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This study focuses on the impact of varying landfall timing in a tidal cycle (i.e., the spring-neap phase)
and varying wind speeds (i.e., cyclone intensities) on the surge tides for the tropical cyclone Fani in the
Bay of Bengal using a hydrodynamic Bnite element-based 2D (ADvanced CIRCulation) ADCIRC model
setup. For atmospheric forcing, the Cyclostrophic Symmetric Holland wind Model (H80) and Generalized
Asymmetric Holland Model (GAHM) model are used to estimate the wind Belds from the IMD best track
data. Comparisons with in-situ winds from moored buoys within the proximity of cyclone track showed
that H80 simulated winds underestimate the observed winds in terms of magnitude followed by a mismatch in the wind directions as well. In contrast, the GAHM simulated wind Belds, which are statistically
better in terms of both magnitude and direction are used for different wind experiments. To understand
the impact of the varying landfall timing and varying wind speeds on storm surges, a series of sensitivity
experiments have been performed during a tidal cycle with modulated high and low winds along the
cyclone track. The experiments considering varying landfall timing during a tidal cycle indicate the
strongest surge tides (1.99 m) during the spring high tide phase, whereas the lowest surge tide of 0.94 m is
observed during spring low tide. However, the surge tide at the actual time of landfall is 1.20 m which is
during the transition from low tide to high tide. On the other hand, the combined impact of wind speeds
and varying landfall timing indicated the strongest surge tides of 2.25 m during high wind conditions
associated with spring high tides. In contrast, the surge tides decrease significantly during low tide and
low wind conditions. This study conBrms the importance of both winds and landfall timing on the storm
surges, which will be crucial to forecast the storm surges associated with the tropical cyclones.
Keywords. ADCIRC; storm surge; tides; winds; cyclone Fani; GAHM.

1. Introduction
The northern Indian Ocean (NIO) is extremely
vulnerable to tropical cyclones (TC). Insights show
that about 15% of the worldwide tropical cyclones
are over the north Indian Ocean, and the average
number of TCs in the north Indian Ocean is about

5–6% of the global annual average of cyclones
(source: http://www.imd.gov.in/), of which the
frequency of cyclones that make landfall over the
coastal regions of Bay of Bengal (BoB) is relatively
higher than those over the Arabian Sea (Mohapatra et al. 2012; Sahoo and Bhaskaran 2015). The
intensiBcation of these cyclones in the BoB is
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mostly dependent on the sea surface temperature,
ocean heat content, distribution of the eddies in the
open ocean, and stratiBcation in the upper ocean
(Ali et al. 2007; Tory et al. 2013; Mandal et al.
2018a). These TCs generate surges, extreme wind
waves, and coastal Coods during their landfall,
thereby causing a fundamental threat to the
human population and damage to the coastal
ecosystem. These destructions are primarily
dependent on the cyclone intensities, the maximum
radius of curvature of cyclonic winds, geometry,
and bathymetry of the landfall region (Dube et al.
1982; Johns et al. 1983; Peng et al. 2004; Peng and
Reynolds 2006; Zhong et al. 2010).
The storm surges of higher amplitudes induced
by the cyclones were reported in the past, mostly
along the north-western and head bay. The genesis
and propagation of these surges are predominantly
inCuenced by the basin characteristics (coastal
geometry and width of the continental shelf),
approach angle and translation speed of an
impinging cyclone, and local astronomical tides
(Zhang and Chen 2012; Poulose et al. 2018; Pandey
and Rao 2019). Since the tidal range variations are
quite large from south to north in the western BoB
(Murty and Henry 1983; Sindhu and Unnikrishnan
2013), one can expect the interaction among surges, tides, and waves to be prominent along the
northern part of the coast during extreme weather
events. Similarly, another study by Poulose et al.
(2018) has analyzed the role and dependence of
varying continental shelf characteristics on the
non-linear interaction of storm surges and wind
waves along the west coast of India. The results
recommend an ampliBcation of the highest surge
of nearly 12 cm for every 10 km increase in the
continental shelf width.
The BoB has a purely semi-diurnal tidal regime,
with the M2 tides having the highest amplitudes
(Murty and Henry 1983; Sindhu and Unnikrishnan
2013). The tides and the tidal current amplitudes
of the major constituents (M2 and S2) increase
northward in the BoB, with the highest of the
amplitudes along the northern and north-western
BoB (Mandal et al. 2018b, 2020). The interaction
of the storm surges along the northern BoB during
the high, and low tides may significantly alter the
water level elevations, which may lead to severe
damage and devastation of the coastal ecosystem.
Li et al. (2019) conducted an idealized experiment
to study the impact on storm surges by varying the
maximum wind speed and radius of maximum
wind associated with a cyclone along the northern
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East China Sea and concluded that both the
cyclone intensity and radius of maximum wind
play a significant role in determining the storm
surge. Bennet and Mulligan (2017) used the parametric wind Belds from Symmetric Holland Model
(H80) and Generalized Asymmetric Holland Model
(GAHM) to compute the significant wave heights,
which showed higher correlations of 0.82 and 0.75,
respectively (averaged over nine sites), when
compared with the observed wave heights from
wave rider buoys. The accuracy of surge tide
forecast depends not only on the cyclonic track and
its intensity, but also on the spatial distribution of
winds which includes its speed and direction
(Pandey and Rao 2018).
The impact of varying landfall time and intensity on the generation of storm surges, and nonlinear interaction of surges and tides are important
for coastal management. Thus, it is necessary to
understand the variations in the hydrodynamic
characteristics associated with tropical cyclone
intensity on the surge tides. The accurate presentation of the spatial wind Beld is necessary. Hence,
the objective of this study is to adopt an accurate
wind scheme for atmospheric forcing to the
ADCIRC model, which ensures better spatial distribution of the wind Beld relating to the observed
wind Beld to understand the surge variations
induced by the tropical cyclone Fani. A series of
sensitivity experiments using the ADCIRC model
is carried out by allowing the cyclone to make
landfall at different phases of a tidal cycle, and
further investigate the role of varying wind speeds
on the storm surges. A brief discussion on the
cyclone Fani is given in section 2. Model experiments, data, and methodology are explained in
section 3. Results are discussed in detail in section
4, followed by a summary and conclusions in
section 5.

