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Abstract 

The recent evolution of extreme high waters along the severe cyclone-risk coasts of the 

Bay of Bengal (the east coast of India and Bangladesh) was assessed using long-term 

(24-34 years) hourly tide gauge data available from five stations. The highest wate r 

levels above mean sea level have the greatest magnitude towards the northern par t of 

the Bay, which decreases towards its south-west. Extreme high waters were observed to 

result from a combination of moderate, or even small, surges with large tides at these 

stations in most of the cases.  Increasing trends, which are significant, were observed in 

the extreme high waters at Hiron Point, at the head of the Bay. However, the t rends in 

extremes are slightly lower than its mean sea level trend. For the other stations, Cox’s 

Bazaar, Paradip Visakhapatnam and Chennai, no significant trends were observed. At 

inter-annual time scales, changes in extreme high waters in the Bay of Bengal were 

found to be influenced by the El Niño Southern Oscillation and the Indian Ocean Dipole.  
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1. Introduction   

Rising mean sea level (MSL) is one of the climate change phenomena that are of greatest 
concern. Rising MSL is a pressing concern not only for the small islands but also for the 
mega-cities and the villages in the low elevation coastal zones. Over a long span of time, 
rising MSL has the potential to transform these coastal regions, where a large population 
resides, impacting upon investments and infrast ructures. Accompanying the rising MSL 
is the increased occurrence of extreme sea levels. Extreme sea levels, which arise mostly 
due to stor m surges combined with high tides, cause abrupt dest ruction of life and 
proper ty. Aside from MSL change, causative factors for changing extreme sea levels 
include changing surge (storminess) and / or tide components. Within long-term trends, 
extreme sea levels and potential coastal flooding are also found at specific times when 
the peaks of the nodal and perigean tidal cycles occur (Eliot, 2010; Haigh et al., 2011).   

Reviews of the literature on these topics may be found in Lowe et al. (2010) and 
Woodworth et al. (2011). While Menéndez and Woodworth (2010) is notable as a quasi-
global study, most other papers are seen in those two reviews to relate to changes in 
extremes in Europe and the Mediter ranean, although some research noted is in regions 
such as California, British Columbia and Argentina. Most recently, the 5th Assessment 
Report of the Intergovernmental Panel on Climate Change (IPCC AR5) (Church et al., 
2013; Rhein et al., 2013) included a review of extreme sea levels. That repor t concur red 
with the view that the recent increase in observed ext remes worldwide has been caused 
primarily by an increase in MSL, although the dominant modes of climate variability 
(par ticular ly the El Niño Southern Oscillation (ENSO) but including the Indian Ocean Dipole 
(IOD), North Atlantic Oscillation (NAO) and other modes) also have a measureable 
influence on extremes in many regions, via variability in MSL and / or mode-related 
changes in storminess. Since the IPCC AR5, there have been a number of studies relating 
to extreme sea levels. Wahl et al. (2014) repor ted rapid changes in the seasonal cycle of 
MSL along the Gulf coast of the US. Seasonal MSL is found to provide the baseline to 
which storm surges can be added to provide an overall extreme. Consequently, changes 
in the seasonal cycle, like changes in annual MSL, can change flood risk. 

Amongst recent regional studies, an investigation of extremes in the Baltic (Ribeiro et 
al., 2014) found that nor thernmost stations exhibit larger positive trends in extremes 
since 1916, relative to mean values, unlike those of the southern Baltic, where changes 
in extremes are more in line with those in MSL. Mudersbach et al. (2013) and 
Dangendorf et al. (2013) examined long records from six stations on the North Sea coast 
of Germany and concluded that the observed positive trends in extremes are similar  to 
those in MSL prior to the 1950s and for 1990-onwards, but in between the high sea 
levels rose faster than MSL due to changes in the amplitudes of major tidal constituents 
and decadal variability of storm surges. Elsewhere in Europe, Marcos et al. (2009), Haigh 
et al. (2010) and Tsimplis and Shaw (2010) previously substantiated that the increasing 
t rends in extreme are driven by MSL changes. 
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In a study of Caribbean extreme sea levels resulting from tropical storms, Tor res and 
Tsimplis (2014) concluded that the observed trends in extremes are also caused by MSL 
rise in that region with no evidence of secular changes in the storm activity. Feng and 
Tsimplis (2014) deter mined trends in extremes between 1954 to 2012 at 20 tide gauges 
along the coast of China. They concluded that the trends are primarily driven by changes 
in MSL, but are also linked with increases in tidal amplitudes at three stat ions. Neither 
the Pacific Decadal Oscillation (PDO) nor ENSO are found to be indicators of changes in 
the magnitude of ext remes, but ENSO appeared to regulate the number of tropical 
cyclones that reach the Chinese coasts. Another study by Feng et al. (2015) concluded 
that changes in extremes along the coasts of China are strongly related to the changes in 
MSL. Further, they pointed out that these changes are not entirely due to MSL changes, 
but have contributions due to spatially non-uniform changes in surge and tide 
components. Increased flooding instances have been reported along the US coasts. Talke 
et al. (2014) found that increased inter-annual variability together with MSL rise led to 
the increased flood levels at the New York Harbor. Wahl and Chambers (2015) found 
significant but small t rends in extremes during 1929-2013 along most of the coastline 
st retches of the US. These trends are primarily due to MSL rise. They also noted multi-
decadal variations in extremes which are not related to MSL. Moftakhar i et al. (2015) 
repor ted an increased frequency of minor  flooding instances along the coasts of the US 
due to sea level rise. Though non-dest ructive, these floods are capable of causing public 
inconveniences including frequent road closure etc. and they signify increased risk 
during severe floods.  

