure center, located over western India (Fig. 3.2g).  

For Cox’s Bazar the composite analysis suggests that high precipitation concentrated 

on the narrow hilly slope increased sea level anomaly along the coast, together with the effects 

of low SLP and associated strong surface winds (Fig. 3.2). The steeper slope in this hilly area 

enhances the surface runoff to the downstream coast. The short distance between the 

downstream coast and upstream hilly area reduces the delay in precipitated water runoff. In the 

eastern hilly area approximately 78% of the area is covered by the fine textured clay loam soils 

(Zzaman et al., 2021). Hence, infiltration and percolation rates are low, which support the faster 

surface runoff to the downstream. Since this area is occupied with many hilly rivers and their 

tributaries, the drainage density (i.e., the total length of streams per unit area) is high. The high 

drainage density denotes that the precipitated-water is well drained and the discharge is 

enhanced in the downstream. Furthermore, the upper basin area is not under human economic 

activities (e.g., agriculture, infrastructures). This encourages the direct runoff of the huge 

precipitated-water toward the downstream Cox’s Bazar area (Adnan et al., 2019; Zzaman et 

al., 2021). These geomorphological settings and low anthropogenic controls suggest the strong 

influence of upstream precipitation to ESL at Cox’s Bazar area. 

In comparison with Cox’s Bazar, the gradual increase in precipitation from prior days 

to the day of ESL is comparatively less for Charchanga (Fig. 3.3a-g) and Kehpupara (Fig. 3.4a-

g), which is highly consistent with the temporal evolution during seven days for Charchanga 

(Fig. 3.1e) and Khepupara (Fig. 3.1f). However, there is presence of strong low pressure and 

associated high winds with a gradual increase from prior days to the day of extreme for 

Charchanga (Fig. 3.3a-g) and Khepupara (Fig. 3.4a-g). The intensity of strong low pressure 

and winds are high in the day of extreme for Charchanga (Fig. 3.3g) and Khepupara (Fig. 3.4g). 

During the extreme events, the high sea level along the coast of Charchanga and Khepupara 

may be influenced by the effect of strong low pressure and high winds. The earlier studies also 

mentioned that the storm-induced surges, associated with low pressure and high winds, 

accelerate the sea level rise along the coast of Bangladesh (Unnikrishnan et al., 2011; Iskandar 

and McPhaden, 2011; Lee, 2013). The result denotes that, likewise the discussed effect of high 

precipitation, the strong low pressure induced surges and high winds are also the important 

factors for ESL variability along the coast of Bangladesh. 
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Figure 3.1 The average time series (line) of SLA, Pre, SLP, U, and V for all ESL events at 

Cox’s Bazar (a, d, g, j, and m), Charchanga (b, e, h, k, and n) and Khepupara (c, f, i, l, and o). 

The error bars represent the standard deviation of the cases. The x-axes represent the day 

corresponding to the six days before (t = −6) to the ESL day (t = 0). 
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Figure 3.2 Composite map of the variables for each prior day (a-f) and the day of extreme (g) 

for all ESL events at Cox’s Bazar during 1993–2006. Here, the analysis was performed for the 

ESL events during 1993–2006, considering the availability of gridded sea level anomaly data 

from 1993. The gray shading over the ocean represents sea level anomaly (m) and the color 

shading over the land represents accumulated precipitation during the five preceding days 

(mm). The contour and vector are for SLP (hPa) and surface wind (m/s), respectively. The 

rectangles denote the location of the Cox’s Bazar station. It is noted that the sea level anomaly 

drawn here is defined as the deviation of sea level from its 20-year (1993–2012) climatological 

mean (Taburet et al., 2019). 
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Figure 3.3 Composite map of the variables for each prior day (a-f) and the day of extreme (g) 

for all ESL events at Charchanga during 1993–2000. Here, the analysis was performed for the 

ESL events during 1993–2000, considering the availability of gridded sea level anomaly data 

from 1993. The gray shading over the ocean represents sea level anomaly (m) and the color 

shading over the land represents accumulated precipitation during the five preceding days 

(mm). The contour and vector are for SLP (hPa) and surface wind (m/s), respectively.  The 

rectangles denote the location of the Charchanga station. It is noted that the sea level anomaly 

drawn here is defined as the deviation of sea level from its 20-year (1993–2012) climatological 

mean (Taburet et al., 2019). 
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Figure 3.4 Composite map of the variables for each prior day (a-f) and the day of extreme (g) 

for all ESL events at Khepupara during 1993–2000. Here, the analysis was performed for the 

ESL events during 1993–2000, considering the availability of gridded sea level anomaly data 

from 1993. The gray shading over the ocean represents sea level anomaly (m) and the color 

shading over the land represents accumulated precipitation during the five preceding days 

(mm). The contour and vector are for SLP (hPa) and surface wind (m/s), respectively.  The 

rectangles denote the location of the Khepupara station. It is noted that the sea level anomaly 

drawn here is defined as the deviation of sea level from its 20-year (1993–2012) climatological 

mean (Taburet et al., 2019). 

 

3.3.2. Contribution of precipitation to the predictions of ESL 

In this section, the influence of precipitation on SLA was evaluated using MLR 

statistics. Figure 3.5 compares the variations of predicted and observed sea levels for a typical 

event at each station. Here, only successful cases are presented, in which the sea level 

prediction is nicely improved by adding the precipitation effect. The remaining cases will be 

also studied in this Section. At Cox’s Bazar, the observed daily sea level on 19 July 2000 is 

well captured by the prediction with precipitation (i.e., Equation (2)), which achieved adjusted 

R2 = 0.994 (Fig. 3.5a) and the root mean squared error (rmse) is 0.01. This result suggests that 

the evolution of ESL is mainly controlled by meteorological factors. However, when the effect 

of precipitation is excluded, the adjusted R2 decreased to −0.591 (Fig. 3.5a) and the rmse 
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became 0.22. At Charchanga on 25 September 1995, the prediction with precipitation is more 

skillful (adjusted R2 = 0.954, rmse = 0.03) than the prediction without precipitation (adjusted 

R2 = 0.258, rmse = 0.18) (Fig. 3.5b). At Khepupara on 13 October 1991, the prediction with 

precipitation also performed better, although the differences in adjusted R2 between the 

prediction with (adjusted R2 = 0.999, rmse = 0.01) and without precipitation (adjusted R2 = 

0.941, rmse = 0.03) are small (Fig. 3.5c) compared with those of Cox’s Bazar and Charchnaga 

stations. The difference in adjusted R2 between the two predictions implies that the impact of 

precipitation on ESL differed for each station.  

Figure 3.6 examines the adjusted R2 of the SLA predictions for all ESL events. The 

higher adjusted R2 is commonly seen for the prediction with precipitation. This is a common 

character for the rmse (Table 3.1). The distribution of rmse values for the predictions with 

precipitation shifted lower in comparison to that for the prediction without precipitation; the 

lower shift of the mean rmse value is statistically significant (p < 0.05 for the three stations). 

