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Abstract

Tide—surge interaction serves a critical role in shallow coastal regions in modifying the
characteristics of peak water levels during storm events. In the present study, we investigated the
tide—surge interaction in the coastal waters at the head of the Bay of Bengal (BoB) during Cyclone
Aila, a Category 1 cyclone.The space-time characteristics of the interaction were discussed. The
numerical simulation results reveal that the interaction was significant with interaction heights of up
to 1 m at many locations that were even a few hundred kilometres away from the maximum
surge.The spatial pattern of the interaction exhibited lower values in the central part of the head of
the BoB due to the reduction in the width of the continental shelf and the relatively lower tidal
amplitudes in this region compared with those in the remaining portion of the head of the BoB. The
overall effect of the interaction was the reduction in the peak water levels.Favourable factors such as
the extreme shallowness of the coastal waters, tidal contribution, and complex coastline geometry
explain the strong tide—surge interaction at the head of the BoB.
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1. Introduction

The tropical cyclones over the BoB have gained much attention due to the severe impacts caused by
storm surges associated with them. Some of the past cyclone events have caused massive loss of life
and property in the coastal regions surrounding the BoB (Frank and Husain, 1971; Frintzet al.,
2009), which are densely populated. The storm surges in the BoB are larger compared to those in
other regions.Five storm surges of >5 m occur on an average in the BoB every decade (Needhamet
al., 2015).The converging characteristic of the coastline and the shallow and broad continental shelf
in the northern BoB serve a significant role in amplifying the storm surges (Flierl and Robinson,
1972). The inland reach of the surges is high due to the low-lying characteristic of the coast and the
presence of numerous estuarine channels(Johns and Ali, 1980). The total water level should be
forecasted to reduce the risks related to storm surges. Because the total water level is a combination
of tides and surges, the phase of the tidal cycle serves a critical role in determining the total surge
impact. Semi-diurnal tides undergo amplification on the wide shelf off the head of the BoB(Sindhu
and Unnikrishnan, 2013). The nonlinear interaction between a tide and surge forms a critical element
that can be used to predict the accurate total water level in this region owing to the shallow water

depths and tidal amplitudes that reach up to several metres, especially during spring tides.

Tide—surge interaction is found to be significant in shallow seas and estuaries (Prandle and
Wolf, 1978). A significant amount of interaction causes noticeable changes in the tide and surge
characteristics, for example, changes in the surge magnitude and duration (As-Salek and Yasuda,
2001). Such interaction studies have originated from the studies conducted in the Thames Estuary, a
region where the tide—surge interaction is quite prominent. The pioneering studies pertaining to
observe and understand tide—surge interaction include those of Doodson (1929)and Proudman
(1955).By using surge observations obtained from Southend, U.K., Doodson (1929)revealed that
surge peaks were frequent on rising tides and that surges were larger during low tide than those
during high tide.Rossiter (1961) statistically found significant tide—surge interactions by using the
storm surge observations of the Thames Estuary. According to him, interaction tends to amplify the
surge heights on the rising tide. He suggested a mutual phase alteration between tide and surge as the
physical interaction mechanism. Later, Horsburgh, and Wilson (2007) proposed a simple
mathematical explanation for the surge clustering on the rising tide observed along the east coast of
the United Kingdom. They suggested that the phase modification of a tide signal due to a surge and a
tide-modulated surge generation are the two processes which contribute to the surge clustering on the

rising tide.Tide—surge interaction has been studied in many other coastal regions, such as the Gulf of



Mexico (Rego and Li, 2010),seas around the Korean Peninsula (Park and Suh, 2012),the east coast of
the USA (Fenget al., 2016), and the South China Sea (Zhanget al., 2017).

