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Abstract 

Accurately constraining local variation in tidal water levels is the vital first step in managing 

the risk of coastal hazards associated with sea level rise (SLR). Here we show sub-regional 

patterns in delta tidal dynamics and coastal SLR along the northern Bay of Bengal based on 

long-term (1990 to 2017) in-situ measurement data. Seasonal trend decomposition combined 

with robust linear modelling are applied to determine rates of water level change, with an 

average rise in coastal extreme sea levels of 6.9 ± 2.1 mm yr-1 translating to increases of 5.1 ± 

4.2 mm yr-1 in tidal water levels within the delta. Mean increases of 18.3 ± 4.1 mm yr-1 and 

18.2 ± 6.8 mm yr-1 at high and low-tide respectively in tidally dominated rivers of southwest 

Bangladesh contrast with the fluvially active central and eastern sections of the delta where 

falling trends of -6.5 ± 2.3 mm yr-1 (high-tide) and -10.2 ± 3.1 mm yr-1 (low-tide) are recorded. 

Rapid changes in river level at individual sites can occur over periods of ca. 3 to 10 years, most 

likely resulting from short-term hydro-morphological changes. An acceleration of change in 

high-tides is indicated by a rise from the long term (1950 to 2018) rate of 4.4 ± 1.5 mm yr-1 to 

5.9 ± 3.2 mm yr-1 between 1990 - 2017, leading to increased risk for the local population. At 

local and regional scales, the inland impact of SLR within the delta is observed to be strongly 

modulated, necessitating more detailed analysis of driving mechanisms at the site specific 

level. Our results can be used to aid development of adaptation strategies in Bangladesh and as 

a call for increased monitoring of hydro-morphological parameters within the Bengal delta and 

other large deltas in Asia and worldwide. 

 

Keywords: Tidal water levels; SLR; Bangladesh; Coastal sea-levels; Bengal delta 



 43 

1.  Introduction 

Delta plains hosting tidal rivers represent regions where the interaction of sea level rise (SLR) 

and upstream discharge are focused (Hoitink and Jay, 2016). These areas are identified as at 

high risk of coastal flooding, with increasing pressure resulting from climate change and human 

activities (Tessler et al., 2015). Globally, the mean sea level is reported to have increased by 

an average of 1.7 mm yr-1  throughout the 20th Century (Church and White, 2011), with an 

increase to approximately 3.1 mm yr-1 between 1993 to 2012 (Dangendorf et al., 2017). Local 

scale studies show wide ranges of SLR over variable timescales, e.g. short term rates of >20 

mm yr-1 between 2011 to 2015 on the east coast of the USA (Valle-Levinson et al., 2017) and 

longer term rates of -3.81 mm yr-1 (1936 to 1988) to 4.85 mm yr-1 (1947 to 2007) in the Hugli 

estuary, West Bengal  (Nandy and Bandyopadhay, 2011). Expression of eustatic sea level 

change and responses of tidal water levels to projected SLR scenarios in estuarine and deltaic 

regions is anticipated to be complex (Pickering et al., 2017), and impacted by multiple dynamic 

forcing mechanisms e.g. wave setup, river runoff (Woodworth et al., 2019), and changes in 

tidal constituents (e.g. principal solar and lunar components) (Müller et al., 2011).  

 

Coastal deltas, particularly in Asia, share similar hydro-morphology with low elevation of delta 

plains, multiple tidal stream channels and monsoon seasonality, combined with anthropogenic 

perturbation (e.g. polder development, water abstraction) (Syvitski. 2008; Hoque et al., 2016). 

However, a lack of in-situ measurement data poses a challenge to improved understanding of 

the interaction between SLR and changes of inland water levels. Accurate identification and 

quantification of spatio- temporal trends in tidal water levels are required at both intra-regional 

and delta-wide scales to identify areas at most risk from SLR (Ericson et al., 2006). 

 

Previous studies have relied on limited time series and modelling approaches to make 

inferences on the rates of change (e.g. Pethick and Orford, 2013; Kay et al., 2015), with a more 

recent study (Becker et al., 2020) providing extensive analysis of mean tidal levels by 

combining incomplete time series data from multiple monitoring sites to define long-term 

regional trends within the Bengal delta. However, in-situ measurements with consistent spatio-

temporal coverage are missing for most Asian deltas and local trends on seasonal and 

individual tidal levels have been neglected, limiting insight into delta scale tidal dynamics. 
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Data for the Bengal delta, available from the Bangladesh Water Development Board (BWDB) 

and Bangladesh Inland Water Transport Authority (BIWTA), allows such a comprehensive 

delta-wide analysis of changes in high and low-tide regimes for the first time. The aim of the 

study is to quantify local trends in recent tidal water levels and their association with SLR 

within coastal Bangladesh. This will provide a baseline understanding for climate change 

adaptation and infrastructure/risk management planning and improve our understanding of 

spatio-temporal tidal dynamics in low-lying delta settings. Seasonal trend decomposition 

(STL), robust linear modelling (RLM) and a modified Mann-Kendall test have been applied to 

monthly high and low-tide series to quantify recent to long-term temporal trends and identify 

spatio-temporal variation in water levels. In subsequent sections we outline the specific nature 

of the delta setting and describe data and methods utilised for our investigation (section 2). 

Results are presented in the context of specific sites and intra-regional zones (section 3), with 

discussion focussing on the high variability and potential drivers operating at different spatial 

and temporal time-scales (section 4). 

2. Materials and methods 

2.1.  Study area description 

The Bengal delta (figure 1), the world’s largest low-lying  delta complex with a population 

density of ca. 1300 people/km2, is located in the north of the Bay of Bengal within Bangladesh 

and the Indian state of West Bengal, covering an area of >110 000 km2 (Kuehl et al., 2005; 

Ericson et a., 2006). The freshwater discharge of 10 000 to 100 000 m3 s-1 is dominated by the 

Brahmaputra and Ganges Rivers and driven by monsoon seasonality (Kuehl et al., 2005; Jian 

et al., 2009). The discharges of the Ganges-Brahmaputra-Meghna catchments ultimately drain 

through the west (WES), central (CES) and eastern (EES) estuary systems (Haque et al., 2016) 

(supplementary information, hereafter SI, figure S1). 

 

The delta coast is variably meso – macro tidal (ranges of 1.9 m to >4 m) and is penetrated by 

numerous estuaries that allow propagation of the tide over 200 km inland (Khuel et al., 2005; 

Elahi et al., 2020). The broadly tapering shape of the estuaries, which can have a funnelling 

effect, combined with a gentle topographic gradient, leaves areas vulnerable to cyclone-

induced storm surges, which can occur up to 5.8 m in height (Woodruff et al., 2013; Dube et 

al., 2009). Natural vulnerability of the delta to SLR is intensified through anthropogenic 

influences of land reclamation, modification of channel morphology (e.g. polder construction)   
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Figure 1. The Bengal delta, with major cities and waterways highlighted, showing locations of data 

utilised in this study (19 tidal water level (circles) and 3 coastal SLR monitoring stations (squares)). 

Further information is available in supplementary material table S2, with sites divided into the 

respective eastern (EES), central (CES) and western (WES) estuary zones (after Haque et al., 2016). 