These results show the importance of precipitation variability in predicting sea level variation 

along the coast of Bangladesh. The improvement in adjusted R2 for WP predictions is greater 

at Cox’s Bazar than at Charchanga and Khepupara. Figure 3.6 shows that the increase of 

adjusted R2 is large for the event whose adjusted R2 value is low for the prediction WOP. For 

such cases, the daily variation of sea level is likely to be influenced by the precipitation that 

accompanies river discharge and therefore, the consideration of the precipitation effect would 

improve the predictability of ESL. Studies have shown that the high river discharge modulates 

the long-term sea level variability along the coast of Bangladesh (Singh, 2001, 2002a; Caesar 

et al., 2015; Dandapat et al., 2020).  
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Figure 3.5 (a) The observed SLA (bar) and predicted SLAs for prediction with precipitation 

(WP, red line) and without precipitation (WOP, black line) at Cox’s Bazar for the case of ESL 

on 19 July 2000. (b) and (c) same as (a) but for Charchanga on 25 September 1995 and 

Khepupara on 13 October 1991, respectively. The MLR equations are  

SL′ = 0.06 × SLP – 0.04 × U – 0.05 × V + 0.23 × Pre + 0.32 (WP, Cox’s Bazar) 

SL′ = −0.06 × SLP – 0.06 × U + 0.14 × V + 0.20   (WOP, Cox’s Bazar) 

SL′ = 0.01 × SLP – 0.14 × U + 0.03 × V + 0.29 × Pre + 0.10 (WP, Charchanga)  

SL′ = 0.15 × SLP + 0.09 × U – 0.23 × V + 0.10   (WOP, Charchanga) 

SL′ = −0.11 × SLP + 0.05 × U + 0.08 × V + 0.04 × Pre + 0.13 (WP, Khepupara) 

SL′ = −0.17 × SLP + 0.13 × U + 0.08 × V + 0.13      (WOP, Khepupara)  

Table 3.1 The evaluation of the root mean square error (rmse) for WP and WOP predictions. 
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Figure 3.6 The relationship between the adjusted R2 values of sea level predictions based on 

MLR for WP and WOP at (a) Cox’s Bazar, (b) Charchanga, and (c) Khepupara. Each dot 

corresponds to an ESL event. Red and black dots represent adjusted R2 for predictions WP and 

WOP, respectively. The y-axis represents the adjusted R2 for predictions WP. The x-axis 

represents the differences in adjusted R2 between WP and WOP predictions. 

 

3.3.3. Seasonal variations of the impact of precipitation 

The seasonal variations of precipitation effect to ESL events are presented in Figure 

3.7. Here, the effect of precipitation was measured from the adjusted R2 difference of the two 

predictions and then its relationship with SLA was evaluated. In Cox’s Bazar, ESL events with 

a high influence of precipitation tended to occur in June and July (Fig. 3.7a), which may 

correspond to the peak precipitation season of the summer monsoon. Interestingly, the highest 

SLAs are observed in May (Fig. 3.7a) and the difference in adjusted R2 for these events are 

generally small. It was confirmed that these events mostly occurred in early May in 1995 and 

1997 and there were tropical cyclones or tropical depressions over the study area (Ali, 1999; 

Wahiduzzaman, 2021). Hence, it is very likely that these ESL events are strongly influenced 

by SLP and winds, rather than the precipitation effect. For such cases, since adjusted R2 is 

originally very high, predictions WP and WOP do not differ largely. In June and July, the effect 

of precipitation at Cox’s Bazar is thought to be enhanced because the precipitation amount is 

high in these months. In Charchanga, the ESL events with a large adjusted R2 difference 

occurred during the post-monsoon period from August through to September (Fig. 3.7b). The 

frequency of heavy precipitation events remained high in these months, leading to the 

possibility of a large contribution of precipitation. At Khepupara, the differences in adjusted 

R2 are found during October and November, corresponding to the post-monsoon season, 

although the magnitude of the adjusted R2 difference is smaller than other stations (Fig. 3.7c). 
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The impact of precipitation on the skill of MLR predictions varied among stations and seasons. 

It has been suggested that the impact is high in Cox’s Bazar and Charchanga for July and 

September–October, respectively. These months agree well with the month of highest 

precipitation for the study area, as mentioned in previous studies (Shahid, 2011; Ahasan et al., 

2010; Mohsenipour et al., 2020). 

  

Figure 3.7 Monthly variations in adjusted R2 difference between predictions WP and WOP at 

(a) Cox’s Bazar, (b) Charchanga, and (c) Khepupara. Dots represent ESL events and the colors 

indicate the months when they occurred. 

In Cox’s Bazar, the ESL events with a high influence of precipitation tended to occur 

during the peak precipitation of the summer monsoon. Figure 3.8b confirmed that the 

occurrence of ESL events with a high influence of precipitation is corresponding to the peak 

precipitation of June and July during monsoon. It is also confirmed the amount of precipitation 

in June and July is high at Cox’s Bazar (Fig. 3.8b). Figure 3.8b represents the high seasonal 

variability of monthly precipitation in Bangladesh, associated with the summer monsoon, 

which typically ranges from June through to September. According to the submonthly-scale, 

intraseasonal variability is dominant in this region (Fujinami et al., 2017), there is a prominent 

increase of heavy precipitation events (>50 mm/day) from pre-monsoon (May) to post-

monsoon (October) seasons. The frequency of ESL events shows a similar seasonal variation 

with the heavy precipitation event, indicating that ESL events are triggered by high 

precipitation events (Fig. 3.8a). Figure 3.8a,b also confirmed that the simultaneous increases 

of ESL events and heavy precipitation in 1999, as shown in Figure 1.3 (Chapter 1), are common 

characters for many years. Figure 3.8a shows five ESL events in November, which denotes 

there are different processes in comparison to those occur during peak monsoon season. Among 

the five ESL events, the ESL on 29 November 1988 and 25 November 1995 are influenced by 
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the effect of tropical cyclone rather than the precipitation. The presence of tropical depression 

and associated small precipitation might influence the ESL on 9 November 1983 and 23 

November 1998. The small precipitation over a small area along the eastern coast was observed 

during the ESL event on 9 November 1990. These are the possible cause of the November 

ESLs. 

 

Figure 3.8 (a) Monthly variation of ESL events at Cox’s Bazar averaged during 1983–2006. 

Note that years of 2001–2003 were excluded due to data unavailability. (b) Monthly variations 

of mean precipitation (mm/day; bar) during 1983–2006 averaged near Cox’s Bazar area 

(20.60°–22.00° N and 91.90°–92.75° E) and the number of days exceeding 50 mm/day of area-

mean precipitation (line). 

 

3.4. Discussion and summary 

In section 3.3.2, it was confirmed that the predictability of ESL is highly influenced by 

the effect of precipitation. The MLR performs well for predictions of ESL with the effect of 

precipitation than that without precipitation, which denotes high contribution of precipitation 

for predictions of ESL. To understand the causality of precipitation to enhance ESL, the MLR 

with precipitation term (Equation 2) was decomposed into two parts, one for the term of 

precipitation (Equation 4) and another for the term of other effects (Equation 5). 

 SL´Pre-term(t) = d1 × Pre(t)                                                                                  (4) 

 SL´Other terms(t) = a1 × SLP(t) + b1 × U(t) + c1 × V(t) + e1                                 (5)  
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Figure 3.9 shows the decomposition of predicted SLA with WP setting at Cox’s Bazar. 

The predicted SLA without the term of precipitation shows large uncertainty although it shows 

a weak increase toward the ESL day (Fig. 3.9b). This means SLA variations driven by 

meteorological elements (air pressure and wind) are strongly case-dependent. The precipitation 

term also shows large uncertainty among cases but shows a steady increase (Fig. 3.9a). The 

negative SLAs in Figure 3.9a during the first half of the episode is because of the use of 

normalized precipitation. The result shows that during extreme events the SLA explained by 

the precipitation term is smaller than that of other terms. From prior four day (t = −4) to the 

day of extreme (t = 0), however, the SLA explained by the precipitation term shows high 

increase from -0.08 m to 0.32 m (about 0.40 m). In contrast, for this period there is a weak 

increase from 0.22 m to 0.38 m (about 0.16 m) in SLA explained by the other terms. This 

analysis suggested that the large increase in SLA toward the ESL day is mainly governed by 

the contribution of precipitation rather than other effects.  