In summary, long-ter m changes, inter-annual variability and contributing factors in 
extreme sea levels have been documented globally and in some selected basins 
(Woodworth and Blackman, 2004; Menéndez and Woodworth, 2010; Mer rifield et al., 
2013 ; Marcos et al., 2015). Changes are studied using high frequency tide gauge data, 
usually sampled at a frequency of once per hour. At most of the tide gauge stations, 
positive trends in extremes have been found to be due to rising MSL. At inte r-annual 
time scales, extreme sea levels have tended to show a dependence on various modes of 
climate variability, including ENSO and NAO, depending on the region. Most of these 
studies have not included detailed discussion of extreme sea levels in the Bay of Bengal. 

The Bay of Bengal, a semi-enclosed water body which forms the north-eastern par t of 
the Indian Ocean, is characterised by high tides with amplitudes of M2 tidal constituent 
exceeding 1 m towards the head of the Bay and the coasts of eastern Andaman Sea, 
(Murty and Henry, 1983; Sindhu and Unnikrishnan, 2013) and by the presence of some 
of the most destructive weather systems on the planet, the tropical cyclones. Count ries 
like India, Bangladesh, Myanmar and Sri Lanka are greatly susceptible to tropical 
cyclones. Tropical cyclones produce strong winds and tor rential rains, and at the same 
time cause sea level to increase dramatically at the coast in storm surges, all of these 
processes thus affecting the low-lying densely-populated coastal regions of these 
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countries. The annual frequency of tropical cyclones is smaller  in the Bay as compared 
to some other cyclone-risk ocean areas (Gray, 1968). However, their impact is 
devastating due to large populations residing in coastal regions. Thus, tropical cyclones 
are a major causative factor of impacts of extreme sea levels in the Bay of Bengal. 
Although tsunamis have also been observed to cause extreme sea levels, they occur 
ra rely in the Bay of Bengal. 

Trends in relative MSL, based on long-term tide gauge data, have been reported for the 
coasts of the northern Indian Ocean and are consistent with global estimates (1.06 to 
1.75 mm yr-1 during 1878 to 2004 for records having different time spans, Unnikrishnan 
and Shankar, 2007). Recent estimates using satellite altimeter observations 
(Unnikrishnan et al., 2015) have revealed increased sea level rise trends (mean value of 
3.28 mm yr-1 for the nor th Indian Ocean) during 1993-2012, which are again consistent 
with findings for trends in global MSL for the same period. Notably, the head of the Bay is 
characterised by a higher rate of sea level rise than elsewhere (typically 5 mm yr-1), 
which is par tly due to the subsidence of Ganga-Brahmaput ra-Meghna (GBM) river delta. 
Modes of climate variability, such as ENSO and IOD, have been found to have a 
pronounced effect on year-to-year sea level variability in the Bay of Bengal (Singh et al., 
2001; Han and Webster, 2002; Srinivas et al., 2005; Singh et al., 2006; Aparna et al., 
2012; Sreenivas et al., 2012). Sea level along the east coast of India has been found to 
decrease (increase) during El Niño (La Niña) events (Srinivas et al, 2005). During the 
positive (negative) phase of the IOD, sea level tend to decrease (increase) along the east 
coast of India (Aparna et al., 2012). 