In the case of the 1970 Bhola cyclone that occurred in the BoB, Daser al.(1974)noted an
overestimation of the total water levels (approximately 1 m) when the tides and surges were added
linearly compared with the total water levels obtained by including the coupled effect of tides and
surges.Subsequently, Johns and Ali (1980)found that compared with the surge heights that do not
include tide—surge interaction,the heights that includes the tide—surge interaction were lower during a
high tide and higher during a low tide.Antony and Unnikrishnan (2013) analysed hourly tide-gauge
data of approximately 27 years and noted a frequent occurrence of surge peaks away from high tide
at Hiron Point, a station situated at the head of the BoB.They studied a characteristic surge
distribution due to tide—surge interaction.By studying two major cyclones which made landfall on the
coastal region in Bangladesh, Hussain and Tajima (2017) concluded that during ebb tides the total
water level, including the tide—surge interaction, was higher than that from a linear addition of tide
and surge,whereas the opposite was noticed during high tide.By investigating storm surges during
Cyclone Sidr,Krienet al. (2017) presented that the tide—surge interaction changed the total water
levels by more than 1 m close to the landfall area, which was located in the rivers and in the

northeastern part of the head of the BoB.

A few studies have attempted to simulate the storm surge during Cyclone Aila (Paul et al.,
2016; Gayathri et al., 2016). Although these studies have used coupled tide—surge models, their
primary interests were towards coastal inundation (Gayathri et al., 2016) and air bubble effects (Paul
et al., 2016) that were observed during the event. In the present study, we investigated the space—
time characteristics of the tide—surge interaction during Cyclone Aila through a numerical modelling

approach.
2. Cyclone Aila

CycloneAila was developed from a tropical disturbance that formed over the central BoB. The
disturbance strengthened into a tropical storm at 88.5° E and 17.7° N (Figure 1a) at 00:00 UTC on 24
May2009. Subsequently, the storm advanced northwards and crossed the land near Sagar Island
(Figure la) after 06:00 UTC on 25 May. Before its landfall, the storm intensified into a Category 1
cyclone with a maximum sustained wind speed of up to 65 kt(Joint Typhoon Warning Centre
(JTWC) tropical cyclone best-track data) (Figure 1b). The minimum pressure at the centre of the

cyclone was approximately 974 mb (Figure 1b). The storm surge during the event attained heights of



approximately3m (IFNet 2009; Roy et al. 2009) and caused major damage along the northeastern

and southwestern coastal regions of India and Bangladesh.
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Figure 1. (a) Track of CycloneAila with its maximum surface (10 m) wind speed presented using the
Saffir—Simpson hurricane wind scale. (b) Time evolution of the six hourly maximum wind speed and
minimum mean sea-level pressure during the cyclone.The cyclone data source: JTWC tropical
cyclone best-track data.

3. Hydrodynamic model

The advanced circulation (ADCIRC) model (Luetticher al., 1992; Luettich and Westerink, 2004;
Dawson et al., 2006), which solves vertically integrated shallow-water equations for water-surface
elevations and currents, was used in the present study. The model uses triangular elements of various
size, thus allowing the use of a finer resolution near the coast and a coarser resolution in the open
ocean. ADCIRC has a wide range of applications, including modelling of tides, storm surges, and
coastalinundation. The model has been successfully used for various applications in the BoB, such as
tidal characteristics (Rose and Bhaskaran 2017), wave—current interaction (Samikshaet al., 2017),

and coastal inundation (Rao et al., 2013; Bhaskaranet al., 2014).



4. Model set-up

The triangular elements over the model domain (Figure 2a)were created using the Surface water
Modelling System software (https://www.aquaveo.com). The model domain has approximately 544
x 10’triangular elements and 274 x 10’nodes. The grid resolution is approximately 500 m near the
coastline and 25km near the open boundary. In the present study, we used the new bathymetry data
(Figure 2b)obtained from the study by Krienetr al. (2016) for conducting model simulations. The
dataset incorporated digitised depth values from estuaries and rivers adjoining the head of the BoB.
Krienet al. (2016) reported improvements in the tidal simulations by using these data.The five major
tidal constituents that were used to force a composite tide at the open boundary wereK; and O;