  

Figure 3.9 (a) and (b) represent the average time series of the decomposed SLA variations due 

to Pre-term (Equation 4) and other terms (Equation 5), respectively at Cox’s Bazar. The error 

bars represent the standard deviation of the cases. The x-axes represent the day corresponding 

to the six days before (t = −6) to the ESL day (t = 0). 

The results indicate that the precipitation has significant contribution to ESL. It denotes 

the importance for consideration of high precipitation over Bangladesh area to predict the ESL 

change along its coast. Likewise, the revealed importance of high precipitation, the composite 

analysis in Section 3.3.1 confirmed that the low-pressure generated strong winds and surges 

influence the sea level during extreme SL events. The influence of cyclones and associated 

winds to the sea level change during extremes was evaluated along the coast of Bangladesh. A 

composite analysis was performed for cyclone-induced ESL days to understand the effect of 

cyclones and associated winds to the sea level change. Figure 3.10 shows the composite of 
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cyclone-induced ESL days at the three study sites during 1993–2006. Here, the cyclone-

induced ESL days means the ESL days when the tropical cyclone was observed in the targeted 

area (17°–27°N and 83°–95°E) based on the IMD best track data (IMD, 2008). It is revealed 

that during the cyclone-induced ESL days, there are high sea levels along the coast of the three 

stations, which denotes the strong effect of low SLP and high winds toward the coast (Fig. 

3.10). The composite analysis shows that during extremes the center of the cyclones are 

generally located over land and western coast of the BoB, which may reflect their active 

influence on the variability of ESL along the coast. The effect of cyclones to accelerate the sea 

level during some ESL events (i.e., ESL events in May) is also evident in this region (Fig. 

3.7a). The role of cyclone-induced surges and winds to enhance the sea level rise along the 

coast of Bangladesh was mentioned in earlier studies (Unnikrishnan et al., 2011; Iskandar and 

McPhaden, 2011; Lee, 2013). Therefore, the consideration of the cyclone effect is important 

for studying the ESL variability along the coast. 

 

Figure 3.10 (a) Composite map of the variables for six cyclone-induced ESL days at Cox’s 

Bazar during 1993–2006. Here, the analysis was performed for the period 1993–2006, 

considering the availability of gridded sea level anomaly data from 1993. The gray shading 

over the ocean represents sea level anomaly (m) and the color shading over the land represents 

accumulated precipitation during the five preceding days (mm). The contour and vector are for 

SLP (hPa) and surface wind (m/s), respectively. The purple triangle indicates the location of 

cyclone on each ESL day. (b) and (c) same as (a) but for five and four cyclone-induced ESL 

days during 1993–2000 for Charchanga and Khepupara, respectively. At Charchanga, it is 

noted that the two different cyclones during two different days are occurred over same location. 

The sea level anomaly drawn here is defined as the deviation of sea level from its 20-year 

(1993–2012) climatological mean (Taburet et al., 2019). 
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In this study, it is revealed that the ESL variability along the coast of Bangladesh is 

influenced by the seasonality of precipitation. The previous studies mentioned that the seasonal 

variation of precipitation in this area was modulated by the high precipitation during the 

monsoon season (Shahid, 2010; Ahasan et al., 2010; Turner and Annamalai, 2012; Cheng et 

al., 2013; Ahmed et al., 2017; Mohsenipour et al., 2020). The high precipitation during the 

monsoon season may reflect the revealed effect of high monsoonal precipitation on the 

variability of ESL over this region. The effect of high monsoonal precipitation and associated 

runoff on the coastal sea level change was mentioned in some earlier researches, but there have 

lack of focus on precipitation effect to the variability of ESL at daily time scale along the coast 

of Bangladesh (Singh, 2001; Mondal, 2001; Dewan, 2003; Sarwar, 2013; Antony et al., 2016). 

In this regard, it is expected that this is a pioneer study to investigate the influence of 

precipitation on ESL change along the coast of Bangladesh. 

The composite map of the sea level anomaly and meteorological variables for three 

stations shows the distribution of high sea level anomaly near the eastern and central coastal 

area (Fig. 3.2-3.4). The spatial extent of this high sea level anomaly is approximately 100–200 

kilometer from the coastline. The presence of high sea level anomaly over this small area 

adjacent with coastline might reflect the effect of terrestrial precipitated-water discharge over 

there. The heavy precipitation and its high effect on ESL were found at Cox’s Bazar along the 

eastern coastal area. The risen sea level along the eastern coast possibly influences the 

distribution of sea level anomaly in the central and western coast in the following days due to 

the propagation of coastal Kelvin wave in the funnel shape northern BoB (Han and Webster, 

2002; Suresh et al., 2013). Previous study suggested that the equatorial Kelvin wave over 

Indian Ocean tends to propagate to the east and after arriving at Malay Archipelago it turns 

into coastal Kelvin wave and propagate to the north along the eastern coast of the BoB (Webster 

et al., 1999; Han and Webster, 2002). The northward propagation of this coastal Kelvin wave 

might force the high sea level near Cox’s Bazar, and it can further propagate toward the central 

and western coast. Therefore, the coastal Kelvin wave is one of the important forcings which 

possibly influence the spatial variability of coastal high sea levels along the coast of 

Bangladesh. 

However, some shortcomings are also addressed on the performances of MLR for 

predictions of ESL. It is recognized that, in a few cases, the adjusted R2 of the MLR is not high, 

even with the consideration of precipitation (Fig. 3.5). For such cases, nonlinear effects may 

play an important role and the adopted MLR do not work as expected. The result represents 
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that likewise the high predictability of ESL considering with precipitation, some events show 

high predictability for without precipitation. The high predictability of ESL in MLR without 

precipitation indicates the high contribution of SLP and meridional wind (V) to sea level. 

Therefore, it is revealed that the variations in the predictability of ESL for two different MLRs 

are mainly influenced by the variations in the contribution of the explanatory variables. In 

addition, this study assesses the causal effect of precipitation on the predictability of ESL by 

means of statistical analysis. However, the adoption of a physical model is desirable to 

understand the causality of precipitation to increase ESL. 

Nevertheless, the novel outcomes of this study will be to meet up the study gap on the 

effects of high precipitation on the ESL variability along the vulnerable coast of Bangladesh. 

It is revealed that the high precipitation over this region has a large contribution to the ESL. 

Therefore, it is expected that the consideration of the effect of precipitation will help to improve 

the forecast of ESL events. This study has importance to represent the effect of precipitation 

on ESL variations and to reduce the vulnerabilities of ESL-induced hazards along the coast of 

Bangladesh. 
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Chapter 4: Performance of the MLR for predictions of ESL 

 

4.1. Introduction 

In Chapter 3, it was confirmed that the MLR for each event using seven-day period 

performs well for predictions of ESL. It was revealed that the performance of MLR for 

predictions of ESL considering with precipitation (Equation 2) outperformed predictions 

without precipitation (Equation 3). In MLR for each event three (or four) explanatory variables 

were used as input to explain seven-day evolution of sea level. Since the MLR is sensitive to 

the sample size (Hünicke and Zorita, 2006; Zhang and Church, 2012; Karabil et al., 2017), the 

sample size might be too small. This small sample size in comparison to the number of 

explanatory variables will lead to too high predictability. Therefore, to avoid such a deficit in 

the MLR for each event, the sample size was increased here. The MLR adopted here uses daily 

samples of all ESL events including seven days before each ESL day. This MLR is referred to 

as MLR for all events. The sample size is 7 × event number for each station. The explanatory 

variables are identical with those addressed in MLR for each event (Equation 2), but the number 

of samples is increased. Here, the effect of precipitation on ESL will be investigated using a 

large sample size.   

In Chapter 3, the MLR for each event confirmed that the variability in the predictions 

of ESL are influenced by the variation of precipitation effect among the stations. In a similar 

manner, here the contribution of precipitation will be investigated to understand the variations 

in predicted sea level among the stations using MLR for all events. 