Knowledge of extreme sea levels, and insight into their future projections, are essential 
for managing flood risks in the coastal areas. Sea level observations obtained by tide 
gauges provide the basis of this knowledge. Subsequently, their analysis using statistical 
techniques can be used to assess changes in future flood risk under diffe rent climate 
scenarios. Return per iod and return level estimations of extreme sea levels in the Bay of 
Bengal have been provided by Unnikrishnan et al. (2004) and Lee (2013) using hourly 
tide-gauge data and Unnikrishnan et al. (2011) using storm surge models, driven by 
regional climate models to provide present and future return periods of storm surges 
and extreme sea levels. Extreme sea level projections for GMB delta (Kay et al., 2015) 
shows increased likelihood of high water events through the 21st century. A number  of 
other studies related to extreme sea levels in the Bay of Bengal include event-specific 
numerical modeling of storm surges (Dube et al., 2009; Dube et al., 2013) and tide gauge 
observations to characterise storm surges (Mehra et al., 2015). There have been efforts 
to study extremes using altimeter observations (Antony et al., 2014).       

In the present paper, we investigate and present the spatial patterns and recent changes 
in extreme high waters in the Bay of Bengal using hourly tide gauge data available along 
the east coast of India and at the head of the Bay of Bengal. The study intends to estimate 
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changes in extreme high waters on seasonal, inter-annual to longer time scales. 
  

2. Data and Methods 

Hourly tide gauge data from stations at three por ts, Chennai, Visakhapatnam and 
Paradip along the east coast of India, and from two stations, Hiron Point and Cox’s 
Bazaar at the head of the Bay (Figure 1a), were selected for the present analysis. The 
hourly data along the Indian coast were provided by the Survey of India (SOI) and Indian 
National Centre for Ocean Information Services (INCOIS), while those at the head of the 
Bay were downloaded from the research quality data archive of the University 
of Hawaii Sea Level Center (UHSLC).  

We used the percentile analysis technique (see Woodworth and Blackman, 2004) to 
study the changes in the extreme high waters. Only the years that were essent ially 
complete with 50% or more data (Figure 1b) were used, and all the data have been 
quality checked as described by Antony and Unnikrishnan (2013). The hourly sea level 
data for each year were ar ranged in the order of ascending level. The percentiles of 
these data were computed such that 99.9th percentiles represent extreme high waters. 
Following this, percentile time series were constructed for the 99.9, 99.75, 99.5, 99.0, 
95.0 and 50th percentiles for each station by combining cor responding percentiles from 
each year. A second set of percentile time series were also const ructed, which were 
reduced to their median (50th percentiles subtracted). This reduction corresponds 
approximately to the removal of MSL for each year.  The seasonality in the extreme high 
waters was studied using percentiles computed month-wise. We estimated the mean 
seasonal cycle from month-wise percentiles by averaging the percentiles over each 
month (months with at least 50% data were included). Standard deviations were 
calculated to represent the month-wise variability.   

To study the influence of regional climate on the inter-annual variability of extreme high 
waters, a linear-cor relation analysis was car ried out between extreme high waters and 
the indices of modes of regional climate, such as the IOD and ENSO. The Dipole Mode 
Index (DMI) and the Southern Oscillation Index (SOI) were used as indicators of IOD and 
ENSO respectively. The DMI and the SOI were obtained from the websites of the Japan 
Agency for Marin-Ear th Science and Technology and the National Oceanic and 
Atmospheric Administration respectively. The DMI is based on the east-west sea surface 
temperature anomaly difference across the tropical Indian Ocean (Saji et al., 1999). A 
positive (negative) DMI is referred as positive (negative) IOD. The SOI is based on sea 
level pressure difference between Tahiti and Darwin (Trenber th, 1984). During El Niño 
(La Niña) the SOI is negative (positive). De-trended monthly DMI and SOI, averaged over 
January-December months were used to construct annual DMI and SOI. De-trended time 
series of sea level percentiles were used for cor relation analysis. The significance of the 
correlation coefficients was determined through a Student’s t-test. The cor relations 
mentioned as significant for those values exceed 95% confidence limits in the t-test. 
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Serial cor relations in the sea level percentiles were observed to be insignificant, in spite 
of some cor relation being expected because of the perigean tidal contribution to 
extreme high waters in a semi-diurnal environment. We suspect that the variability in 
the extremes due to the surge component masks such serial cor relation in the data. 
Hence, the degrees of freedom for the t-test were approximated as N-2, where N is the 
sample size. At times the IOD and the ENSO phenomena occur simultaneously, and the 
indices have influence on each of them. We used partial correlation to explore the 
relative impact of each climate index to the extremes. Partial cor relation (RSL,DMI▪SOI) of 
sea level (SL) and DMI adjusted for SOI can be written in terms of simple cor relation 
coefficients (Saji and Yamagata, 2003). 