(diurnal constituents) and M,,S,, and N,(semi-diurnal constituents) (Table 1). Amplitudes and phases

of these constituents were obtained from the output of Finite Element Solution 2012

(FES2012), a global tidal model(Carréreet al., 2012).A quadratic bottom stressz, formulation was

used in the model and is as follows:

2
1
T, = ‘fnﬁ\/uz + v?, (1

whereu and v are depth-averagedvelocities, g is the the acceleration due to gravity,H ={+h

is the total water depth, { is the variation in the water elevation above the mean sea surface, h is the
depth belowthe mean surface, and nrepresents the Manning roughness coefficient. The values of the
Manning roughness coefficient were obtained from an earlier study in the region that was conducted
by Krienet al. (2016). The wetting and drying features were enabled in the model. A time step of 8 s

was set to run the model.



Table 1.Amplitudes and Greenwich phase lags of tidal constituents forced along the open

boundary of the model. A, B, and C represent three open boundary points (Figure 2a).

Constituent Period (h) Amplitude (m) Phase (°)

Symbol Name A B C A B C
M, Principal lunar 12.42 0.480 0.475 0.651 076.453 074.301 075.306
S, Principal solar 12.00 0.209 0.206 0.298 104.703 102.734 104.596
N, Larger lunarelliptic 12.66 0.098 0.097 0.133 069.417 064.634 065.057
K, Luni-solar diurnal 23.93 0.118 0.113  0.133  250.375 246.012 238.687
0O, Principal lunardiurnal 25.82 0.040 0.038 0.047 240.286 232.709 225.882
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Figure2.(a) Model domain with triangular elements (grid resolution in colour).A, B, and C represent
the open boundary points whose tidal amplitudes and phases are presented in Table 1. (b)
Topography and bathymetry of the model domain.Triangles were used to mark the stations from
which observations were used for validating tides.

5. Meteorological forcing

Using parametric models to represent cyclone wind and pressure fields whenever high-
resolution meteorological data are not available is a common practice. A parametric cyclone wind-
field model developed by Jelesnianski and Taylor (1973) and modified to represent the cyclones in
the BoB (Murtyet al.,2016)in a better manner was used to construct wind fields of Cyclone Aila. The
pressure fields of the cyclone were constructed using the Holland model(Holland,1980). The model
developed by Jelesnianski and Taylor (1973) has been widely used for generating cyclone wind



fields over the BoB.The improved model (Equation 3) considers the strong winds at the outer core
region of the cyclones (Murtyet al., 2016). The input data used for the parametric models were
cyclone core pressure P,, maximum wind speed V,,,,, radius of the maximum wind speedR,,,,,and
the latitude and longitude positions of the cyclone. All these data, except R4, wWere obtained from
the JTWC best-track archive at a six-hour interval . R,,,,was calculated using the equation given by

Knaff and Zher(2007):

Riax = 66.785 — 0.09102 Vyy + 1.0619 (¢ — 25), 2)

whereg is the latitude of the cyclone centre in degrees.

The circular wind field of the cyclone was constructed using the following formula(Murtyet al.,

2016):

2rRmax )3/ 5 3) where

T2+ R2 0

W= Vmax(

the distance from the centre of the cyclone to any point.

The forward motion of the cyclone was included using the following equation (Jelesnianski, 1966):

TR
Wy = Vg (r2 +T;‘1;:ax)’ 4) where

Vf is
the translation velocity of the cyclone.

Wind inflow angle (f) corrections were applied to the wind field by referring to the study by Harper
et al. (2001):

r
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a

point was calculated using the Holland model (Holland, 1980) as follows:

(6) where

T

B
P=P.+ (Pony — F) exp [_(M) ]n
P18

the environmental pressure and that was set to 1013 hPa.

The parameterB is defined as follows:



2
B = L& Vmax (7) where
Peny — Pc

prepr

esents the air density and e is Euler’s number.