The objective of this chapter is to investigate the effect of precipitation on the 

predictability of ESLs using MLR for all events at three study stations. It is also aimed to 

investigate the contribution of precipitation to the variations of ESLs among the stations. The 

rest of the sections of this Chapter are outlined as follows. Section 4.2 explains the analytical 

procedures. Section 4.3 shows the results of the MLR predictions for all ESL events. Section 

4.4 discusses the outcomes and summary.  

 

4.2. Analytical procedures: MLR for all events 

In Chapter 3, the MLR was performed for seven-day period of each ESL event. Here, 

MLR was created using all ESL events. The daily samples of seven days in prior to all ESL 

events for each station were used at once. The MLR equation for each station is presented as  
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SL´Cox’s Bazar (t) = a3 × SLP(t) + b3 × U(t) + c3 × V(t) + d3 × Pre(t) + e3 (6) 
 

SL´Charchanga (t) = a4 × SLP(t) + b4 × U(t) + c4 × V(t) + d4 × Pre(t) + e4 (7) 
 

SL´Khepupara (t) = a5 × SLP(t) + b5 × U(t) + c5 × V(t) + d5 × Pre(t) + e5 (8) 

 

Herein, SL´ represents the predicted SLA at each station and t represents the number of 

samples. At Cox’s Bazar (Equation 6), the sample size (t) is 245 days, which was derived from 

7 days in prior to 35 ESLs events (35 × 7 = 245). Similarly, for Charchanga (Equation 7) and 

Khepupara (Equation 8) the sample size (t) is 210 days (30 × 7) and 126 days (18 × 7), 

respectively. The coefficients were determined for all sample sizes at each station. The derived 

coefficients are presented in Table 4.1.  

Table 4.1 Coefficients of the explanatory variables of Pre, SLP, U, and V obtained from the 

MLR for Cox’s Bazar (Equation 6), Charchanga (Equation 7), and Khepupara (Equation 8). 

 

To examine the causality of precipitation to enhance ESL, the MLR (Equation 6, 7, and 

8) was decomposed into two parts. One is for the precipitation term and the another for other 

terms. These two terms were compared to understand their contribution for predictions of sea 

level during extremes. 

For Cox’s Bazar: 

SL′Cox’s Bazar (Pre-term) (t) = d3 × Pre(t)                                                                         (9) 

            SL′Cox’s Bazar (Other terms) (t) = a3 × SLP(t) + b3 × U(t) + c3 × V(t) + e3                       (10)  

For Charchanga: 

SL′Charchanga (Pre-term) (t) = d4 × Pre(t)                                                                        (11) 

            SL′Charchanga (Other terms) (t) = a4 × SLP(t) + b4 × U(t) + c4 × V(t) + e4                       (12)  

For Khepupara: 

SL′Khepupara (Pre-term) (t) = d5 × Pre(t)                                                                          (13) 

            SL′Khepupara (Other terms) (t) = a5 × SLP(t) + b5 × U(t) + c5 × V(t) + e5                         (14)   
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4.3. Results 

 

4.3.1. Performance of MLR for all events 

Here, the result for predictions of ESL using MLR for all events at Cox’s Bazar 

(Equation 6), Charchanga (Equation 7), and Khepupara (Equation 8) is presented. To represent 

the predictability of ESL, the time series of the predicted sea level was compared with the 

observed sea level. Figure 4.1 displays the average time series of the observed and predicted 

SLA at three study stations. For all three stations, similar to the observed SLA, the predicted 

mean SLA is highest on the day of the extreme (t = 0), with a gradual increase from the prior 

days. The predicted SLA on the day of the extreme shows large uncertainty, which represents 

the high variations in predicted ESLs among the events. In the day of extreme, the observed 

SLA is 0.72 m, 0.64 m, and 0.59 m and the predicted SLA is 0.53 m, 0.37 m, and 0.43 m, 

respectively, for Cox’s Bazar (Fig. 4.1a,b), Charchanga (Fig. 4.1c,d), and Khepupara (Fig. 

4.1e,f). The result shows that in comparison with Charchanga (Fig. 4.1c,d), and Khepupara 

(Fig. 4.1e,f) the observed sea level is well predicted in the day of extreme at Cox’s Bazar (Fig. 

4.1a,b). Using MLR for all events, the predicted variability in ESL among stations are 

consistent with those using MLR for each event presented in Chapter 3. To examine the main 

driver to the variability among stations, the contribution of precipitation and other explanatory 

variables in the MLR for all events were investigated in the following section.  
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Figure 4.1 (a) and (b) represent average time series of the observed and predicted SLA, 

respectively at Cox’s Bazar. (c), (d) and (e), (f) same as (a), (b) but for Charchanga and 

Khepupara, respectively. The error bars represent the standard deviation of the cases. The x-

axes represent the day corresponding to the six days before (t = −6) to the ESL day (t = 0). 
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4.3.2. Variations in the contribution of precipitation among the stations 

In Section 4.3.1, it was confirmed that the predictability of ESL considering 

precipitation is high at Cox’s Bazar than Charchanga and Khepupara. It is hypothesized that 

the variabilities in ESL predictions among the stations may be influenced by the variations in 

the contribution of precipitation. Therefore, to investigate the contribution of precipitation to 

the variabilities in ESLs, the MLR for all events was decomposed into two parts, one for the 

precipitation term and another for the other terms. The contribution of the precipitation term 

was determined using Equation 9, 11, and 13 for Cox’s Bazar, Charchanga, and Khepupara, 

respectively. Similarly, Equation 10, 12, and 14 were used to determine the contribution of 

other terms for Cox’s Bazar, Charchanga, and Khepupara, respectively. Figure 4.2 shows the 

decomposition of the predicted SLA for precipitation term and other terms at three stations. 

For Cox’s Bazar, the SLA explained by the precipitation term (Fig. 4.2a) is smaller than that 

of other terms (Fig. 4.2b). However, the other terms show almost stable evolution from prior 

days towards the day of extreme (t = 0). In contrast, the contribution of precipitation term shows 

gradual increase especially from prior three day (t = −3) toward the day of extreme (t = 0), 

although it shows large uncertainty among the events (Fig. 4.2a). For this period, there is high 

increase in SLA from –0.07 m to 0.23 m (about 0.30 m) explained by the precipitation term. In 

contrast, there is a very weak increase in SLA from 0.24 m to 0.29 m (about 0.05 m) explained 

by the other terms, which denotes that the high increase in SLA toward the ESL day is mainly 

governed by the precipitation term. In comparison with Cox’s Bazar, the contribution of 

precipitation term is very small than the contribution of other terms for Charchanga (Fig. 4.2c) 

and Khepupara (Fig. 4.2e). The SLA explained by other terms shows a steady increase from 

prior three day (t = −3) toward the ESL day with large uncertainty among the events for 

Charchanga (Fig. 4.2d) and Khepupara (Fig. 4.2f). It indicates that the high increase in sea level 

toward the ESL day is mainly driven by the contribution of the other terms rather than the 

precipitation term for Charchanga and Khepupara. The high contribution of precipitation at 

Cox’s Bazar is influenced by the high coefficient value of precipitation (coeff. = 0.187), and 

the low coefficient values of precipitation for Charchanga (coeff. = −0.016) and Khepupara 

(coeff. = 0.045) reflect the small effect of precipitation for these two stations (Table 4.1).  