RSL,DMI▪SOI = RSL,DMI – RSL,SOI RDMI,SOI / 1 RSL,SOI 1 RDMI,SOI   

Subscripts (DMI & SOI) can be inter-changed to obtain partial correlation of sea level 
and SOI adjusted for DMI. The significance of the correlation coefficient can be evaluated 
with the same t-test with degrees of freedom N-2-K, where K is the number of variables 
being partialled out (K=1 for the present case).    

The long-term trends in the sea level percentiles were computed using a linear-least 
square fit. The significance of the trends was examined using the t-test at the 95% level 
of confidence. Results are presented with an emphasis on 99th percentile series as the 
higher percentiles (for example, 99.9th percentiles) are more likely to be influenced by 
data er rors (Woodworth and Blackman, 2004), but we also discussed annual maximu m 
water levels and examined the consistency among various percentiles. 

We used Cyclone eAtlas-IMD developed by the India Meteorological Depar tment (IMD) 
along with the surface wind fields and MSL pressure from National Centers for 
Environmental Prediction /National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis (Kalnay et al., 1996) to describe evolution of the meteorological fields dur ing 
par ticular high water  events. 

3. Results  

3.1 Variation of extreme high waters along the coast 

The highest water levels observed among the tide gauge records vary from 170-475 cm 
with the highest water level observed at Cox’s Bazaar (475 cm) and the lowest at 
Chennai (170 cm). The highest water level observed at Hiron Point, Paradip and 
Visakhapatnam was 404, 356 and 226 cm respectively. The highest water levels at 
nor thernmost stations (Cox’s Bazaar, Hiron Point and Paradip) were associated with 
storm surges due to tropical cyclones or depressions (identified using cyclone e-Atlas, 
IMD). Although mild surge events were found during the highest water levels at Chennai 
and Visakhapatnam, the e-Atlas shows no cyclones in the vicinity of these stations. 
However, these surge events were originated due to less-intense low pressure systems 
as noticed from the NCEP/NCAR surface wind and MSL pressure data.   
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‘Tide’ and ‘surge’ were estimated for each year separately using a tidal analysis (Bell et 
al., 1999). Figure 2a shows the annual maximum water levels (annual mean removed) at 
each station plotted as a combination of cor responding tide and surge. The highest 
water levels observed were now 264, 219, 179, 141 and 102 cm at Cox’s Bazaar, Hiron 
Point, Paradip, Visakhapatnam and Chennai respectively. Most of the annual maximum 
water levels were found to occur in par ticular  period of the year  owing to the 
contribution of seasonal MSL (seasonal cycle of extremes and MSL are discussed in 
section 3.2). Figure 2b is similar to Figure 2a but shows the annual maximum wate r 
levels with their monthly mean removed. This removes the int ra-seasonal MSL 
contributions to the high waters in addition to inter -annual and long-term trend. From 
Figure 2a to 2b, the mean annual maximum reduced by about 17 to 31 cm from Chennai 
to Cox’s Bazaar indicating the effect of monthly MSL variations. The mean annual 
maximum tide and surge observed at these stations were marked with triangles (Figure 
2b). Notably, the annual maximum water levels are largely a combination of moderate 
or small surges (annual maximum water levels are less frequent towards mean annual 
maximum surge) and high tides at almost all the stations (as one observes more 
extremes close to and above the dotted line (75% tide and 25% surge)), although the 
extremes in several years at Hiron Point and Cox’s Bazaar do occur as a combination of 
extreme surge and low tide (Figure 2b). The mean annual maximum reduced to monthly 
mean ranges from 71-195 cm from Chennai to Cox’s Bazaar. The average contribution of 
surge and tide to this mean annual maximum ranges from 13-50 cm and from 58-144 cm 
respectively from Chennai to Cox’s Bazaar. The mean annual maximum was found to 
increase from south-western par t of the Bay (Chennai) towards its head (Hiron Point 
and Cox’s Bazaar). Similar increase can be found for mean annual maximu m surge and 
tide. 