The wind and pressure fields of Cyclone Aila generated using the parametric models at 06:00
UTC on 25 May2009aredisplayed in Figure 3a and 3b, respectively. In addition to the meteorological
fields obtained from the parametric models, we also used 10-m wind and mean sea-level pressure
fields obtained from European Centre for Medium-Range Weather Forecast Reanalysis 5 (ECMWF;
ERADS) at every 0.25° grid provided every 1 h.
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Figure 3. (a) Wind and (b) pressure fields at 06:00 UTC on 25 May2009constructed using
parametric wind and pressure models. The dashed line indicates the track of CycloneAila.

6. Model simulations

The tide—surge interaction height{; can be given as follows:

G = Clres+1— s+ ), )]

which is the difference between water-level height in a coupled tide—surge ({;., ¢, ;) simulation and

height as a sum of tide ({;) and pure surge ({s) simulations (Banks, 1974).A practical surge {5, is
defined as the surge including the interaction height (Zhanget al., 2010; Idieret al., 2012):

(s+1=0s+ . ©



We conducted the following simulations to obtain the water-level heights on the right-hand side of

Equations 8 and 9:
(1) Forced with tide ({r)
(i1) Forced with wind and pressure ({s)
(ii1) Forced with tide,wind, and pressure ({7,54;)

Water-level heights from these simulations were used to compute the interaction height and practical

surge.

To explore the influence of tides on the tide—surge interaction, experiments were conducted

by allowing the cyclone to landfall at different phases of the tidal cycle by shifting its land fall time.
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Figure 4. Amplitudes and phases of the tidal constituents computed from the model simulations and
observations at locations displayed in Figure 2b.
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Table 2.Error statistics representing the performance of the tide model.

Constituent Amplitude(m) Phase(°)

MAE RMSE MAE RMSE
M, 0.082 0.096 15.184 17.297
S» 0.033 0.046 16.131 18.243
N, 0.023 0.032 14.843 17.240
K, 0.027 0.039 4.424 4.744
0O, 0.005 0.007 2.852 3.986
Average 0.034 0.044 10.687 12.302

7. Validation of simulated tides

For validating the simulated tides, we used tidal constituents obtained by conducting a harmonic
analysis on the sea-level data from six tide gauges (Figure 2b)spanning across a full year. The sea-
level data were provided by the Survey of India (SOI), the Indian National Centre for Ocean
Information Services (INCOIS), and the Sea Level Center, University of Hawaii. Sixty-three tidal
constituents were used in the harmonic analysis by using the Tidal Analysis Software Kit 2000
(TASK-2000;Bell et al., 1999). The agreement between the tidal constituents computed from the
modelled and observed time series was quantified by calculating the mean absolute error (MAE) and

root mean square error (RMSE) as follows:

MAE = ZLIWmi— o)l (10)
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RMSE = EEN(0ai— 0 D)

whereN represents the total number of constituents, Y, presents the modelled constituents, and ¥ ,is
the observed constituent.The error statistics are presented in Table 2 for five tidal constituents. For
providing a visual comparison,the amplitudes and phases of these constituents from the model and
observations are presented in Figure 4. Overall, the model reproduced amplitudes and phases of the
tidal constituents reasonably well. The average MAEs were approximately 0.034 m and 10.687° and
average RMSEs were approximately0.044 m and 12.302°for the amplitudes and phases of the tidal

constituents, respectively.
8.Storm surge

The time series of model-simulated practical surges and water level sat Hiron Point are displayed in
Figure 5 along with observations from the tide gauge.Two model simulations are displayed in the
figure—one forced with meteorological fields from the parametric models (based on the JTWC data)
and the other one forced with the ERAS data. The error statistics of the performance of the model are

presented in Table 3. The time series of the observed surge was obtained by de-tiding the hourly sea-

level data of 2009. The sea-level data were provided by the Bangladesh Inland Water

Transport Authority (BIWTA).Sixty-three tidal constituents including annual S, and semi-annual