Large funnel shaped and branching estuaries penetrate inland for tens of kilometres, with freshwater 

discharge in the fluvially active east of the study area dominated by the Brahmaputra and Ganges 

Rivers.  
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(Wilson et al., 2017), sediment starvation (Wilson and Goodbred, 2015) and reduction of 

freshwater discharge through diversion of flow (Gain and Giupponi, 2014). Vulnerability is 

increased through mean subsidence of 5.6 mm yr-1 (Brown and Nicholls, 2015) with a west to 

east increasing trend from ca. 1 – 7 mm yr-1 (Becker et al., 2020). These factors, with great 

spatial variability, leave the delta at high risk to future changes in sea level, where regional 

rises in the Bay of Bengal are reported between 1.3 to 4 mm yr-1 (Unnikrishan and Shankar, 

2007; Church et al., 2013; Becker et al., 2020) lead to cumulative increases of 1.3 to 4.0 cm 

over the 10-year timescales relevant to medium-long term development planning. Moreover, 

higher rates of coastal SLR along the delta front have recently been estimated at 6.8 to 15.0 

mm yr-1 (Islam et al., 2016) significantly increasing the risk to infrastructure (Woodruff et al., 

2013), agricultural productivity (Clarke et al., 2015) and availability of drinking water (Hoque 

et al., 2016). 

 

2.2.  Data and compilation 

We compiled water level data for 31 locations on tidal rivers of southwest Bangladesh, 

providing broad spatial coverage of monitoring stations managed by the BWDB. Data includes 

daily measurements of maximum (high-tide) and minimum (low-tide) water levels in metres 

referenced to the Public Works Datum (PWD, equal to approximately 0.46 m below mean-sea 

level (BWDB, 2021)). Data span a maximum period of 68 years (1950 to 2018), with relatively 

consistent data containing <15% missing values and sequential gaps <365 days identified at 19 

stations between 1990 to 2017 selected for detailed analyses (figure 1) (further information on 

data and site locations is available in SI table S2 and SI figure S3). Data for each series have 

been aggregated into monthly mean values for each set of high-tide and low-tide observations 

with tidal range series defined using the difference between daily low-water and daily high-

water followed by monthly aggregation. Intra-regional and regional aggregation of sites is 

based on the estuarine system (Haque et al., 2016), with SW273 assigned to the EES based on 

broad similarities between tidal behaviour at SW277.3 (SI figure S4). 

 

In order to compare changes within the tidal delta to coastal sea levels, monthly maximum and 

minimum tidal water levels available from the BIWTA were selected for three coastal sites 

along the northern Bay of Bengal for the period 1999 to 2017 (Hiron point, Khepupara and 

Char Changa – figure 1). These were supplemented for the years 1990 to 1998 by computing 

monthly tidal maxima and minima from hourly data obtained from the University of Hawaii 
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Sea Level Centre legacy data portal (Caldwell et al., 2015). Combined datasets spanning 1990 

to 2017 have <5% missing values with mean tides calculated from the monthly extreme high 

and low-tide data. 

 

Data was screened for typographic errors and erroneous data values (e.g. data points of an order 

of magnitude above/below series values). A Rosner’s test was not used to remove other 

potential outliers due to the non-normal distribution of the data (Rosner, 1975). A seasonally 

weighted linear interpolation method was applied for imputation of missing values, employing 

the seasonal splitting function from the imputeTS package (SI figure S5; fully outlined in 

Moritz and Bartz-Beielstein, 2017). This step was crucial for subsequent analyses which were 

carried out in the R computing environment (R Development Core Team, 2018). 

 

2.3. Trend visualisation and calculation of water level change 

In order to provide trend visualisation, detect potential shifts in time series, and quantify rates 

of change in tidal water levels, multiple statistical approaches were used to compare trends 

obtained from each site. 

 

2.3.1.  Decomposition of seasonal data using STL 

Trend calculation is complicated by inter-annual variability and irregular cyclicity in the data 

(figure 2). STL, Seasonal Trend Decomposition by LOESS (Locally Weighted Scatterplot 

Smoothing) utilises robust locally weighted polynomial regression to separate seasonal, trend 

and residual components (Cleveland et al., 1990). The technique can be applied to non-

parametric data where time series exhibit autocorrelation (e.g. Shamsudduha et al., 2009; 

Lafare et al., 2016, Brown et al., 2019) and allows visualisation of the trend component and 

qualitative assessment of temporal variability. The stl function in the core programme {stats} 

of the R computing environment was utilised (R Development Core Team, 2018).  

 

A detailed outline of STL and individual calculation steps is provided in Cleveland et al. 

(1990), with a brief summary of the technique applied to tidal water level data outlined below. 

Each water level series from 1990 to 2017 and high-tide series with a maximum time-span 

from 1950 to 2018 were decomposed employing the STL method in the following equation 

(Eq. 1): 
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Figure 2. Example water level time series (ai–ci) and monthly boxplots (aii–cii) highlighting 

seasonality and temporal variability. SW102 and SW241 span from 1968 to 2018 and SW39 from 1958 

to 2018. Data (ai-ci) are plotted in light grey, with dark grey representing imputed data (see section 

3.2.3.2 for details), the black LOESS trend-line is smoothed over an 8.85yr period (see section 3.2.3.1), 

with the shaded area representing rejected data due to excess missing values. Boxplots aii– cii of 

observed daily high-tide measurements highlight monthly variation and seasonality within the delta.  
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𝑌(𝑡)  = 𝑇(𝑡)  + 𝑆(𝑡)  + 𝑅(𝑡)                 (1) 

 

where Y(t) is equal to the water level at time t, T(t) is the trend component; S(t) is the seasonal 

component; and R(t) is the residual component; with (t) defining the specific time in all 

components (Cleveland et al., 1990). A user defined seasonality window of 13 months (an odd 

integer is required) was selected to account for the annual monsoon driven cyclicity (e.g. figure 

2). Due to outliers it was necessary to apply the robust filter in the stl{stats} function which 

increases the number of iterations used to smooth the monthly subseries (Cleveland et al., 

1990). 

 

The LOESS regression curve is fitted using a periodic (trend) window of 8.85 yrs (107 months), 

selected to account for spring tide cyclicity forced by the lunar perigean cycle ,which can 

influence tidal water levels by 4 cm in the region (Haigh et al., 2011; Haque and Nicholls, 

2018). Increased weighting is applied within the trend window based on distance (in time) from 

Y(t), i.e. values closer to the boundary of the selected 107-month window have less weight than 

those at the centre. Iteration of this window along the time series provides the locally weighted 

regression required to smooth the series, with steps taken in calculation methods to ensure no 

loss of smoothed data occurs at each end of the time series (as would occur through application 

of a moving average: Cleveland et al. (1990)). 