To discuss the relationship between precipitation and sea level, their time series were 

compared in Figure 4.3. Figure 4.3a shows that at Cox’s Bazar the amount of precipitation is 

high during the ESL events, which denotes the evidence of high precipitation effect for ESL 

variability at Cox’s Bazar. On the other hand, for Charchanga (Fig. 4.3b) and Khepupara (Fig. 
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4.3c) the amount of precipitation is very small during the ESL events. The small amount of 

precipitation at Charchanga and Khepupara may be due to the use of precipitation averaged 

over a large basin, which may reduce the amount when dry area is included. Figure 4.3 indicates 

that the variations in predictability of ESLs among the stations are highly influenced by the 

variations in precipitation. For Cox’s Bazar, it shows high precipitation during ESL. In 

comparison with Cox’s Bazar, the amount of precipitation is very small in Charchanga and 

Khepupara. The small precipitation at Charchanga and Khepupara may be the reason for 

relatively high contribution of other factors (i.e., SLP and winds) for the predictions of ESL.   

 

Figure 4.2 (a) and (b) represent the average time series of the decomposed SLA for Pre-term 

and other terms, respectively at Cox’s Bazar. (c), (d) and (e), (f) same as (a), (b) but for 

Charchanga and Khepupara, respectively. The error bars represent the standard deviation of 

the cases. The x-axes represent the day corresponding to the six days before (t = −6) to the ESL 

day (t = 0). 
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Figure 4.3 (a) Time series of five-day accumulated precipitation (thin dash lines) and estimated 

SLA (thin solid lines) during each ESL event at Cox’s Bazar. The thick lines represent their 

averages. The x-axis represents the day corresponding to the six days before (t = −6) to the 

ESL day (t = 0). The left axis is for SLA and the right axis is for precipitation. (b) and (c) same 

as (a) but for Charchanga and Khepupara station, respectively. 

 

4.4. Discussion and summary 

In the results section, it was revealed that the ESL is well predicted using MLR for all 

events. The variations in the contribution of precipitation influence the predictions of ESL 

among the stations. Considering precipitation term the predicted high SLA at Cox’s Bazar in 

comparison to Charchanga and Khepupara reflects the high precipitation over Cox’s Bazar area 

(Fig. 4.2). Here, a composite analysis of the meteorological variables was performed to 

represent their spatial variations in the day of ESL. Figure 4.4 shows the composite map of the 

variables for all days of extreme (t = 0) of the selected ESL events at three stations. It denotes 

that during extreme days the precipitation remains high over Cox’s Bazar which may contribute 

to the high sea level along the coastal ocean (Fig. 4.4a). For Charchanga (Fig. 4.4b) and 

Khepupara (Fig. 4.4c), the intensity of precipitation seems less, which results in the relatively 

low sea level along the coast of Charchanga and Khepupara. Figure 4.4 shows that for Cox’s 

Bazar, the high precipitation and low-pressure induced strong wind enhance the sea level. 

However, for Charchanga and Khepupara low-pressure associated storms and winds play an 

important role for high sea level rather than precipitation. At Cox’s Bazar, precipitation along 

the coast remains high during ESL event (Fig. 4.4), which is consistent with the temporal 

evolution shown in Figure 4.3. For Charchanga and Khepupara, the small precipitation in 

Figure 4.4 is also consistent with their temporal evolutions in Figure 4.3.   
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Figure 4.4 (a) Composite map of the variables for all day of extreme (t = 0) of the selected 

ESL events at Cox’s Bazar. Here, the analysis was performed for 25 days of ESL for the period 

of 1993–2006. Only the ESL events after 1992 were used because of the availability of gridded 

sea level anomaly data from 1993. The gray shading over the ocean represents sea level 

anomaly (m) and the color shading over the land represents accumulated precipitation during 

the five preceding days (mm). The contour and vector are for SLP (hPa) and surface wind 

(m/s), respectively. The rectangles denote the location of the Cox’s Bazar station. (b) same as 

(a) but for Charchanga station and the analysis was performed for 12 days during extremes for 

the period of 1993–2000. (c) same as (a) and (b) but for Khepupara station and the analysis 

was performed for 7 days during extremes for the period of 1993–2000. It is noted that the sea 

level anomaly drawn here is defined as the deviation of sea level from its 20-year (1993–2012) 

climatological mean (Taburet et al., 2019). 

The main objective of this study is to investigate the effect of precipitation on ESL 

events. The effect was evaluated using the MLR for each event (Equation 2). In section 3.3.2, 

it was confirmed that the observed ESL is well predicted by the MLR with consideration of 

precipitation effect. However, the MLR created for each event may be sensitive to the sample 

size (Hünicke and Zorita, 2006; Zhang and Church, 2012; Karabil et al., 2017). Therefore, in 

Chapter 3 the MLR built using all ESL events (Equation 6, 7, and 8) was evaluated. The sample 

size is increased to be in total 245, 210, and 126 for Cox’s Bazar (Equation 6), Charchanga 

(Equation 7), and Khepupara (Equation 8), respectively. The MLR for all events performed 

well for the predictions of sea level. Figure 4.5 shows the average time series of SLA from two 

MLRs at Cox’s Bazar. The predicted SLA using MLR for each event shows a gradual increase 

toward the day of extreme (Fig. 4.5a). The predictions of SLA using MLR for all events also 
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shows monotonic increase toward the day of ESL (Fig. 4.5b). For both MLRs, the gradual 

increase in SLA towards the day of ESL is mainly attributable to the contribution of 

precipitation at Cox’s Bazar (Fig. 3.9a, 4.2a).  

To evaluate the consistency of two MLR predictions, the coefficients in the two MLRs 

were compared. At Cox’s Bazar, there are positive coefficients of precipitation for 28 ESL 

events out of total 35 events (Fig. 4.6a). For Charchanga, 18 ESL events out of total 30 shows 

negative coefficients and the remaining 12 ESL events shows positive coefficients (Fig. 4.6e). 

At Khepupara, 11 ESL events out of total 18 shows positive coefficients for precipitation (Fig. 

4.6i), although the values of the coefficients are small. In comparison with Charchanga and 

Khepupara, the positive coefficient values of precipitation are found for many events at Cox’s 

Bazar. This result implies the fact that precipitation is more influential for ESL at Cox’s Bazar. 

At three stations, many events shows negative coefficients for SLP (Fig. 4.5b,f,j), negative and 

small coefficients for U (Fig. 4.6c,j,k), and also relatively small coefficients for V (Fig. 

4.6d,h,l). The strong negative coefficients of SLP for many events at Charchanga rather than 

other stations highly influence the predictions of ESL. The coefficients of the explanatory 

variables in MLR for all events are presented in Table 4.1 (Section 4.2). The result shows that 

likewise the MLR for each event, the coefficient of precipitation in MLR for all events is 

positive at Cox’s Bazar (coeff. = 0.187), and it is higher than that in Charchanga (coeff. = 

−0.016) and Khepupara (coeff. = 0.045) (Table 4.1). Table 4.1 also shows that the coefficients 

for other variables (i.e., SLP, U, and V) are small and negative at three stations, which is 

consistent with the MLR for each event (Fig. 4.6). The negative coefficients for other 

explanatory variables (i.e., SLP) also denotes their high influence on ESL, especially for 

Charchanga and Khepupara (Table 4.1). At Cox’s Bazar, for both MLR predictions (Fig. 4.5), 

the increasing SLA toward the day of extreme are mainly attributable to the precipitation term 

in MLR for each event (Fig. 3.9a) and MLR for all events (Fig. 4.2a). The consistency between 

two different MLRs is owing to the similarities of the coefficients, which denotes that the 

positive effect of terrestrial precipitation to enhance sea level is robust at Cox’s Bazar.   
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Figure 4.5 (a) Average time series of the predicted SLA at Cox’s Bazar using MLR for each 

event. (b) same as (a) but for the MLR for all events. The error bars represent the standard 

deviation of the cases. The x-axes represent the day corresponding to the six days before (t = 

−6) to the ESL day (t = 0). 
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Figure 4.6 Scatter plots of the coefficients obtained from the MLR for each event (Equation 

2). (a), (b), (c), and (d) represent the coefficients of Pre, SLP, U, and V, respectively, for 35 

ESL events at Cox’s Bazar. (e), (f), (g), and (h) are the same but for 30 ESL events at 

Charchanga. Similarly, (i), (j), (k), and (l) represents the same but for 18 ESL events at 

Khepupara.  