S5, constituents were used in the de-tiding process by using TASK-2000. The tide gauge at Hiron
Point, which is located approximately 130 km from the cyclone landfall location, recorded a storm
surge of approximately 1.73 m. The corresponding JTWC and ERASsurges were approximately 1.23
and 1.35 m, respectively(Figure 5a). The observed surge time series revealed a gradual development
of the storm surge.The surge event exhibited two peaks that differed by approximately 0.5 m in
height and 8 h in time.The observed surge was much longer (remained above 1m for approximately
15 h) than the simulated surge. The aforementioned features of the storm surge were missing in the
JTWC simulation, whereas the EARS simulation reproduced variations in the surge curve but with
an underestimation. The error statistics (Table 3) indicate that the ERASdata simulation was better
than the JTWC datasimulation, with a decrease in the RMSE from 0.42 to 0.24 m and a small
increase in the correlation from 0.86 to 0.90. Although time series comparison at Hiron Point
revealed that the ERAS surge data exhibited better results than the JTWC surge data, the JTWC
surge data exhibited better results for the maximum surge near the landfall location than the ERAS
surge data. There was an underestimation in the surge heights by approximately30%—50%near the

12



landfall location in the ERAS5data simulation compared with the surge heights of the JTWC data
simulation (Figure 6).Nevertheless, the ERAS5data simulation indicates that errors in the atmospheric
input can be the major cause for the discrepancies in the JTWC simulated surge at Hiron Point.The
observed total water level after eliminating the mean was approximately2.63 m(Figure 5b) and the
simulated water levels wereapproximately2.28 and 2.43 m for the JTWC and ERAS simulations,
respectively. As in the case of a storm surge, the ERAS simulation performed better than the JTWC

simulation in terms of the water level (Table 3).

<+ < T
a) | ¢ QObservation b) |
(] / ! M !
—— Model (ERAS)
E B
b >
g.J, g
@ o %o
s
it 5
o o
| |
0000 1200 0000 1200 0000  12:00 0000 1200 0000 1200 0000  12:00

24 May 09 25 May 09 26 May 09 24 May 09 25 May 09 26 May 09

Figure 5.Time series of the observed (circle) and modelled (continuous line) (a) storm surges and (b)
water levels at Hiron Point during Cyclone Aila. The modelled surge is the practical surge (including
tide—surge interaction). The observed water level is shown after eliminating the mean over a period
of one year.

Table 3.Error statistics representing the performance of the coupled tide—surge model.

Location JTWC ERAS
Water level Surge Water level Surge
RMSE(m) r RMSE(m) r RMSE(m) r RMSE(m) r
Hiron Point 0.47 0.97 0.42 0.86 0.28 0.98 0.24 0.90

The spatial distribution of the maximum practical surge (Figure 6a) simulated using the

JTWC data revealed that the surge during Cyclone Aila reached above 3 m inside the estuarine
13



channels at the right side of the cyclone landfall location. The surge heights reached above 1 m along
the shallow coastal waters and thus extended to the regions that were within approximately 200 km
at the right side of the landfall location. Moreover, the surge reached some regions to the northeast of
the head of the BoB that are almost 350 km away from the landfall location. The ERAS simulation
(Figure 6b)revealed a similar surge pattern over the coastal waters but failed to reproduce the
maximum surge near the cyclone landfall location. Overall, the performance of the JTWC simulation
was satisfactory because it could reproduce the reported maximum surge height (approximately 3 m)

during the event.
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Figure 6.Maximum practical surge during Cyclone Aila obtained from the (a) JTWC and (b) ERAS
simulations. The location of the Hiron Point (HIR) tide gauge is marked using a star.The depth
contours of 20 and 200 m are also shown.
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9. Tide-surge interaction