 

2.3.2. A modified Mann-Kendall test for trend detection 

The presence of a monotonic trend was assessed using the bbsmk function of the modifiedmk 

package in R, which retains the memory structure of the data by resampling the original time 

series using a block-bootstrap, with a measure of trend consistency provided by the Kendall’s 

tau correlation coefficient (Patakamuri and O’Brien, 2020). Values of tau closest to ±1 show 

stronger, more consistent associations, with a value of zero indicating no correlation between 

parameters (Kendall, 1975). Trend significance was determined by rejecting the null 

hypothesis of no trend if Z > 1.96 at the 5% significance level for positive trends, and Z < -1.96 

for negative trends (Kendall, 1975; Duan et al., 2018). Boot-strapping was carried out utilising 

2000 simulations, with 95% confidence intervals and block lengths automatically selected by 

the function based on the number of serial correlations (AR(p)) detected in the specific time 

series (Patakamuri and O’Brien, 2020). 
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The statistical significance of the modified MK test was independently verified using a second 

function, notrend_test from the package ‘funtimes’ (Functions for Time Series Analysis – full 

methods outlined in Lyubchich et al., 2020). This method utilises 2000 boot-strapped 

simulations of the time series data and robust difference estimates to determine coefficients of  

autoregression, the order of the autoregressive model, and a p-value for the MK test statistic 

(Hall & Keilgom, 2003; Lyubchich et al., 2020). 

 

2.3.3. Robust linear models for trend magnitude 

Whilst acknowledging temporal variability within the delta system and autocorrelation within 

time series, it remains important to estimate rates of change and potential variability at both 

site-specific and regional levels (Stuart et al., 2007; Becker et al., 2020). These have been 

calculated in mm yr-1 on monthly mean values in each series for individual sites and regionally 

grouped series after removal of the seasonal component. RLM and Sen’s slope functions have 

been utilised in multiple hydrological studies (e.g. Stuart et al, 2007; Gocic and Trajkovic, 

2013; da Silva et al., 2015; Becker et al., 2020) and provide a robust estimate 

 

Figure 3. Examples of annual anomaly plots (a – b) and RLM models (c – d) for high and low tides at 

site SW241 Annual anomalies are calculated in comparison to the 9 year tidal epoch 1990 to 1998 in 

order to account for the regionally dominant perigean tidal cycle. 
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of linear trend resistant to potential outliers. The estimate of Sen’s slope, provided in the bbsmk 

function, is derived using the median of slopes calculated between each pair of data points in 

the series (Sen, 1968; Patakamuri and O’Brien, 2020). Robust linear models, as implemented 

in the MASS package (Ripley et al., 2021), employ an iteratively re-weighted least squares 

approach to account for variance and reduces the influence of extreme values, with the bi-

square weight method moderating the level of resistance to outliers in the data (Holland and 

Welsch, 1975; Fox and Weisburg, 2018). The repmod package (Marin, 2021) applies a 

bootstrap function, set at 2000 iterations, to generate confidence intervals at the 5% 

significance level (rob.ci function), and estimates for p-values on RLM models (rob.pval 

function). Where asymmetric confidence intervals are generated due to heteroscedastic 

properties within individual series, a mean figure is provided for the potential error in the 

model, with complete data available in SI table S6. 

 

2.3.4. Percentile annual anomalies and robust linear regression 

Data were also transformed into percentile series by taking the 5th and 95th percentiles, as well 

as the mean, on a monthly and yearly basis to enable examination of medium term water level 

anomalies during the wet (95th percentile) and dry (5th percentile) seasons between 1990 to 

2017 (e.g. Shamsudduha et al., 2009; Santamaria-Aguilar et al., 2017).  

 

Annual percentile anomalies were calculated with reference to the 9-year periodic mean (1990 

to 1998 tidal epoch) of the relevant series (e.g. figure 3), therefore accounting for perigean 

cyclicity in the Bay of Bengal. This approach is adapted from the National Oceanic & 

Atmospheric Administration (NOAA) where a 19-year tidal epoch is applied in the U.S.A to 

account for the dominant 18.85 yr lunar nodal cycle which influence tidal water levels on 

interannual frequencies (Haigh et al., 2011; Valle-Levinson et al., 2017). The RLM approach, 

outlined in section 2.3.3 has been applied to annual water level anomalies to provide an 

estimate of the trend within the series, reported in mm yr-1. 

 

2.3.5. Change point detection in water level time series 

A potential change point, detected in the east of the delta during 2005 on the Ganges/Meghna 

floodplain (Becker et al., 2020) warrants further investigation into potential shifts in water level 

trends. We utilise multiple change point statistics including Pettitt’s test and the Buishand 
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Range test, available in the trend package (Pohlert, 2020). These methods test the hypothesis 

that a significant shift in the series mean occurs around a single point within the time series 

and are fully outlined in Pohlert (2020), with examples of environmental application in Jaiswal 

et al. (2015). 

 

A piecewise method using an iterative approach for estimating a single change point based on 

minimising the mean square error (MSE) of two ordinary least squares (OLS) models over the 

data series has also been carried out, (Crawley, 2013; Stuart et al., 2007). Break points are 

simulated at each data point between a user defined interval (chosen based on series 

characteristics), with linear regression run on each sub-series. Models showing minimal MSE 

were selected to define the optimum change point. Rates from pre and post change point series 

were calculated using a robust model to replace the OLS in order to reduce the impact of 

outliers, with a time-averaged rate, in mm yr-1 calculated for each site. 

3. Results 

The following sections focus primarily on RLM defined rates, with detailed results for each 

site presented in table 1 and SI table S6 (please refer to figure 3 c – d, and SI figures S7 to S8 

for example model fit). Correlation coefficients are used to describe the relationship between 

trends (r). 

3.1.  Significant trends in water level series 

The modified MK test identifies seventeen sites with statistically significant trends in high-tide 

where both Z >1.96 and p <0.05, with AR(p) between 1 to 3 (table 1, table S6). Positive shifts 

in high-tide water levels are seen at thirteen locations (mean tau 0.36), with four showing 

negative trends (mean tau -0.34). Statistical significance falls to fifteen sites in low-tide series 

with AR(p) of 1 to 5. Mean tau of 0.45 is calculated for the nine sites showing a positive trend 

and -0.30 tau at six sites showing a negative trend in low-tide water levels. These relatively 

low values of tau highlight the inter-annual and periodic variability within the deltaic system 

seen within the trend component derived from STL analyses (figures S9 to S11). 

 

3.2.  Rising extreme sea levels in the northern Bay of Bengal 

The rise in coastal mean water levels of 6.8 ± 1.7 mm yr-1 between 1990 to 2017 varies between 

2.5 ± 1.1 mm yr-1 at Hiron Point, 7.1 ± 1.9 mm yr-1 at Khepapara and 10.9 ± 2.0 mm yr-1 at 

Char Changa, with estimates of p <0.05 and statistically significant results from the modified 
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MK test (table 1). A rate of 2.6 ± 3.1 mm yr-1 in high-tide water level at Khepapara returns p 

>0.05, and demonstrates the relationship between the p statistic and the width of 95% 

confidence intervals calculated using the bootstrap method. Rates at Hiron Point and Char 

Changa of 5.4 ± 1.5 mm yr-1 and 11.2 ± 2.9 mm yr-1 respectively show an increasing trend to 

the east. Low tides yield two statistically significant rates of 10.6 ± 2.1 mm yr-1 at Char Changa 

and 11.5 ± 2.4 mm yr-1 at Khepapara, with no significant trend at Hiron Point (0.3 ± 1.5 mm 

yr-1) (figure 4(a) and (b)). These trends highlight local variation of SLR, with an average (mean) 

6.4 ± 2.5 mm yr-1 change in extreme high tides and 7.5 ± 2.0 mm yr-1 for extreme low tides 

(table 1 and figures S12 and S13). Seasonal variation in high-tide levels, even at coastal sites, 

remains a strong feature with a decreasing east to west trend and ranges between dry to wet 

season of up to 146 cm at Char Changa, 123 cm at Khepapara and 67 cm at Hiron Point (SI 

figure S14). 