Likewise the MLR for each event in Chapter 3, the ESL is nicely predicted by the MLR 

for all events at three stations. In comparison to Charchanga and Khepupara, the predicted high 

SLA considering precipitation term at Cox’s Bazar is presumably due to the high precipitation. 

At Cox’s Bazar the consistency in predictions of ESL using two different MLR is governed by 

the dominant effect of precipitation which were revealed by both MLRs. In contrast, for 

Charchanga and Khepupara it is influenced by the effect of SLP and winds. Both MLR 

approaches commonly capture this feature.  
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Chapter 5: General discussion 

 

5.1. Influence of remote and local SST 

It is known that the monsoonal precipitation has interannual variation in relation to the 

large-scale ocean and atmosphere dynamics (Salahuddin et al., 2006; Fan et al., 2016; Ahmed 

et al., 2017). The El Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) are 

the dominant climate modes that modulate the interannual variability of precipitation in this 

region (Singh et al., 2001; Salahuddin et al., 2006; Ahmed et al., 2017; Wahiduzzaman, 2021). 

In Chapter 3, it was addressed that the precipitation contributes to the ESL along the coast of 

Bangladesh. Considering the importance of precipitation for ESL, the spatial distributions of 

terrestrial precipitation were investigated with respect to the remote effect of ENSO, IOD, and 

local SST conditions. Here, it is hypothesized that the variations in precipitation related to the 

ENSO and IOD index, and local SST effect may influence the ESL variability over this region. 

Therefore, the interannual variations of the ESL modulated by the influence of ENSO, IOD, 

and BoB SST were investigated in this section. 

The frequency of ESL events during the positive and negative phases of ENSO, IOD, 

and local BoB SST was investigated for Cox’s Bazar station. The ESL events were targeted to 

investigate how they are associated with the effect of large-scale ocean conditions. The spatial 

distributions of terrestrial precipitation and its significance were investigated for the remote 

effect of ENSO, IOD, and local SST conditions. Details of the used datasets for each parameter 

were same as those mentioned in Chapter 2.  

In Section 3.3.3, it was confirmed that the predictability of ESL varies with the seasonal 

march of monsoonal precipitation. The earlier studies mentioned that the monsoonal 

precipitation have interannual variation in relation to the large-scale ocean and atmosphere 

dynamics (Salahuddin et al., 2006; Fan et al., 2016; Ahmed et al., 2017). Therefore, considering 

the effect of the large-scale ocean and atmosphere forcings on monsoonal precipitation, the 

influence of ENSO, IOD, and local SSTs (BoB SST) on precipitation and ESL events was 

investigated for Cox’s Bazar station. Figure 5.1 depicts the interannual time series of ENSO, 

IOD, BoB SST, and the daily SLA at Cox’s Bazar during 1983–2006. The positive and negative 

phases for each ocean index were determined based on the threshold values, and then the 

analysis was conducted to characterize ESL and precipitation in each phase. One standard 

deviation of their monthly interval data (see Section 2.2) was used to determine the threshold 
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value. For ENSO, ONI index above +0.8K and below –0.8K are defined as positive phase and 

negative phase, respectively (Fig. 5.1a). For IOD, DMI index above +0.4K and below –0.4K 

are defined as positive phase and negative phase, respectively (Fig. 5.1b). These threshold 

values are similar to the threshold values adopted by the Bureau of Meteorology, Australia 

(BOM, 2022). For BoB SST, the area-averaged SST above +0.2K and below –0.2K are defined 

as warm and cold phase, respectively (Fig. 5.1c). Among the total of 35 ESL events at Cox’s 

Bazar, those occurred during positive and negative phases of ENSO, IOD, and BoB SST are 

very small (Table 5.1). For ENSO, the number of days for positive, negative, and normal phases 

are 1339, 1220, and 5028, respectively, and among them the number of ESL events are 3, 8, 

and 24, respectively. For IOD, the number of days for positive, negative, and normal phases 

are 671, 817, and 6099, respectively and among them the number of ESL events are 4, 3, and 

28, respectively. Similarly, for BoB SST, the number of days are 1489, 1609, and 4489, 

respectively and among them the number of ESL events are 7, 6, and 22, respectively. The 

small number of ESL events during negative and positive phases likely reflects their shorter 

duration than normal phase, rather than the less likelihood of ESL at these phases. These results 

denote that the effect of ENSO, IOD, and BoB SST on ESL is not strong.  

However, it is expected that the SST serves as an indirect forcing agent for ESL through 

enhancing the high precipitation when SST is high (Salahuddin et al., 2006; Roxy et al., 2013: 

Rahman et al., 2013). Therefore, it was aimed to investigate the effect of SST on precipitation 

around Bangladesh area. Considering the importance of precipitation for ESL, spatial 

distributions of terrestrial precipitation were investigated for positive and negative years of 

ENSO, IOD, and local SST. The positive year means the year in which more than six months 

belong to the positive phase, and vice versa for the negative phase. The analysis presented here 

used annual total precipitation, not monsoon precipitation. It was confirmed that the main claim 

remain unchanged if monsoon precipitation is analyzed. This is because of the large fraction 

of monsoon precipitation to annual precipitation. A year list of the status for ENSO, IOD, and 

BoB SST during 1983–2006 is given in Table 5.2. The result shows that the difference in 

precipitation between the positive and negative years of ENSO (Fig. 5.2a-c) and IOD (Fig. 

5.2d-f) over the Bangladesh area is not significant, suggesting that the effect of remote SST is 

not a dominant factor altering the terrestrial precipitation variability over Bangladesh in terms 

of the annual timescale. For the positive IOD year, positive precipitation anomaly is found only 

in the narrow area near Cox’s Bazar (Fig. 5.2d-f). Such a weak response of precipitation to 

remote SST has been noted by previous studies (Ahasan et al., 2010; Rahman et al., 2013; 
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Ahmed et al., 2017). Figure 5.2g-i shows that the Bangladesh area receives more precipitation 

during positive BoB SST years than negative years and their difference is significant. It is 

hypothesized that this is the reason for more ESL events during the warm SST years (n = 7) 

than the negative years (n = 6) (Table 5.1). However, their difference is small. The effect of 

BoB SST to enhance precipitation (Roxy et al., 2013) and the role of precipitation-induced high 

discharge to sea level change along the coast were reported in previous studies (Dandapat et 

al., 2020). The BoB SST-enhanced precipitation and associated discharge may have 

contributed to the variation in sea level along the coast of Bangladesh.   

The result in this section shows the number of ESL events are small during the positive 

and negative phases of ENSO, IOD, and BoB SST. Therefore, the remote effect of ENSO and 

IOD on the local sea level variations at Cox’s Bazar is uncertain. It  is revealed that the 

precipitation over the Bangladesh area is insensitive to the ENSO and IOD which denotes their 

weak effect on local precipitation variability in this area as reported previously (Rahman et al., 

2013; Ahmed et al., 2017). The precipitation over northern Bangladesh tended to be high in the 

year of high SST over the BoB, which may have contributed to the variation in sea level. 
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Figure 5.1 (a) Time series of (upper) daily SLA at Cox’s Bazar and (lower) ENSO index during 

1983–2006. The station SLA data are missing during 2001–2003. Shading in ENSO index 

indicates the period above (purple) and below (blue) threshold values. The triangle plotted on 

the top denotes the day of the ESL event. (b) and (c) Same as (a) but for IOD index and monthly 

mean SST anomaly over the BoB (5°–23° N and 80°–99° E), respectively.  
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Table 5.1 Number of SLA days and ESL events during different phases of ENSO, IOD, and 

BoB SST anomaly over the BoB (5°–23°N and 80°–99°E). 