The time series of various water-level heights (Equations 8 and 9) during Cyclone Aila at four
locations (Figure 9a) are displayed in Figure 7.Location Lllies within the region in which the
maximum open coast surge was observed in the JTWC simulation. Locations L2 and L3 lie in the
northeastern part of the head of the BoB.At L1 and Hiron Point, the interaction curves exhibited
nearly similar patterns with a positive interaction during low tide and negative interaction during
high tide (Figure 7a and b).This interaction pattern indicates that the surge height decreased during
high tides and increased during low tides.The JTWC and ERAS interaction patterns at L1 and Hiron
Point were almost consistent. The interaction patterns of the two model simulations were inconsistent
at the locations considered in the northeastern part (L2 and L3) due to the differences between the
pure surges. The magnitudes of the pure surges in the JTWC and ERAS simulations are nearly the
same at L2 and L3 (approximately 1m).However,the ERASpure surge was longer in terms of the
duration than the JTWC pure surge.Moreover, the JTWC pure surge had negative heights, whereas
the ERAS pure surge was positive throughout. The practical surge increased due to the interaction
and decreased for the ERAS5 and JTWC simulations in comparison to their pure surges. Another
interesting feature to note at L2 and L3 is how the difference in the surge curves between the two
simulations influenced the total water levels. The JTWC water levels exceeded the peak predicted
tide only once, whereas the ERAS water levels exceeded the peak predicted tide twice. The obtained
time series reveals that at all the locations, the maximum water level obtained from the coupled tide—
surge model was lower than that obtained using the linear sum of the tide and surge

(uncoupled).Thus,the tide—surge interaction decreased the maximum water levels.

The tide—surge interaction characteristics (based on the JTWC simulations) of three locations
in the estuarine channel in which the maximum surge occurred are depicted in Figure 8.Over a
distance of approximately 40 km from the mouth of the channel(L4) to the inner location of the
channel(L6), the practical surge increased from 2 to 3 m.The interaction curves were similar at
L4and L6but with different magnitudes.The interaction was high at low and high tides, and the
maximum values attained a height of approximately0.5m at L4 and approximatelyl m at L6. The
interaction caused the practical surge at the inner location to be lower in magnitude and to delay by
approximately 1.5 h compared with the pure surge.The estimated maximum water levels provided by
the uncoupled model were higher than approximately 0.3, 0.45, and 0.7 m at L4, L5, and L6,

respectively, compared with those obtained from the coupled model.

15
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tide—surge model is indicated as ‘Water level’, and the height obtained using the sum of tide and
surge (uncoupled) is indicated as ‘Tide + surge’.

z f
S q) s J
------- g/ j/‘“ f c
T 1 ¢
@ ® L&y 5
| 211 T L5 S
b [ .0 (. I! '\ I_).l
i "‘»i!?@l,s ( ‘(“)\{? L
L S S e
4zl A1y iY Yo 4 Y
4 4 o ) i,
.L..- ! g}/ [V NJ:} .|_4\J/' l“\
¥ v, " ¥ | | ) S
i\ N || I
S fr 1 I
\J | f lec!onetrack .
! T8 syE  se6E  BB8E  B9E

1200 0000 1200 0000 1200  00:00 1200  00:00 1200 0000 1200  00:00
24 May 09 25May09  26May09 24 May 09 25May09  26May09 24 May 09 25May09 26 May 09

Figure 8.(a—c) Time series of various water level heights based on the JTWC simulations at
locations in the estuarine channel where the maximum surge occurred. (d) Map of the locations.
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The spatial pattern of the maximum absolute values of the interaction heights (maximum|{;|) during
Cyclone Ailais illustrated in Figure 9. Tide—surge interaction was significant in the shallow waters of
the head of the BoB and exhibited values greater than 0.1 m that were confined within the 20-m
isobaths. The results from the JTWC simulation (Figure 9a) indicated that interaction was high near
the maximum surge region, the northeastern part of the head of the BoB, and inside the estuarine
channels and attained magnitudes of up to 1 m. The spatial pattern of the interaction exhibited lower
values in the central region of the head of the BoB and higher values on either sides(eastern and
westernsides) of this minimum. The ERAS simulation indicated a similar spatial pattern but failed to
reproduce the strong interaction on the right side of the cyclone landfall location (Figure 9b).Positive
differences were observed between the maximum water levels in the uncoupled and coupled JTWC
simulations (Figure 10). This finding indicates that the maximum water levels decreased in the
domain due to the tide—surge interaction. The differences were up to 0.3 m in the open coastal waters

and upto 1 m inside the estuarine channels.