 

3.3.  Predominant recent and long term rising trends in mean and high tides 

Presenting a mean regional rate for the delta is complicated by the identification of statistically 

insignificant trends where sites show minimal positive/negative shifts (ca. ± 2.5 mm yr-1). 

Exclusion of these sites would skew the intra-regional/regional means by only considering sites 

where stronger trends were observed, they have therefore been included within the quoted 

rates. However, sites where specific series were identified to have multiple data shifts that were 

not mitigated by the RLM analyses have been excluded and are highlighted in grey/italics 

within table 1.  

 

3.4.  Recent trends (1990 to 2017) 

Across high, low and mean tidal water level series, an average increase of 5.1 ± 4.2 mm yr-1 is 

detected for inland delta locations, however significant intra-regional and site-specific 

variability is observed within the stations analysed (figure 4; table 2), with strong correlation 

between RLM and Sen’s Slope methods (r = 0.99). High tides in the western estuarine system 

(WES – excluding SW28) show strongly positive trends of 18.3 ± 4.1 mm yr-1 (range 1.5 to 

58.7 mm yr-1), with contrasting negative trends of  -6.5 ± 2.9 mm yr-1 in the central and eastern 

estuarine systems (range -33.5 to 31.0; CES and EES – excluding SW107.2). Statistically 

significant trends are observed at fifteen locations (table 1) with three sites in the CES 

(SW107.2, SW136.1 and SW18) and SW102 in the WES showing insignificant trends with 



 54 

estimates of p >0.05 corresponding to significance values from modified MK tests of Z < 1.96 

and p >0.05 (table 1). 

 

Low tides show greater spatial variability (figure 4(b)) with rising trends of 18.2 ± 7.0 mm yr-

1 (range -18.6 to 93.9 mm yr-1) present in the WES comparable to changes in high-tide (table 

2 – excluding SW171 and SW28), and -10.2 ± 3.1 mm yr-1 (range -34.3 to 13.0 mm yr-1) in the 

CES and EES (excluding SW107.2 and SW39).  Trends are statistically significant at sixteen 

locations (p < 0.05) with two in the WES (SW102 and SW129) and SW277.3 in the EES with 

p >0.05. The modified MK p statistic (>0.05) highlights greater variability in trends at three 

further sites, SW102 (-5.3 ± 3.5 mm yr-1), SW136.1 (-3.3 ± 1.7 mm yr-1) and SW18 (-3.1 ± 2.6 

mm yr-1), suggested by the relatively wide confidence intervals (table 1). 

 

Mean tides (figure 4(c)), display a similar spatial distribution to high tides and strong 

correlation between trend magnitude (r = 0.92) with a positive mean trend of 17.8 ± 5.7 mm 

yr-1 in the WES (range -1.7 to 63.4 mm yr-1 – excluding SW171 and SW28) (table 2) contrasting 

with a falling trend of -11.0 ± 3.0 mm yr-1 in the EES and CES (range -34.0 to  

12.1. mm yr-1 excluding SW107.2 and SW39). Fourteen sites yield statistically significant 

trends (p <0.05), with four in the WES (SW102, SW129, SW241 and SW30) and one in the 

CES (SW18) where p > 0.05 (table 1). The modified MK p statistic (>0.05) highlights trends 

at two further sites, SW107.2 (-1.0 ± 3.2 mm yr-1) and SW136.1 (-1.7 ± 1.3 mm yr-1), where 

trends are minimal and confidence intervals are wide. 

 

Rates calculated for intra-regional models, derived from aggregated data over the 1990 to 2017 

period (table 2), are broadly comparable to non-aggregated means, with delta-wide high-tide 

rates of 6.3 ± 1.5 mm yr-1, close to the 5.9 ± 3.4 mm yr-1 mean from individual sites. 

Aggregation appears to reduce the error range, with delta-wide mean and low-tide series rates 

of  3.4 ± 1.8 mm yr-1 and 3.5 ± 1.9 mm yr-1 respectively, despite increased variability indicated 

by estimates of p >0.05 returned by the modified MK test. Wide confidence intervals indicates 

high variability in non-aggregated series with mean water level change of 4.3 ± 4.4 mm yr-1 

and a low-tide rate of 4.9 ± 5.2 mm yr-1. This also highlights the greater variability observed 

within the low tide series, which in turn influences calculated mean tidal water levels. Low-

tide rates derived from RLM’s are also more extreme, with four series showing >40 mm yr-1 

shifts potentially indicating poor model fit or issues with the recorded data (further discussed 

in section 4.2.). 
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Table 1. Annual trends in water levels derived from robust linear models with mean 95% confidence intervals over the period 1990 to 2017. Variability is 

observed between individual sites with mean rates between 7.5 to 9.6 mm yr-1, statistically insignificant trends (p >0.05) highlighted in bold. 
ǂ    Calculated from monthly extreme tide data  *Series highlighted in grey and in italics show potential breakdown or data-shifts and are excluded from regional/sub-regional values 