2. Fani cyclone
The extremely severe cyclone storm Fani is one of
the most powerful and destructive tropical
cyclones since the 1999 super cyclone that dwelled
in BoB from 26th April to 3rd May 2019 (IMD
2019). The system has experienced the lowest
pressure drop to 934 hPa with a maximum 3 min
sustained wind speed of 59 m/s. The low-pressure
system originated as a depression on 26th April
2019 under favourable oceanic and atmospheric
conditions and started moving northwestwards
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move northeastwards, weakened to a severe
cyclonic storm over north Odisha of the same day,
and ultimately dissipating by 4–5th May 2019
(Bgure 1a).
3. Model, data, and methodology
This section gives a brief description of the Bniteelement based ADCIRC (ADvanced CIRCulation)
hydrodynamic model, the various in-situ and
bathymetry datasets used and the methodology
framed for the study.
3.1 ADCIRC model

Figure 1. (a) Best-estimated track (source: IMD) of the
tropical cyclone Fani (black line) with centers at every 0000
UTC from 26th April 2019 to 4th May 2019. Observational
sea-level data are taken from tide gauges (square dot) at Vizag
and Paradeep. The colour bar denotes the bathymetry depth
of the whole basin from ETOPO2. Buoys BD08, BD10, and
BD13 locations are marked by black square dots. (b) The
temporal variation of wind speed (in m/s) and surface pressure
(in hPa) from the IMD track data during 26th April 2019–4th
April 2019 and, the red dot indicates landfall time.

(Bgure 1). It further intensiBed into a deep
depression on 27th April 2019, followed by a quick
intensiBcation to cyclonic storm over the southeastern BoB on the same day. Moving northwestwards, it escalated to a very severe cyclonic storm
on 30th April 2019 over the southwestern BoB with
a maximum wind speed of 41.15 m/s and 970 hPa
pressure drop. It moved northwards and further
intensiBed into an extremely severe cyclonic storm
on 1st May 2019 with a maximum pressure drop of
934 hPa and the highest sustained wind speed of 59
m/s. The system has undergone a rapid intensiBcation to this stage due to the interaction with very
favourable oceanic conditions with sea surface
temperatures ranging between 30 and 31C and
low vertical wind shear until the northwestern
BoB. However, the system has comparatively
weakened in the oAshore regions Odisha coast just
before landfall on 3rd May 2019. It continued to