3.2 Seasonality of extreme high waters 

The mean seasonal cycle in the monthly 99th and 50th percentiles at the five tide gauge 
locations is shown in Figure 3, while Table 1 presents their statistics. There is a strong 
seasonal sea level signal at all the stations for both mean monthly series. Notably, the 
seasonal changes in sea level a re high in the northern part of the Bay and reduce 
towards the south-west. The seasonal cycle at the nor thern-most stations is 
characterised by a strong annual cycle (single high and low) whereas towards the south-
western par t, it is dominated by a semi-annual cycle (double high and low). At Cox’s 
Bazaar, the mean 99th percentiles have a maximum during July and minimum during 
January and it changes by about 68 cm from its minimum to maximum. At Hiron Point, 
the mean 99th percentiles have a minimum during January and maximum during August 
and fluctuates nearly by 67 cm between these months. Along the east coast of India, 
seasonality has its minimum during March and maximum during October-November 
and the range of seasonal change is about 36-48 cm. The shape of the mean seasonal 
cycle of the monthly 99th and 50th percentiles is similar for most of the stations, with 
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consistency in the range of seasonal change and the month of occur rence of maximu m 
and minimum values, while a one month shift is observed in the occur rence of minimum 
monthly sea level at Hiron Point and Cox’s Bazaar (January to February, Table 1) and a 
notable difference in the range (higher range for 50th percentiles compared to 99th 
percentiles) for Cox’s Bazaar. The range of seasonal seal level change increases towards 
higher percentiles, except for Cox’s Bazaar, where the range of seasonal change towards 
higher percentiles is about 10 cm lower  than that of 50th percentiles. This fact is 
observed clearly when percentiles were reduced to median (figure is not shown), 
seasonality still persists at Cox’s Bazaar, whereas seasonality is less prominent at other 
stations after MSL reduction.    

3.3 Inter-annual variability of extreme high waters 

The de-trended time series of 99th percentiles at each station have standard deviations 
which are higher than (except for Cox’s Bazaar) that of the 50th percentiles (Figure 4a), 
and correlation between the two percentile time series is positive and significant at all 
the stations (Figure 4b). Standard deviations increase, and the correlations with the 
50th percentiles decrease, but are still positive and significant, towards higher 
percentiles. In addition, we correlated the inter-annual sea level percentiles (Figure 5) 
at various stations with one another, finding consistent cor relations in all percentiles, 
which are significant, among stations along the east coast of India. Corresponding 
correlations after MSL reduction are significant and consistent among various high 
water percentiles only between Chennai and Visakhapatnam.  

Significant cor relations are also observed between 99th percentiles (median is not 
removed) and climate indices (DMI and SOI) for all the stations along the east coast of 
India (Table 2). For the stations at the head of the Bay, significant cor relation is 
observed between 99th percentiles at Hiron Point and DMI, whereas no significant 
cor relation is found with the SOI. For Cox’s Bazaar, there is no significant correlation of 
99th percentiles with the climate indices. The results are mostly the same for other high 
water percentiles. When the median is removed from the 99th percentiles, the 
correlations with the DMI and SOI reduced, but a significant cor relation is still observed 
for the 99th percentiles at Paradip and Chennai with the DMI.   

The partial cor relation analysis, which separates the contributions of DMI and SOI to 
high waters, shows reduced magnitude of cor relation coefficients for both DMI and SOI 
with median and high water percentiles. Significant cor relations still persists between 
DMI (with SOI contribution removed) and 99th percentiles at Hiron point, Paradip and 
Chennai. 99th percentiles at Paradip show significant correlations with SOI, afte r 
removing the DMI contribution. These results are largely consistent for other 
percentiles also. For the median removed percentiles, significant cor relations with DMI 
are observed for Paradip. Overall, the results show a wider impact of IOD on extremes 
compared to that of SOI.     
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3.4 Trends in extreme high waters 

Figure 6 shows the annual 99.9, 99.75, 99.5, 99.00, 95.0 and 50th percentile time ser ies 
of hourly sea level fitted with linear trend lines for the stations Cox’s Bazaar, Hiron 
Point, Paradip, Visakhapatnam and Chennai. Table 3 shows linear trends and standard 
er rors (SEs) in 50th, 99th percentiles as well in 99th percentiles reduced to median for 
different stations. The high water percentiles at Hiron Point show significant positive 
t rends at 95% confidence level. The trends in the various high water percentiles at 
Hiron Point are between 4.3 and 5.8 mm yr-1, which are generally slightly lower  than 
that of the 50th percentiles (5.4 mm yr-1), except for 95th percentiles. The SE estimates 
for various percentiles at Hiron Point are small compared to respective t rends and 
range between 1.4 and 1.9 mm yr-1. Although trends up to 4.3 mm yr-1 are observed in 
high water  percentiles at Cox’s Bazaar, these trends are not statistically significant due 
to the large SEs, about 2.2-3.8 mm yr-1. Along the east coast of India decreasing trends 
are observed in the high water percentiles at Paradip Visakhapatnam and Chennai 
(Table 3). Their high water t rends are relatively small compared to those at stations at 
the head of the Bay and range between 0.1 and -2 mm yr-1. These trends are not 
significantly different from zero at 95% confidence level, due to their equally large SEs. 
In order to detect the contribution of MSL change to the observed extreme high wate r 
t rends, high waters at these locations were reduced to their median values (50th 
percentiles). The higher MSL trend at Hiron Point resulted in small decreasing trends 
(not significant) in most of its high water percentiles after MSL reduction. The 
increasing trends (up to 1.9 mm yr-1) in high water  percentiles at Cox’s Bazaar are  not 
significant since their  SEs are even larger than the trends themselves. For the east coast 
stations, the MSL reduction resulted in minor changes in trends of high wate r 
percentiles since the MSL trend itself is relatively small, about ±1 mm yr-1. The trends 
are not significant for almost all the high water percentiles.   