†   Data 1990 - 2016 

†† Data 1990 - 2015 

Station ID (Region) 
Rate of water level change and trend significance 

High Tide (mm yr-1) MK-tau Low Tide (mm yr-1) MK-tau Mean Tide (mm yr-1) MK-tau 

SW102 (WES) 1.5 ± 3.1 0.06 -5.3 ± 3.5 -0.06 -1.7 ± 3.2 -0.00 

SW107.2† (CES) 2.3 ± 3.7 0.04 1.3 ± 1.9 0.11 1.0 ± 3.2 0.05 

SW129 (WES) 12.6 ± 4.7 0.41 -1.2 ± 1.4 -0.03 6.6 ± 2.3 0.23 

SW130 (WES) 11.0 ± 0.9 0.47 7.3 ± 0.9 0.39 8.9 ± 2.3 0.49 

SW136.1 (CES) 0.1 ± 1.3 0.01 -3.3 ± 1.7 -0.14 -1.7 ± 1.3 -0.08 

SW162 (WES) 58.7 ± 8.2 0.45 67.1 ± 8.7 0.48 63.4 ± 8.5 0.47 

SW171 (WES) 31.2 ± 8.2 0.23 31.1 ± 8.3 0.22 30.9 ± 8.8 0.23 

SW18 (CES) 0.4 ± 2.8 -0.01 -3.1 ± 2.6 -0.10 -1.1 ± 2.3 -0.05 

SW24†† (WES) 23.8 ± 7.8 0.35 93.9 ± 34.1 0.52 54.0 ± 21.4 0.53 

SW241 (WES) 16.1 ± 1.8 0.45 -18.6 ± 1.6 -0.49 -1.4 ± 1.6 -0.06 

SW273 (EES) -6.4 ± 3.6 -0.08 -9.3 ± 4.2 -0.13 -7.8 ± 4.0 -0.11 

SW277.3 (EES) -25.0 ± 2.9 -0.41 -1.7 ± 3.1 -0.03 -13.3 ± 2.9 -0.26 

SW28 (WES) 16.8 ± 1.5 0.36 43.0 ± 6.7 0.67 27.1 ± 1.8 0.66 

SW288.4 11.7 ± 2.5 0.34 13.0 ± 2.2 0.40 12.1 ± 2.3 0.40 

SW30 (WES) 10.9 ± 2.5 0.27 -9.4 ± 2.9 -0.19 0.9 ± 2.6 0.04 

SW39 (CES) 31.0 ± 2.4 0.58 41.7 ± 2.3 0.66 36.9 ± 2.2 0.65 

SW4A (CES) -33.5 ± 4.5 -0.42 -34.3 ± 4.8 -0.42 -34.0 ± 4.7 -0.42 

SW5 (CES) -30.1 ± 3.2 -0.44 -32.8 ± 3.5 -0.45 -31.5 ± 3.3 -0.45 

SW55 (WES) 12.0 ± 3.9 0.23 11.6 ± 3.3 0.24 11.6 ± 3.5 0.24 

Hiron Pointǂ (WES) 5.4 ± 1.5 0.24 0.3 ± 1.5 0.01 2.5 ± 1.1 0.15 

Khepaparaǂ (CES) 2.6 ± 3.1 0.04 11.5 ± 2.4 0.31 7.1 ± 1.9 0.24 

Char Changaǂ (EES) 11.2 ± 2.9 0.24 10.6 ± 2.1 0.33 10.9 ± 2.0 0.32 

Inland sites (mean exc. i) 5.9 ± 3.5 n = 16 4.9 ± 5.2 n = 15 4.3 ± 4.4 n = 15 

Sea level sites (mean  exc. i) 6.4 ± 2.5 n = 3 7.5 ± 2.0 n = 3 6.8 ± 1.7 n = 3 

Combined (mean  exc. i) 6.0 ± 3.3 n = 19 5.4 ± 4.7 n = 18 4.8 ± 4.0 n = 18 
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Rates calculated for intra-regional models, derived from aggregated data over the 1990 to 2017 

period (table 2), are broadly comparable to non-aggregated means, with delta-wide high-tide 

rates of 6.3 ± 1.5 mm yr-1, close to the 5.9 ± 3.4 mm yr-1 mean from individual sites. 

Aggregation appears to reduce the error range, with delta-wide mean and low-tide series rates 

of  3.4 ± 1.8 mm yr-1 and 3.5 ± 1.9 mm yr-1 respectively, despite increased variability indicated 

by estimates of p >0.05 returned by the modified MK test. Wide confidence intervals indicates 

high variability in non-aggregated series with mean water level change of 4.3 ± 4.4 mm yr-1 

and a low-tide rate of 4.9 ± 5.2 mm yr-1. This also highlights the greater variability observed 

within the low tide series, which in turn influences calculated mean tidal water levels. Low-

tide rates derived from RLM’s are also more extreme, with four series showing >40 mm yr-1 

shifts potentially indicating poor model fit or issues with the recorded data (further discussed 

in section 4.2.). 

 

3.5.  Spatial variability of change points in the delta 

Results from change point analyses utilising Pettitt’s and Buishand range tests and a piecewise 

method show strong similarities, with statistically significant change points calculated at all 

sites between 1994 to 2015 (table S15). Change points are predominantly encountered post 

1999 (81 – 90% of the series), with high intra-regional and site-specific variability (e.g. 

adjacent sites SW30 – December 1995 and SW55 – November 1998). Analysis of intra-

regionally aggregated data indicates a delta-wide shift in mean tidal water levels from 1998, 

with WES, CES and EES regions showing shifts during 1998, 2004 and 2006 respectively. The 

delta-wide change point potentially reflects the relative weighting of the data towards the west 

of the delta. The high variability observed within these results corresponds to that observed 

within STL trends and annual anomalies, with inter-annual and longer-term periodic changes 

unique to each location. 

 

Piecewise models return changes in mean tidal water levels of 4.9 mm yr-1, with 8.5 mm yr-1 

for high tides and 4.0 mm yr-1 for low tides. Whilst the high-tide trend exceeds the average 

RLM trend of 5.9 mm yr-1, mean tidal trends are similar, indicating both methods capture the 

general rate of change at the delta-wide scale, however, rates calculated at individual sites show 

significant differences from RLM results (table S6). 
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Figure 4. Annual trends of high (a), low (b) and mean (c) tide water levels and tidal range (d) in mm 

yr-1 in Bangladesh from 1990 to 2017. Rates are derived from robust linear models applied to de-

seasonalised data. Warm colours in circles highlight rising trends, with cold colours in pentagonal plots 

falling trends. Size of the symbol is proportional to the scale of change. Rising water level trends  >10.0 

mm yr-1 are clustered in the west and coastal regions, with falling trends primarily restricted to eastern 

and central areas. Changes in tidal range (d) are complex, with highly variable distribution.  
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Table 2. Summary of water level changes at sites within the east, central and west estuary zones 

between 1990 to 2017 derived from RLM fitted to intra-regionally grouped de-seasonalised data. Rates 

derived from means of individual sites are also shown for comparison and are broadly comparable, with 

greater error (for excluded sites please refer to table 1). Trends with p >0.05 are highlighted in bold. 

 

3.6. Longer term trends in high tides (>1950 to 2018) 

The modified MK test reveals statistically significant trends on long-term series at all locations 

(Z >1.96 and p <0.05) with Ar(p) of 1 – 12. Ten sites record rising trends with mean MK tau 

of 0.51 (range 0.22 to 0.74). Decreasing trends are identified at seven locations, primarily in 

the central to eastern sections of the delta on the Arial Khan and Meghna rivers, with a mean 

tau of -0.26 (range -0.16 to -0.43). Relatively smooth trends, e.g. SW241 with tau 0.69 and 

SW39 tau 0.74 (table S17) are atypical, with variable and rapid departures from overall trends 

frequently observed over periods of ca. 3-10 yrs (SI figure S16). An average rise of 4.4 ± 1.5 

mm yr-1 (range -25.8 to 42.1 mm yr-1) is recorded across the study area over a maximum period 

of 68 years (SI table S17). Similar intra-regional distribution is observed in post 1990 time 

series, where higher rates of increase occur in the WES and falling or minimal change in the 

CES and EES (figure 4; SI figure S18).  