 

Table 5.2 List of positive and negative years for ENSO, IOD, and BoB SST. 
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Figure 5.2 Average precipitation (mm/day) during (a) positive and (b) negative ENSO years. 

(c) Difference in precipitation between positive and negative ENSO year. (d) and (e) same as 

(a) and (b) but for positive IOD and negative IOD years and (f) their difference. Similarly, (g) 

and (h) for warm and cold BoB SST years and (i) their difference. The dots in (c), (f), and (i) 

represent the difference is statistically significant at 95% confidence level. 

 

5.2. Contribution to coastal management 

This study found that the ESL along the eastern coast of Bangladesh is mainly 

influenced by the effect of terrestrial precipitation. In contrast, for many events the ESL along 

the central and western coast are highly influenced by the strong low pressure and associated 

winds rather than precipitation. In Bangladesh the prediction of ESL has not been developed 
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yet and the role of site-dependent key meteorological factor for ESL is still out of consideration 

by the coastal managers. At present, the daily observed water level at available gauge stations 

is used for monitoring the sea level change (BWDB, 2020). The task of the coastal managers 

is to monitor the daily sea level. Their ongoing activities are also to investigate the forcing 

factors (e.g., precipitation) for ESL and to develop prediction models for ESL. However, the 

effect of precipitation is not accounted yet. The finding of this study suggests that the coastal 

managers should monitor the high precipitation and incorporate its effect to ESL warning at 

Cox’s Bazar area. The available observation of daily precipitation conducted by the 

Meteorological Department of Bangladesh (BMD, 2020) will be effective for the monitoring 

of precipitation. In contrast, for Charchanga and Khepupara the coastal managers should 

incorporate the effect of strong low-pressure and winds for prediction of ESL, which has been 

suggested by previous studies (Dube et al., 2009; Mehra et al., 2010; Lee, 2013; Dastagir, 

2015). It is hoped that the formulation of ESL prediction considering the effect of a site-

dependent key factor and the development of early warning system will help coastal peoples 

to reduce the losses in lives and properties. The people should be aware of the key factors and 

follow the predictions which will be essential to take proper measures against ESL hazards. 

The construction of coastal embankment is considered as an important measure to prevent the 

inundation of extreme water into the low-lying coast and to control the flood risk (Adel, 2002; 

Rahman and Rahaman, 2018; Hassan, 2019). The design and construction of disaster resilient 

houses, rescue center, public institutions, and effective communication system are necessary 

to reduce the vulnerability of the people (Ali, 1999; Dewan, 2003; Karim and Mimura, 2008). 

The development of proper drainage system will reduce the water logging problem and help to 

minimize the flood risk (Mirza, 2003; Brammer, 2014; Dastagir, 2015). The public awareness 

on the causes of ESL hazards and follow the aforementioned measures are essential for 

sustainable coastal management. 

Bangladesh is located in the highest precipitation-prone area of the world. The novel 

finding of this study highlights the influence of precipitation on ESL combined with other 

meteorological variables in this area. The consideration of upper basin precipitation will 

improve the prediction of ESL for Cox’s Bazar area, which will be effective to reduce the 

impact of ESL hazards. This study mentioned that the high precipitation over hilly areas plays 

a key role for ESL along the eastern coast of Bangladesh. The geomorphological settings of 

this hilly area may favor the high precipitated-water runoff, which enhance the sea level to be 

extreme along the eastern coast. Such role of precipitation is expected to be present in different 

global coasts that have similar geographical settings. In contrast, the upper GBM basin receives 
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high precipitation, but its effect in the central and western downstream is relatively small. The 

variation in precipitation over large upper basin and effect of human activities on discharge 

may lead to small amount of precipitated-water in the downstream. In addition, the small effect 

of precipitation for ESL is possibly influenced by the low pressure and winds rather than 

precipitation. It indicates that the effect of precipitation is not crucial for ESL in river basins 

where the discharge in the downstream is affected by the anthropogenic controls and other 

meteorological forcings are stronger (e.g., low pressure, winds) than precipitation.  

In this study the area averaged precipitation over the selected basin is used to investigate 

the effect of precipitation on ESL using statistical analysis. It suggests that the accurate 

estimation of precipitated-water discharge in the downstream is important to investigate the 

effect of upper basin precipitation on ESL. For this densely populated area, the runoff of the 

precipitated-water from upper basin is influenced by the human activities before it reaches the 

downstream (Adel, 2002; Rahman and Rahaman, 2018; Hassan, 2019). Therefore, it is 

necessary to account the withdrawal of river water in the upper basin. Considering the 

withdrawal of upstream water, precipitation-runoff models will be useful for the estimation of 

net precipitated-water discharge in the downstream (Zarriello and Ries, 2000; Degefu et al., 

2019). For example, the VIC-WUR (Variable Infiltration Capacity, developed by the 

Wageningen University and Research) hydrological model accounts the water withdrawal by 

human activities (Droppers et al., 2020). The use of surface and groundwater for various human 

activities (e.g., irrigation, industrial, domestic, and livestock) and dam operation were 

considered. The developed datasets on sectoral water demands were used for simulation of 

water withdrawal using VIC-WUR model. It is expected that the adoption of such hydrological 

models will be effective to estimate the net precipitated-water discharge, leading to more 

reliable prediction of coastal sea level change. The source area for precipitated-water discharge 

over GBM river basin extends over many countries. The precipitated-water discharge in the 

downstream is influenced by the water resource management in the upstream regions which 

might relate to the policy of multi-countries. The data on water withdrawal in each country is 

needed for the accurate estimation of net-precipitated water discharge in the downstream. 

Therefore, an international cooperation among countries will be essential for the improved 

prediction of coastal ESL.  

At present, the coastal hazards (e.g., flood, inundation, and erosion) are frequent and 

intense due to the changing climate forcings (Turner and Annamalai, 2012; Wahl et al., 

2017; Kirezci, et al., 2020). In the context of climate change, the ESL-induced hazards are a 
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great concern to the sustainability of the coastal communities (Antony et al., 2016; Wahl et al., 

2017). The climate change induced heavy precipitation, strong cyclones, and high winds 

enhance the occurrence of ESL events along the coasts (Dube et al., 2009; Piecuch et al., 2018; 

Singh et al., 2021). The intensity of heavy precipitation, strong winds, and severe cyclone 

events are projected to increase in future due to anthropogenic greenhouse gas emissions (Singh 

et al., 2000, Mirza, 2003; Mehra et al., 2010; Lee, 2013). The extremeness in precipitation is 

projected to increase by the late 21st century, which might raise flood risk in low-lying global 

deltas (Karim and Mimura, 2008; IPCC, 2013). The change in oceanic and atmospheric 

forcings will intensify the cyclones and associated cyclonic circulation over the coastal regions 

(Dube et al., 2009; Mehra et al., 2010; Lee, 2013). Under the projected warming in the 21st 

century, the frequency of intense cyclones is projected to increase substantially and the 

precipitation near the cyclone center becomes more extreme during landfall over the South 

Asia region (IPCC, 2013). Thus, the role of terrestrial precipitation to ESL in the studied area 

remains high in future. Further understanding on the process of terrestrial hydrological cycle 

including human activities will help reduce the vulnerability of the coastal community and 

ensure coastal sustainability.   
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Chapter 6: Conclusion 

The main objective of this study is to investigate the effect of precipitation on the 

variability of ESL at daily time scale along the coast of Bangladesh. The study was conducted 

at three different coastal stations of Cox’s Bazar, Charchanga, and Khepupara. The effect of 

precipitation on ESL was investigated mainly using MLR statistics. The explanatory variables 

of precipitation, SLP, zonal, and meridional winds were incorporated for predictions of SLA 

during the ESL events. The 99th percentiles values of daily SLA were used as threshold for the 

identification of ESL events. Then, after removing overlapped ESL events in total 35, 30, and 

18 independent ESL events were selected for Cox’s Bazar, Charchanga, and Khepupara, 

respectively. For precipitation, two different settings of the domain were used: one is for Cox’s 

Bazar and another for Charchanga and Khepupara. For Cox’s Bazar the hydrologic catchment 

area of the Sangu, Matamuhuri, and Karnafuli River system was used, which is isolated by the 

Arakan Mountain range. The GBM river basin area was used for Charchanga and Khepupara. 