We also looked at the trends in percentile time series derived from each month to see 
their month-wise distribution and whether these trends are confined to specific months. 
We observe significantly increasing trends (0.6-13 mm yr-1) for most of the months and 
for the various percentile levels only at Hiron Point (Figure 7). Significant increasing 
t rends are found consistently there from January to May, and in November and 
December, for various percentiles. The trends in the months June-October, when the 
seasonal sea level is mostly at its peak, are also positive, although  small, but are less 
consistent  (in terms of trend significance) among the various percentiles. Further, 
reduction of high water percentiles to median values results in the significance of most 
of these trends being further reduced (Figure 7).  

4. Discussion and Conclusions 

The magnitude of extreme high waters relative to MSL along the coasts of the western 
Bay of Bengal increases from the south-western part of the Bay to the head of the Bay. 
This is largely in accordance to the spatial dist ribution of the tides, which increases from 
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south to north (Murty and Henry, 1983; Sindhu and Unnikrishnan, 2013). The mean of 
the surge heights which contributes to the annual maximum sea levels ranges from 13 to 
50 cm from Chennai to Cox’s Bazaar, whereas the mean of the annual maximum surges 
range from 25 to 120 cm. This asser ts the fact that the low and moderate surges 
contribute to the extreme high water. Previous study by Antony and Unnikrishnan 
(2013) showed a significant tide-surge interaction effect in the Bay of Bengal, and 
towards the head of the Bay the occurrence of surge peaks at high tide is reduced there, 
the surges may not usually result in extremes. Recently, Feng et al. (2015) showed that 
tides are also important factor for extreme sea levels in regions where tide-surge 
interaction is large.  

The historical record based on anecdotal information and sources in the literatu re 
makes clear that there have occur red surges and high water levels, all along the western 
Bay of Bengal, much higher than those shown in the available tide gauge data. In 
addition, numerical modelling suggests that there is indeed a potential for much larger 
events than we have available for study here (Dube et al., 1997; Dube et al., 2009). 
Moreover, the tide gauges used in the present study are separated from thei r 
neighbours by about 250-600 km and this spatial coverage is inadequate to sample 
surges caused by all t ropical cyclones. Therefore, especially severe events may not be 
always recorded. In addition, during certain occasions, such as the 1999 Odisha super-
cyclone, the tide gauge inst rument itself may have failed and will not have provided 
suitable measurements. Although we recognise that some of these very extreme events 
may be missing from our data set, we believe that the tide gauges will have recorded the 
bulk of major events such as those considered in the present study. 

The seasonal changes in the MSL in the Bay of Bengal are prominent. In their study, 
Tsimplis and Woodworth (1994) noted annual amplitudes exceeding 1000mm in the 
Ganges delta (northern Bay of Bengal) and large semi-annual amplitudes along the east 
coast of India. Shankar (1998) Shankar (2000) and Wijeratne et al. (2008) discussed 
more on the spatial variability and causes of the seasonal cycle of MSL in the Bay of 
Bengal and adjacent regions and pointed out the importance of wind-driven coastal 
cur rents and river runoff in seasonal sea level changes, in addition to the atmospheric 
pressure effects. Seasonal changes in the extreme high waters in the Bay of Bengal a re 
mostly similar to the seasonality in the MSL. Slight difference is observed at northern-
most stations, especially Cox’s Bazaar, where seasonality observed other than that in 
MSL. The seasonality peaks during July to August owing to the large river discharge 
during the south-west monsoon period (June-September) at the head of the Bay of 
Bengal, whereas it peaks during October-November along the east coast of India. The sea 
level peak during October-November along the east coast of India has contributions 
from salinity changes (Shankar , 1998). For the Bay of Bengal, October and November 
months are observed to have higher cyclone frequencies compared to other months (Li 
et al., 2013). The combined effect of peak seasonal sea level along with high cyclone risk 
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poses relatively high risk of extreme sea levels for the east coast of India. Additionally, 
since the Bay of Bengal is characterised by large changes in sea level between seasons, 
any change in the seasonality, the baseline over which storm surges occur, may cause 
potential impact to the flood risk.    