 

3.7.  Spatial variation of annual tidal anomalies in the delta system 

Results derived from robust linear models on annual water level anomalies confirms the broad 

spatio-temporal distribution of water levels defined using monthly time series (figures 4 and 

5), with a strong correlation between mean high-tide and low-tide trends derived using the 

Region 

Rate of water level change and trend significance 

High Tide  

(mm yr-1) 

MK-

tau 

Low Tide  

(mm yr-1) 

MK-

tau 

Mean Tide  

(mm yr-1) 

MK-

tau 

Mean – individual 

trends 
      

West (WES) 18.3 ± 4.1 - 18.2 ± 6.8 - 17.8 ± 5.7 - 

Central (CES) -6.4 ± 1.9 - -18.4 ± 3.1 - -17.1 ± 2.9 - 

East (EES) -6.6 ± 3.0 - 0.7 ± 3.2 - -3.0 ± 3.1 - 

East + Central (mean) -6.5 ± 2.3 - -10.2 ± 3.1 - -11.0 ± 3.0 - 

       

Delta-wide 5.9 ± 3.2 - 4.9 ± 5.1 - 4.3 ± 4.4 - 

Intra-regional trends 

 
      

West (WES) 18.9 ± 1.9 0.57 15.1 ± 2.6 0.44 16.3 ± 2.2 -0.50 

Central (CES) -6.2 ± 2.0 -0.22 -18.2 ± 2.6 -0.43 -17.0 ± 2.4 -0.43 

East (EES) -8.5 ± 2.9 -0.21 -0.8 ± 3.2 -0.03 -4.8 ± 3.0 -0.13 

East + Central (mean) -7.2 ± 2.1 -0.23 -11.0 ± 2.7 -0.29 -12.0 ± 2.6 -0.32 

       

Delta-wide 6.3 ± 1.5 0.28 3.5 ± 1.9 0.13 3.4 ± 1.8 0.13 
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contrasting approaches (r = 0.99 for both high and low tides). Estimates of p indicate that 

approximately 33% of individual trends lie outside of the 95% confidence interval. These 

characteristics are associated with low rates of change and/or the relatively high inter-annual 

variability that is apparent within the tidal water level series. Confidence intervals calculated 

for annualised data are also wide due to the relatively low number of data points (included in 

table S19 for completeness) and are subsequently omitted for regional/sub-regional rates. 

Whilst acknowledging the statistical issues related to the calculated trends, critically, this 

analysis allows investigation of potential divergence within the dry (5th percentile) and wet 

seasons (95th percentile), with strong correlations to the monthly RLM analyses broadly 

supporting this alternative approach. 

 

Dominantly increasing trends are observed within high-tide water levels in the dry season (16 

sites of the 19 within the delta) with decreases at three locations (figure 5(e). The delta average 

of 11.8 mm yr-1 is driven by the large increases in the WES (mean 20.8 mm yr-1) and minimal 

change in the CES and EES (1.7 mm yr-1) (table S19). This contrasts with the wet season where 

negative trends are observed at 7 stations with a delta average of 3.8 mm yr-1 where strong 

positive trends remain in the WES (15.3 mm yr-1), but are partially balanced by mean negative 

trends of -9.2 mm yr-1 in the CES and EES (figure 5c). Low tides show a similar distribution 

with 13 positive trends in the dry season fuelling a mean delta wide increase of 9.5 mm yr-1, 

with contrasts between the WES (20.8 mm yr-1) and CES and EES (-3.4 mm yr-1). Negative 

wet season trends are observed at 9 stations driving a mean of -11.9 mm yr-1 in the CES and 

EES and limiting the delta mean to 2.0 mm yr-1 despite predominantly increasing trends in the 

WES of 14.0 mm yr-1 (figure 5 d - f). 

 

Annual anomalies at the three coastal sites show interseasonal variation (figure 5) with 

relatively high rates of 9.7 and 15.2 mm yr-1 at Hiron Point and Char Changa respectively 

during the dry season, and Khepapara showing minimal change (0.1 mm yr-1) (SI table S19). 

High tide increases are observed in the wet season, 2.7 to 5.3 mm yr-1, with higher rates to the 

east. Changes in low tides vary, with a minimal increase at Hiron Point (0.7 mm yr-1) 

contrasting with relatively high rates of 9.4 and 12.0 mm yr-1 at Khepapara and Char Change 

respectively. Wet season rates of 2.6 mm yr-1 at Hiron Point indicate that low tides in the west 

are showing minimal increases at the coast. With 11.6 mm yr-1 at Khepapara and 7.6 mm yr-1 

at Char Changa confirming more significant increases occurring in the central and eastern 

sections of the coast.  
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4. Discussion 

4.1.  Regional and intra-regional variations in tidal water levels  

The regional change in tidal water levels of 4.8 ± 4.0 mm yr-1, inclusive of coastal sites for 

better comparison with other studies, is relatively high compared to an average of 3.1 ± 2.0 

mm yr-1 established for a comparable area between 1968 to 2012 by Becker et al. (2020). The 

greater magnitude may suggest accelerated rates of tidal water level rise over the last three 

decades, which is supported by increased long term rates in high-tide series at sites used within 

this study, from 4.4 ± 1.5 mm yr-1 between >1950 to 2018, to 5.9 ± 3.2 mm yr-1 between 1990 

to 2017. Potentially influenced by the increased global eustatic increase to 3.1 mm yr-1 reported 

by Dangendorf et al. (2017) between 1993 to 2012. 

 

The approach of combining site data prior to analysis yields a lower rate of change across the 

delta, with mean tides changing by 3.4 ± 1.8 mm yr-1 (p < 0.05), closer to previous estimations 

(Becker et al, 2020) and broadly comparable to the 3.3 mm yr-1 on the Mekong (Hak et al., 

2016) and 4.1 mm yr-1 on the Pearl River deltas (He et al., 2014). However a low tau value and 

p >0.05 in the modified MK test indicates this trend has high variability. This is also reflected 

in the relative width of confidence intervals calculated for individual sites, which highlights 

the spatial and temporal variability detected within this highly dynamic delta. 

 

Negative trends of -11.0 ± 3.0 mm yr-1 between 1990 to 2017 contrast with rising rates of 3.3 

± 2.2 mm yr-1 between 1968 to 2012 in the Ganges tidal floodplain and Ganges/Meghna 

floodplain areas (Becker et al., 2020). This may reflect the limited sites and shorter series 

utilised within this study. However, whilst the strongest negative trends appear focussed at two 

sites on the Arial Khan river (fig 4 a - c), decreasing water levels are also observed at SW18 

and on the Lower Meghna at site SW277.3, with overall negative shifts in both short and long-

term high-tide series (table 1; SI table S17). 

 

Other site-specific trends (e.g. Khulna - SW241) are similar to previously published rates 

(Pethick and Orford, 2013), with 17.2 mm yr-1 (mean high-tide) and -11.6 mm yr-1 (mean low-

tide) on 20 to 72 year time series on the Rupsa-Passur estuary broadly comparable to 16.1 ± 

1.8 mm yr-1 (HT) and -18.6 ± 1.6 mm yr-1 (LT) trends from this study. With rates  
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Figure 5. Annual trends of high and low-tide water levels in southwest Bangladesh from 1990 to 2017 

derived from mean and percentile analysis in mm yr-1. Warm colours in circles highlight rising trends, 

with cold colours in pentagonal plots falling trends. Dry season tides show higher rates of increase 

compared to wet season, with the west of the delta recording consistently elevated rises in water levels.  
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calculated from annual anomalies and high-tides between 1968 and 2018 revealing similar 

trends (tables S17 and S19) and comparable to the regional rate within the WES (table 2). 

 

4.2.  Site specific variability of water level trends  

Multiple studies have noted the high variability in tidal water level change rates at individual 

sites, such as the >40 mm yr-1 on the Mekong delta (Fujihara et al., 2015). The rates (derived 

utilising Sen’s slope) and those calculated here are gross water level changes, caused by 

multiple driving mechanisms (Ericson et al., 2006), operating over varying time-scales and 

having site specific impacts, as evidenced by the spatial variation of our results  

 

In common with the variable rates on the Mekong delta (Fujihara et al., 2015), results from 

individual sites (SW24 and SW162) can show extremes compared with regional average rates. 