The basin average precipitation over five days accumulation was used to account the delay 

effect in precipitation runoff. For SLP and winds, the daily area-averaged data over the BoB 

area was used considering the storm-induced surges and strong winds towards the coast. Two 

MLRs, one for with precipitation (WP) and another for without precipitation (WOP) were 

developed for each event and for each station to investigate the effect of precipitation. To 

confirm the independency of the explanatory variables, a correlation analysis among the 

explanatory variables was performed. It was confirmed that the explanatory variables 

contribute independently to SLA. The contribution of precipitation was evaluated from the 

differences of WP and WOP settings of the MLR for each event with seven-day period. It was 

revealed that the estimation of ESLs considering precipitation effects outperformed the 

estimation of ESLs without precipitation. The lower root mean squared error values were found 

for many cases for prediction of sea level with precipitation than without precipitation, which 

means the better prediction of SLA if precipitation data is incorporated. To understand the 

causal effect of the precipitation the MLR equation was decomposed into two parts, one is the 

term for precipitation effect and another to represent the effects of other terms (i.e., winds and 

sea level pressure). It was confirmed that the gradual increase in SLA towards the day of 

extreme is mainly governed by the contribution of precipitation term than the contribution of 

other atmospheric forcings for Cox’s Bazar. In contrast, the influence of precipitation on ESL 

is relatively small for Charchanga and Khepupara. The larger influence of precipitation at 

Cox’s Bazar reflects the high precipitation over this hilly area. The results demonstrated that 
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the effect of precipitation on ESL is robust and the effect of precipitation on the variability of 

ESL has spatial variation, with strong effects in the central and eastern parts of the coast. It was 

also noticed that the variability in ESLs among the stations are influenced by the variations in 

spatiotemporal evolutions of the explanatory variables during extremes. For Cox’s Bazar, the 

sea level in the day of extreme is highly influenced by the intense precipitation and strong low-

pressure induced winds towards the coast. In the day of extreme, the sea level for Charchanga 

and Khepupara are influenced by the low-pressure associated surges and winds rather than 

precipitation. 

The influences of precipitation on the local variability of ESL events were investigated 

based on the seasonal effects of the precipitation. It was found that the ESLs are influenced by 

the seasonality of precipitation. The peak precipitation of the monsoon season has high 

influence on the variability of ESL. It was revealed that the ESLs at Cox’s Bazar are influenced 

by the high precipitation of monsoon during June and July. For Charchanga, the influence of 

precipitation is prominent during the post-monsoon period (August to September). At 

Khepupara, the effect of high precipitation was found during October and November. For 

Cox’s Bazar station, the high frequency of ESLs during monsoon is influenced by the 

prominent increase of heavy precipitation events. There are variations in the predictability of 

ESL among the stations, and the high predictability in ESL at Cox’s Bazar reflects the high 

precipitation over this area in comparison with Charchanga and Khepupara. Therefore, it was 

confirmed that the precipitation plays an important role for ESL variability along the coast of 

Bangladesh. 

Likewise the MLR for each event, another MLR was developed by using all ESL 

events. The MLR for all events was performed at each station using all daily samples derived 

from seven days in prior to the ESLs. For Cox’s Bazar in total 245 samples were used, 

accounting the 35 ESL events and the 7 days for each ESL event. In the similar manner, in total 

210 samples (30 × 7) and 126 samples (18 × 7) were used for Charchanga and Khepupara, 

respectively. The MLR for all events well predicted the daily sea level during ESL events. The 

predictions of ESL is high at Cox’s Bazar than Charchanga and Khepupara, which is consistent 

with the MLR for each event. It is confirmed that the precipitation is a dominant factor for 

variations in the predictions of ESL among the stations. In addition, the coefficients of the two 

different MLR denotes that the predictions of ESL are highly influenced by the high coefficient 

values of precipitation than the other variables. For both the MLR predictions, the high 

coefficient values of precipitation at Cox’s Bazar reflect the high effect of precipitation there 
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than Charchanga and Khepupara. The consistency in the two different settings of MLR 

prediction denotes the insensitivity of MLR for the sample size. 

This study investigated the likelihood of ESL events during the positive and negative 

phases of ENSO, IOD, and BoB SST. It was revealed that the number of ESL events are very 

small during the positive and negative phases of ENSO, IOD, and BoB SST, which denotes 

that the effect of positive and negative phases of ENSO, IOD, and BoB SST on ESL is not 

strong. There is no significant precipitation difference over Bangladesh area corresponding to 

the remote SST effect induced by ENSO and IOD. The upper Bangladesh area receives high 

precipitation during the warm phase of BoB SST than the cold phase, and the warm BoB SST-

induced high precipitation may have contributed to the variation in sea level. 

The study will be considered as one of the pioneer studies for consideration of the effect 

of abundant precipitation in this area to predict the ESL. In the IPCC’s report, it was mentioned 

that the precipitation as a part of the hydrological cycle modulates the regional and local sea 

level (IPCC, 2019). Therefore, it is hoped that the findings of this study will highlight the 

importance of precipitation to improve the forecast of ESL events and disaster prevention.  

This study revealed the high effect of precipitation on ESL for Cox’s Bazar area along 

the eastern coast. The hilly geomorphological characteristics accelerates abundant precipitated-

water discharge in the downstream, which enhance the sea level to be extreme along the eastern 

coast. It is expected that such role of precipitated-water discharge will influence the ESL in 

different global coasts that have similar geographical settings. In contrast, the ESL for 

Charchanga and Khepupara area are influenced by the SLP and winds rather than precipitation. 

The understanding on the effect of site-dependent key meteorological factor for ESL will help 

the coastal managers to monitor crucial factor at each location, and the consideration of their 

effect will improve the prediction of ESL. The improved prediction will be effective for the 

preparation of the action plan for better coastal management. Furthermore, the prediction of 

ESL will help the coastal managers and stakeholders in the coastal communities to consider 

proper measures against ESL hazards. The construction of embankment, well drainage, disaster 

resilient buildings, and public awareness on extremeness of sea level will be effective to reduce 

the risk of ESL hazards. Considering the application of this study, the forecast datasets of daily 

sea level, precipitation, SLP, and winds are publicly available via internet. Hence, it is expected 

that the coefficients of the explanatory variables determined in MLR analysis for all ESL events 

will be useful for the prediction of sea level during extreme event. This study suggests that the 
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accurate estimation of precipitated-water discharge in the downstream using hydrological 

models will help to get more reliable prediction of ESL.  

In the context of changing climate, the intensity of extreme precipitation, strong 

cyclones, and high winds are projected to increase in future due to anthropogenic greenhouse 

gas emission. Under changing climate forcings, the ESLs will be more intense in future and the 

increasing intensity of ESL-induced hazard will enhance the vulnerability of the coastal 

communities to adapt with disaster risk. The prediction of ESL has importance to prevent the 

associated disaster risk, which leads to reduce the vulnerability of the coastal communities and 

ensure the coastal sustainability.   
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