The inter-annual variability of extreme high waters observed in the Bay of Bengal 
closely resembles that of the MSL. The SOI and DMI indices are correlated with high 
waters at gauges along the east coast of India and Hiron Point. The significant negative 
correlations with DMI show that extremes are smaller (higher) during positive 
(negative) IOD events. Signatures of strong positive IOD events (1994 and 1997) are 
manifested as low extremes at stations Chennai, Visakhapatnam and Paradip. A direct 
relationship (positive correlations) is observed between extremes and the SOI 
indicating lower (higher) extreme sea levels during El Niño (La Niña) events. Low 
extremes are noticed during 1982, a strong El Niño year most of the stations. Most of the 
correlations reduced when MSL effect is removed, but significant cor relations exist 
between extreme high waters reduced to median and the climate indices for the stations 
Paradip and Chennai, suggesting that the IOD/ENSO also impact the extreme high waters 
in an additional way to that due to MSL. An analysis on the impact of ENSO and IOD on 
sea level variations in the Bay of Bengal by Aparna et al. (2012) showed that sea level 
change signatures a re relatively stronger during positive IOD and El Niño events 
compared to negative IOD and La Niña events. They further analysed the forcing 
mechanism for the sea level variations during IOD and ENSO events and the model 
solutions suggests that remote influence of equator ial winds as reflection of equatorial 
Kelvin waves from eastern boundary as Rossby waves and direct wind forcing from 
winds in the interior  of the Bay as the two important forcing processes. During ENSO 
events the sea level variations are remotely forced from the equator via reflected 
Rossby waves and minor contribution from direct wind forcing by interior winds within 
the Bay, whereas both process are important during positive IOD events.      

The high water percentiles at Hiron Point tide gauge are characterised by significant 
increasing trends. Trends in high water percentiles reduced to median shows 
decreasing trends but not significant indicating that much of the changes are due to MSL. 
Increasing t rends in extremes at Hiron Point are not specifically rest ricted to any season 
rather found in most of the months although we notice increasing trends which are 
relatively small and not significant during June-October period for higher high wate r 
percentiles due to comparable SEs. In a recent study, Pethick and Orford (2013) 
repor ted a rapid rise in high water maxima in the Sundarban area of southwest 
Bangladesh. They present evidence for tidal amplification, based on three estuarine tide 
gauge records, as being the predominant cause of this high rate. They found increasing 
rates of 7.9, 10.7 and 19.5 mm yr-1 respectively for MSL, monthly mean high water  and 
annual maximum high water at Hiron Point over their period of study from 1990-2011. 
A significant part of the MSL at Hiron Point was considered to be contributed by 
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subsidence of the delta and in the case of high water change there is an additional 
contribution from tidal amplification. According to Pethick and Orford (2013), the tidal 
amplification at Hiron Point, “an undisturbed environment”, must have taken place due 
to natural p rocesses. The changes in extreme high waters found in the present study are 
far less compared to the rates reported in Pethick and Orford (2013). We also calculated 
t rend using monthly percentiles for the high waters at Hiron Point and observe trends 
about 8 mm yr-1 and in either case (annual and monthly) it should be noted that  the 
period of study in the present paper spans 1977-2003. The difference in period of study 
as well as the presence of high water levels towards the end of the record may affect the 
t rend estimates.  

In conclusion, the present paper discusses the spatial dist ribution, seasonal pattern, 
long-term changes and inter-annual variability of extreme high waters along the east 
coast of India and at the head of the Bay of Bengal during the recent past (1974-2007). 
The major finding is that the high water changes are mostly in line with MSL change. The 
results are presented with limitations that emerge from the spatial coverage, length and 
completeness of the observed data. As the understanding of past extremes is crucial for 
p rojection of future extremes, the present study points out the need for an extensive 
network of tide gauges, as this coastline is among the most vulnerable and densely 
populated region of the globe. In spite of these data limitations, the results do provide 
some insight into the reasons for changes in high waters that may be of use to coastal 
engineers working in this impor tant section of the world coastline and form a basis for 
the future studies. 
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Figure Captions 

Figure 1. a) Locations of tide gauge stations in the Bay of Bengal. b) Tide gauge data used 
in the present study. The colour  scale shows the data availability in percentage. 

Figure 2 a) The annual maximum water levels (annual mean removed), plotted as a 
combination of tide and surge. The highest water level among the annual maxima is 
given in centimetres. b) As in a) with the monthly mean removed instead of the annual 
mean. The mean annual maximum tide and surge for each station are marked on the 
respective axes with   triangles. Reference lines, dashed (dotted), indicate water levels 
with 50% (75%) tide and 50% (25%) surge contributions. 