The change in the mean tide at SW24 is associated with an extreme change in low-tide (93.9 ± 

34.1 mm yr-1), whilst high tides increase at a more moderate rate of 23.8 ± 7.8 mm yr-1. Time 

averaged rates derived from a piecewise model at SW24 appear to improve fit (figure 6 a - b), 

however low-tide rates remain elevated (77.1 mm yr-1) showing a clear increase post 2010 from 

the pre-shift trend of 33.8 mm yr-1. This increase in tidal asymmetry may result from a  

significant local change in channel geometry (Cao et al., 2020), however no site specific 

information has yet been collected. Potential over-estimation of rates for both high and low-

tide at site SW162 (figure 6 c ), are also reduced by the piecewise model (21.6 mm yr-1 and 

33.3 mm yr-1 respectively), with changes at both sites, located in the extreme west of the study 

area, potentially sharing a common driver. 

 

More complex modelling is required to better capture the trend variation at the site specific 

level (Tome and Miranda, 2004), however it is worth highlighting that delta-wide and intra-

regional rates calculated by the piecewise method are broadly comparable with RLM models, 

particularly for the mean-tide series (SI table S6). In the context of a highly dynamic deltaic 

environment where anthropogenic activity and morphological changes at local and regional 

scales may influence the recorded water levels (Ericson et al., 2006), extreme changes at 

individual sites cannot be dismissed (e.g. Fujihara et al., 2015). 
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Figure 6. Piecewise RLM models fitted to 1990 to 2017 time series at sites SW24 (a and b), site SW162 

(c) and SW241(d).Whilst the models moderate the single RLM applied to two sites with more variable 

data (SW24 and SW162) they do not fully capture the change in water levels, which may indicate a 

significant shift in hydro-morphology at the specific location. At site SW241 the piecewise model is a 

relatively poor fit, with the single RLM providing a better estimate of change in water level. 

 

4.3.  Coastal sea level rise 

Rises in extreme mean tides of 2.5 ± 1.1 to 10.9 ± 2.0 mm yr-1 recorded at the coast between 

1990 to 2017 are lower than the 6.8 to 15.0 mm yr-1 trends in mean sea level reported for ca. 

1964 to 2010 (Islam et al., 2016). With the 2.7 ± 1.1 mm yr-1  average of tidal water level  

trends between 1990 to 2017 calculated in this study at Hiron Point also below the 4.5 mm yr-

1 reported between 1990 to 2009 (Lee, 2013). This variation likely results from different 

temporal data coverage, with short and medium term variability in trends evident within the 

data (SI figures S12 and S13).  

 

The east to west decrease in mean tidal water levels corresponds to similar findings between 

Hiron Point and Cox’s Bazar by Singh (2002) who attributed the variation to increased 

subsidence in the east, however the coastal rates identified in both studies contrast with the 

average fall of -11± 3.0 mm yr-1  in mean tides within the CES and EES on the inland portion 



 64 

of the delta. This variability, at the site-specific and intra-regional scale, indicates that tidal 

water levels within the Bengal delta are significantly modified by local and regional 

mechanisms such as river discharge, subsidence, geomorphological changes and anthropogenic 

activity (Ericson et al., 2006). 

 

4.4.  Contrasting water levels, delta hydrology and landforms 

Although gross variations in tidal water levels, discussed above, are important for the local 

population to assess risk, a number of complicating factors also require consideration including 

subsidence and the dynamics of fluvio-deltaic geomorphology (Ericson et al., 

2006). Variable subsidence rates are reported within the delta (1 to 20 mm yr-1) with a general 

decreasing trend from east to west (Brown and Nicholls, 2015; Grall et al., 2018; Oryan et al., 

2019; Becker et al., 2020) This contrasts with the spatial trends in water levels identified in this 

study, where greater increases in water levels occur in areas inferred to have the lowest 

subsidence, and decreases in areas of highest subsidence (figures 4 and 5). This may suggest a 

more dominant driving mechanism, at least on local to sub-regional scales. 

 

Whilst contrasting with reported subsidence, the distinct spatial distribution of trends occur 

concurrently with other hydro-morphological variations reported elsewhere in the literature. 

Rising water levels in the west are detected where recent decreases in river discharge are 

partially attributed to construction of the Farakka Barrage on the Ganges River (Mirza, 1998; 

Gain and Giupponi, 2014). Isolation of rivers from upstream sources, e.g. through point-bar 

development at offtakes, further restricts flow with a reduction on the Gorai River reportedly 

accounting for -6.1 mm yr-1 of water level decrease on the Rupsa River at Khulna (Pethick and 

Orford, 2013). This forms a significant component of the -19.1 and -24.0 mm yr-1 decreases in 

dry and wet season low-tides that this study found at the same location (SW241). 

  

The tidally dominant regime in the WES (Wilson and Goodbred, 2015), combined with low 

elevations (frequently <3 m – figure 1), places this area at increased risk to SLR. Despite 

minimal changes in mean-tide at Hiron Point (2.5± 1.1 mm yr-1), it is this region which records 

the most intense increase in tidal water levels, which are potentially driven by the coastal high-

tide increase of 5.4 ± 1.5 mm yr-1. A reduction in drainage capacity and channel depth (ca. 

60%) caused by the constructions of  polders for flood defence, and subsequent enhanced 

channel sedimentation (Wilson et al., 2017) is reported to result in tidal range amplification of 
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11.0 ± 4.0 mm yr-1 (Auerbach et al., 2015). This closely corresponds to the mean 11.8 ± 1.6 

mm yr-1  change in tidal ranges calculated in the WES (excluding a single extreme site at SW24) 

(SI table S6). The dominant rise in tides within this area (figures 4 and 5; table 2) intensifies 

risk of embankment overtopping during fluvio-tidal flooding and storm surge events (Ericson 

et al., 2006; Wilson and Goodbred, 2015). This is particularly acute during the wet season, 

where high-tides increase by an average of 15.3 mm yr-1. Whilst a 20.8 mm yr-1 increase during 

the dry season potentially enhances stress on freshwater availability by increasing salinity in 

river channels (Mirza, 1998; Dasgupta et al, 2015). 

 

In contrast to the low-lying west, elevation in the central and eastern regions frequently exceeds 

6m (figure 1) with upstream discharge dominated by the Brahmaputra River, where no decrease 

in discharge is recorded (Jian et al., 2009; Becker et al., 2020). Active fluvial sediment transport 

remains dominant in the CES/EES resulting in ca. 12 km2 yr-1 net land gain at the delta front 

(Wilson et al., 2017) which may reduce the impact of SLR (Ericson et al., 2006). Estuary 

morphology may also influence inland tidal progression (Haigh et al., 2020), with the wide 

Lower Meghna channels potentially damping the 7.1 ± 1.9 mm yr-1 SLR recorded at Char 

Changa. 