Because storm surges are influenced by tide—surge interaction, ‘skew surge’ is a useful
measure to quantify the genuine contribution of meteorological forces (de Vrieset al., 1995;
Williams et al., 2016).Skew surge is defined as the difference between the peak water level and the
nearest (in time)predicted high tide. Therefore, by definition,a skew surge quantifies the additional
water level above the predicted high tide.Figure 11 illustrates the skew surge during Cyclone Aila
that was obtained from the JTWC simulations. The maximum skew surge was approximately 2 m,
and most of the coastal regions in the head of the BoB experienced water levels of 0.5 m or more

above the predicted high tide.
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Figure 9. Spatial distribution of the maximum absolute interaction heights(maximum |;|) in the (a)
JTWC and (b) ERAS5 simulations. The locations for the related time series are presented in Figure 7
and marked with stars.Moreover, the 20- and 200-m isobaths are depicted.
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Figure 10. Spatial distribution of the differences between the maximum water levels
(uncoupledminus coupled) during Cyclone Aila obtained from the JTWC simulations.
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Figure 11.Spatial distribution of the skew surge heights during Cyclone Aila based on the JTWC

simulations.
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10. Influence of tidal phases

The time series of practical surges(JTWC simulations) of Cyclone Aila for landfalls at various
phases of the tide at L1 (Figure 13a) are presented in Figure 12. The figure indicates how the
practical surge and maximum water level would have varied if Cyclone Aila had occurred at
different phases of the tidal cycle.For the given pure surge, the computed practical surge had higher
surge heights during low tides and lower surge heights during high tides. The practical surges close
to the high tide were smaller than their pure surge counter parts,and those close to the low tide were
higher than their pure surge counter parts.For the coupled simulations, more than 1 m change

occurred between maximum water levels for cyclone landfalls at low and high tides at L1.

Height (m)

s \

N|-—— Tide \ /
— - — Max. pure surge /

T *  Water level | \ 7

I N | L1 . . { i \.,.../ |
00:00 12:00

25 May 09
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4 -3 -2 -1 0 +1 +2 +3 +4 +5 146

Figure 12.Practical surges (continuous lines) at L1 for various time-shifted landfalls of Cyclone
Aila. A positive (negative) time shift indicates the surge leading (lagging) the original surge
simulation (red curve). Stars indicate maximum water levels from the coupled models.The
simulations are based on the JTWC data.

Spatial maps of the possible maximum water levels due to the different phases of a tidal cycle
are useful for flood risk analysis and management purposes.The illustrations presented in Figure
13show the percentage of change in the maximum water levels (JTWC simulations)due to the
cyclone landfalls at high and low tides with respect to that of the original Cyclone Aila. Water levels
would have been up to 20% higher in the case of a cyclone landfall during a high tide and would

have been approximately40% lower in the case of a landfall during a low tide compared with the

20



original water levels. The results indicate the substantial influence of the tidal cycle on the maximum

water levels.
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Figure 13. Spatial distribution of the changes in the maximum water levels (in percentage) with
respect to the original Cyclone Aila water levels (a) for a high-tide landfall of Cyclone Aila and (b)
for a low-tide landfall of Cyclone Aila. The simulations are based on the JTWC data.

11. Discussion

An investigation using numerical modelling was conducted to study the tide—surge interaction at the
head of the BoB during Cyclone Aila. A significant amount of interaction was found during the
event and reached up tol m in the estuarine channels, near the region where the surge value was
maximum, and in the northeastern part of the head of the BoB.The interaction was negligible in deep
waters (depths greater than 20m). Although the interaction curve had both negative and positive

heights,the overall effectof the tide—surge interactionwas the reduction in the maximum water levels.