Figure 3. Mean seasonal cycle of the 99th and 50th percentiles, together with the 
standard deviations. Shaded areas represent minimum and maximum of the seasonal 
cycle.   

Figure 4. a) Standard  deviations of various sea level percentile time series. b) Linear 
cor relation coefficients between the 50th percentiles and various high water 
percentiles.  

Figure 5. a) Time series of de-trended 99th (median is not removed) and 50th 
percentiles.  

Figure 6.   Annual 99.9, 99.75, 99.5, 99.00, 95.0 and 50th percentile time series at Cox’s 
Bazaar, Hiron Point, Paradip, Visakhapatnam and Chennai. The dashed lines rep resent 
linear trend fits. 

Figure 7 Month-wise trends in various sea level percentiles (circle) and high water 
percentiles reduced to median (star) at Hiron Point. Statistically significant t rends a re 
shown with a black border. 

Tables 
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Table 1. Statistics of the mean seasonal cycle of 99th and 50th percentiles. 
 
Station      99th (50th) percentile 
                                   _________________________________________________________ 
     Month of     Range (cm) 
    Largest and Smallest Values 
___________________________________________________________________________ 
Cox’s Bazaar    Jul(Jul)  Jan(Feb)  68.2(80.5) 
Hiron Point   Aug(Aug)  Jan(Feb)  66.7(68.5) 
Paradip   Oct(Oct)  Mar(Mar)  45.0(43.5) 
Viskhapatnam   Nov(Nov)  Mar(Mar)  48.4(42.0) 
Chennai   Nov(Nov)  Mar(Mar)  36.00(30.9) 
___________________________________________________________________________ 
 

Table 2. Correlation coefficients between climate indices (DMI and SOI) and sea level 
percentiles (99th and 99th-50th). 

Station    DMI    SOI 
                                 __________________________________________________________ 
   99th  99th-50th 99th  99th-50th 
Cox’s Bazaar   -0.16  0.31  0.16  -0.17  
Hiron Point  -0.56  -0.07  0.30  -0.18 
Paradip  -0.69  -0.48  0.59  0.10 
Visakhaptanam -0.44  -0.18  0.43  -0.10 
Chennai  -0.58  -0.35  0.42  0.28 
*Statistically significant cor relations are shown in bold.  
 

 
Table 3. Linear trend and standard er ror (mm yr-1) estimates for 99th, 50th and 99th-
50th percentiles. 
 
Station   Period  99th   50th   99th-50th 
Cox’s Bazaar   1983-2006 2.47±2.60 2.42±3.18 0.05±1.99   
Hiron Point   1977-2003 5.17±1.49 5.44±1.39 -0.27±1.07 
Paradip  1974-2007 -1.18±1.54 -0.19±1.13 -0.99±1.01 
Visakhapatnam 1974-2007 -0.32±1.16 1.06±1.00 -1.38±0.72 
Chennai  1974-2007 -1.34±1.18 -0.74±0.74 -0.60±0.69 
* Trends statistically significant at 95% confidence level are shown in bold.  
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Figure 1. a) Locations of tide gauge stations in the Bay of Bengal. b) Tide gauge data used in the present 
study. The colour scale shows the data availability in percentage. 
 

 
 

Figure 2 a) The annual maximum water levels (annual mean removed), plotted as a combination of tide and surge. The 
highest water level among the annual maxima is given in centimetres. b) As in a) with the monthly mean removed 
instead of the annual mean. The mean annual maximum tide and surge for each station are marked on the respective axes 
with   triangles. Reference lines, dashed (dotted), indicate water levels with 50% (75%) tide and 50% (25%) surge 
contributions. 
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Figure 3. Mean seasonal cycle of the 99th and 50th percentiles, together with the standard deviations. Shaded 
areas represent minimum and maximum of the seasonal cycle.   
 
 

 
 

Figure 4. a) Standard deviations of various sea level percentile time series. b) Linear correlation coefficients 
between the 50th percentiles and various high water percentiles.  
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Figure 5. a) Time series of de-trended 99th (median is not removed) and 50th percentiles.  

 

 
 

Figure 6.   Annual 99.9, 99.75, 99.5, 99.00, 95.0 and 50th percentile time series at Cox’s Bazaar, Hiron Point, 
Paradip, Visakhapatnam and Chennai. The dashed lines represent linear trend fits. 
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Figure 7 Month-wise trends in various sea level percentiles (circle) and high water percentiles reduced to 
median (star) at Hiron Point. Statistically significant trends are shown with a black border. 