 

The contrasting trends observed from the west to east of the delta highlight the non-linear tidal 

hydrodynamic response to SLR anticipated at the delta-wide scale due to variable hydro-

morphology (Hoitink and Jay, 2016). The reported high rates of discharge and active 

progradation in the central and eastern area of the delta appear to place it at a lower immediate 

risk from SLR compared to the western region, however the very dynamic nature of channel 

morphology (e.g. Dewan et al., 2017) and anthropogenic activity on upstream reaches of major 

channels create uncertainty in the longer term stability of stream-flow and sediment supply 

(Ericson et al., 2006). Whilst anthropogenic alteration of downstream channel morphology may 

further reduce tidal damping (Jalon-Rojas et al., 2018; Auerbach et al., 2015).  

 

4.5.  Future challenges for quantifying SLR in deltas 

Quantifying the driving mechanisms behind these local and intra-regional changes is crucial 

for increasing our understanding and for developing approaches to mitigate SLR in low-lying 

delta regions. With results from change-point analyses highlighting the site-specific nature of 

changes in tidal water levels (SI table S15). Increased monitoring of subsidence, atmospheric  
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Figure 7. Relative rates of long term high-tide water level and sea level change in southwest 

Bangladesh, showing areas at increased risk from significant flooding and salt water inundation 

associated with storm surges coinciding with high tides. An example of the STL decomposition for site 

SW241 (a), highlights the relatively consistent rise in water levels occurring at this locality. De-

seasonalised high-tide data at four selected sites (b – SW130, c  SW4A, d – SW55 & e - SW39) show 

variable trends calculated using RLM with boot-strapped confidence intervals. The decreasing trend at  

SW4A (c) is punctuated by a significant ca. 10 year deviation ca. 1973 to 1983. 

 

pressure, rainfall, river flow, channel depth, groundwater discharge and geomorphological 

changes, partially addressed in previous studies (Pethick and Orford, 2013; Becker et al., 2020), 

would allow more accurate constraint of the relative impact of these driving mechanisms. 

Whilst few empirical data are currently available to quantify these drivers at a local level, it 

seems likely that the sub-regional variations observed in our study arise from intra-regional 

differences in delta hydro-morphology and complex interactions of subsidence, river 

discharge, fluvio-morphology, tides, anthropogenic activity and the feedback mechanisms 
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between these factors. When combined with sea level rise, these elements create a significant 

risk of increased tidal water levels and inland propagation of the tidal front. 

 

4.6.  Targeting areas at future risk of rising water levels for climate change adaption  

Defining accurate intra-regional trends is critical for modelling future changes in water levels 

in the Bengal delta, where increases in sea level of 63 to 88 cm are predicted by 2090 (Kay et 

al., 2015). Projections of trends identified within this study equate to changes in the mean 

coastal SLR of 54.4 cm by the end of the century, potentially translating to a 34.4 cm rise 

within the delta. However, our rates do not account for potential future warming resulting from 

climate change, or changes to other driving mechanisms through natural or anthropogenic 

processes. Extreme rates which provide projections of mean high tides at individual sites of 

+469.6 cm at SW162 in the west and -268.0 cm at SW4A in the east by 2100 are unlikely due 

to the shifting nature of delta dynamics and temporal variability inherent within tidal water 

level series. Accounting for the spatial variation is critical for  

development of climate change adaptation strategies that must target areas at greatest risk. 

These are identified in figure 7, which shows the relative risk categories in consideration to 

changes in water level in southwest Bangladesh: low (<5 mm yr-1), medium (5 to 10 mm yr-1) 

and high (>10 mm yr-1). 

 

Close constraint of spatial variation in tidal water level trends requires urgent attention due to 

the potential for significant negative impacts on the local human population, infrastructure, 

landscapes and ecology. Whilst the impact of mm yr-1  scale rises in tidal water levels may be 

limited in the short term to changes in storm surge height associated with cyclonic activity, 

cumulative rises and inland penetration of saline water poses a significant risk over the medium 

to long term and should be considered for any future infrastructure, resource and emergency 

planning. Extreme flooding events and cyclonic storm surges are also predicted to yield 

increased flood height, area coverage and potentially frequency (He et al., 2014; Lee, 

2013;Woodruff et al., 2013), directly impacting the most vulnerable areas through increased 

salinisation (Dasgupta et al., 2015), reduced crop yields (Clarke et al, 2015), and damage to 

infrastructure and aquaculture (Rahman and Rahman, 2015; Ahmed and Diana, 2015). High 

rates of discharge in fluvially dominated channels currently reduce the impact of salinisation 

in the east of the region (Wilson and Goodbred, 2015; Sassi and Hoitink, 2013), however 

continued sea level rise, combined with falling water levels in river channels may ultimately 
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lead to enhanced inland tidal flow, increased water levels and increased salinity. Without 

proper planning, permanent loss of land will reduce agricultural productivity and severely 

impact the ~14 million people living in coastal southwest Bangladesh (Szabo et al., 2018). 

Similar issues occur within multiple deltas in Asia, suggesting approaches to mitigate rising 

tides can be shared between regions (e.g. Smajgl et al., 2015; Yin et al., 2017). 

5. Summary and conclusions 

We have used trend analysis of tidal water level time series data from 1990 to 2017 and high 

tides between ca.1950 to 2018 to investigate and define the local and regional patterns of tidal 

variation and their spatial distribution within the Bengal delta. Modified Mann-Kendall and 

robust linear model analysis of multiple tidal series reveals significant average increases in 

water levels of 6.9 ± 2.1 mm yr-1 at coastal monitoring locations, reflected by average rises of 

5.1 ± 4.2 mm yr-1 at sites within the delta. Large confidence intervals on regional averages are 

driven by spatiotemporal variability in water levels, with relatively low values of the Mann-

Kendall coefficient indicating that estimating future rates of change based on the calculated 

historic rates can be problematic. 

 

The regional 4.8 ± 4.0 mm yr-1 increase in mean coastal and inland water levels calculated from 

the mean of individual sites exceeds the globally estimated rate of SLR, with high variation in 

site-specific rates indicating that water levels are extensively modified by hydro-morphological 

processes with strong regional variation between the west and east of the delta. The alternative 

approach of site aggregation pre-analyses reduces the rate and level of uncertainty to 3.4 ± 1.8 

mm yr-1, however this potentially underestimates the variability within tidal water level change 

in the delta which is apparent at the site-specific level. 

 

A potentially significant acceleration in rates from 4.4 ± 1.5 mm yr-1 to 5.9 ± 3.2 mm yr-1 in 

high-tide is observed between the longer term series and the 1990 – 2017 data. The high rates 

of tidal water level rise (>10 mm yr-1) in the west of the delta place the region at increased risk 

from storm surge inundation and longer term processes of coastal flooding and salinisation. 

The observed systematic rise in dry season high and low tides also increases pressure on already 

limited freshwater resources in this highly populated delta region which is highly dependent 

on agriculture. 
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Building a more complete understanding of the underlying mechanisms and quantifying the 

influence of specific components (e.g. eustatic SLR, subsidence, reduced upstream discharge 

and changes in sediment load) on SLR is critical. Whilst gross fluctuations in tidal water levels 

within deltas are also significant for risk assessment and should be factored into future 

development and adaption planning, particularly during this current period of climate 

uncertainty. 

Data Availability 

Data are available directly from the Bangladesh Water Development Board and Bangladesh 
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from the University of Hawaii Sea Level Centre legacy data portal, 

http://uhslc.soest.hawaii.edu/data/ (Caldwell et al., 2015). 
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