The extensive area covering the northeastern part of the head of the BoB is shallow and has

depths lower than approximately 10 m (Krienet al., 2017). The tide—surge interaction can be
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significant when both tide and surge interact while propagating over a large distance towards the
coast (Rossiter, 1961). Moreover, the presence of islands in the northeastern part may enhance tides,
surges, and their interaction through a channelling effect that was proposed by Zhang et al. (2010)
for a Taiwan Straitcase.A high amount of interaction was noticed in this region during Cyclone Aila.
In addition to the northeastern part of the head of the BoB, regions in and around the maximum surge
had a high tide—surge interaction during the event. This phenomenon is similar to the conclusion
given by Rego and Li (2010), who observed a significant interaction near the highest surge while
studying Hurricane Rita in the Gulf of Mexico.The spatial distribution of the maximum interaction
during Cyclone Aila revealed that the tide—surge interaction was relatively small in the central part of
the head of the BoB. In a recent study on storm surge processes along the west coast of India,
Pouloseet al. (2018) revealed that the interaction strengthens with increase in the continental shelf
width and tidal amplitude.The central part of the head of the BoB is characterised by relatively lower
tidal amplitudes (Sindhu and Unnikrishnan, 2013) and reduced width of the continental shelf (due to
the presence of a large submarine canyon). These features can probably explain the relatively

reduced tide—surgeinteraction at the central part of the domain.

The variation in the tidal amplitude over the tidal cycle indicates significant influence on the
storm surge and total water level. The surges that were generated when the cyclone landfall occurred
during a low tide were larger than those generated when the cyclone landfall occurred during a high
tide. The surge height variability with respect to the tidal condition can be related to the effect of the
total water depth change due to different phases of the tide. According to Horsburgh and Wilson
(2007), the water-level elevation due to wind stress is inversely proportional to the total water depth
({or/gH, where (is the water-level elevation and zis the wind stress). This relationship indicates that
the surge height is larger at a low tide compared with that at a high tide under the same

meteorological conditions.

The storm surge simulated using the JTWC data failed to capture the variation in the
observed data. Because the ERAS data simulation captured the surge variations to a certain extent,
the data indicated that the discrepancy in the JTWC surge can be largely due to errors in the
meteorological fields. Capturing the full variation in the surge curve is crucial for accurately
predicting coastal flooding (Lyddonet al., 2018). The long-duration surge observed at Hiron Point
resulted in multiple peaks. The generation of multiple peaks in the case of a long-duration surge
(lasting more than a tidal cycle) due to tide—surge interaction was recognised previously (Horsburgh
and Wilson, 2007). Locations in the northeastern part were significantly influenced by such a long

duration event, as indicated by the ERAS simulations. The water levels from the ERAS5 simulation
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exceeded the peak predicted tides twice in comparison to that from the JTWC simulation in the
northeastern part. Therefore, capturing the full surge curve, along with the maximum surge, is crucial

for accurately predicting the water level.
12. Conclusions

The Tide—surge interaction phenomenon has crucial practical applications because of its role in
modifying the total water level. Thus, this interaction is a key component for conducting reliable
water level predictions. Although the present study is specific to Cyclone Aila,it revealed that the
total water levels are significantly influenced by tide—surge interaction process even during relatively
low-intensity cyclones (for example, Category 1 cyclones). The tide—surge interaction and total water
level are sensitive to the time profiles of a surge curve. This indicates that the variability in the surge
should be reproduced accurately to reduce the uncertainties in flood hazard predictions.Tide—surge
interaction is remarkable at the head of the BoB, which should be considered in numerical modelling
simulations. Even a few tens of centimetres of change in the water level can have a significant

influence on flooding in the low-lying coastal areas of this region.
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