ADCIRC is a two-dimensional depth-integrated
shallow water hydrodynamic model that solves the
shallow-water equations on an unstructured triangular mesh to calculate the water level and currents at different scales (Kolar et al. 1994a, b;
Luettich and Westerrink 2004). The water levels
are calculated by solving the vertically integrated
generalized wave continuity equation (GWCE).
The GWCE based on Bnite element solutions to
the shallow water equations provides stability to
the model (Kolar et al. 1994a, b; Luettich and
Westerrink 2004; Dawson et al. 2006). The fully
parallelized version of ADCIRC using the messagepassing interface (MPI) is used in the present
study. The MPI library calls to allow it to operate
at high eDciency (typically better than 90%) on
parallel computer architectures (source: https://
adcirc.org). The model has been used in the BoB
domain in earlier studies to understand the wave
and hydrodynamics characteristics associated with
the tropical cyclones, Phailin and Hudhud (Murty
et al. 2014, 2016) and further determined the
extent of coastal inundation associated with the
different cyclones (Bhaskaran et al. 2014; Gayathri
et al. 2015; Sahoo and Bhaskaran 2019; Rao et al.
2020). Also, the model has been utilized to understand the tidal current characteristics in the
northern Indian Ocean and the asymmetry has
been studied in the Hooghly estuary, the northern
BoB by (Jena et al. 2018).
3.2 Atmospheric forcing models
The parametric cyclone model can be further
divided into a symmetric model and an asymmetric
model. The idealized wind vortex is taken from the
symmetric Holland wind model 1980 (henceforth
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denoted H80) as proposed by Holland (1980). The
asymmetric wind vortex is taken from the Generalized Asymmetric Wind Model (henceforth denoted GAHM) proposed by Gao et al. (2013).
Further, the GAHM is adapted from the H80
model by better taking into account the asymmetry of a cyclone. Here, we take different spatially
varying surface wind Belds from the parametric
H80 and GAHM and compared them to wind
observations using buoy winds for the recent
tropical cyclone Fani formed in the BoB.

3.2.1 Symmetric Holland model 1980 (H80)
The wind Beld and atmospheric pressure are calculated at each of the nodes internally by ADCIRC
using the symmetric Holland model, which has
become the most widely used cyclostrophic model in
several hurricane-related studies (Mattocks and
Forbes 2008; Bhaskaran et al. 2013, 2014; Muis et al.
2016; Wang et al. 2020). The radial pressure and
wind proBles for the H80 expression are as follows:
Rmax B
r Þ

P ðr Þ ¼ P c þ ðP n  P c Þeð

;

ð1Þ
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where P c is the minimum central atmospheric
pressure, P n is the ambient pressure (theoretically
at inBnite radius), P ðr Þ is the pressure at radius r
from the center of the cyclone, Rmax is the radius of
maximum wind, V g is the gradient wind at radius
r, f is Coriolis force and, B is shape parameter
which is given as:
B¼

½ðV m  V T Þ=W PBL 2 qe
;
ðP n  P c Þ

ð3Þ

where V m is the maximum sustained wind speed,
V T is the speed cyclone forward motion q is the air
density (1.225 kg/m3) and, W PBL is a wind reduction
factor whose value is set to 0.90 (Powell et al. 2003).
H80 requires the ‘Best Track’ parameters of the
cyclone including storm eye location, Rmax , V m , P c
and P n . In this study, the information on storm eye
location, V m , and P c are extracted from the India
Meteorological Department (IMD) best-track data
to be given as an input to the H80 model.

The poor approximation of the radial proBle in
the inner core of some cyclone cases in the H80
model has been noted by Willoughby and Rahn
(2004) amd Willoughby et al. (2006). Owing to the
drift motion, the wind Beld is not intensiBed
on the right-hand side of the cyclone as it should
be in the northern hemisphere. However, the
cyclostrophic approximation may induce inaccurate wind estimation away from the region of
maximum winds. Thus, some asymmetric wind
Beld models were developed by including the
elimination of cyclostrophic assumption, frictional
inCow corrections, and superimposing the translation component of a cyclone to the H80 model
(Zheng et al. 2017; Musinguzi et al. 2019; Qiao
et al. 2019).
3.2.2 Generalized asymmetric Holland model
(GAHM)
Gao et al. (2013) developed GAHM, which differs
from H80 with modiBcations that include eliminating the assumption of cyclostrophic balance at
Rmax (i.e., where the Coriolis force is negligible
compared to the pressure gradient and centripetal
force in the gradient wind equation). This generates a
more accurate representation of the wind Beld for a
wider range of cyclones and ensures that the predicted winds match all available isotach information
(Gao 2018). The radial pressure and wind proBle for
the GAHM expression are as follows:
Rmax B g
r Þ

P ðr Þ ¼ P c þ ðP n  P c Þeuð

;

ð4Þ
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where R0 is the Rossby number at r = Rmax , given
as R0 ¼ V max =Rmax f . Moreover,V max is deBned as
V max ¼ ½ðV m  cV T Þ=W PBL , where, c is the damp
factor ¼ V g =V max and, B g is the shape parameter
(same as H80, without assuming the cyclostrophic
balance), given as, B g ¼ B ð1 þ 1=R0 Þ eu1 =u, where
u is the scaling parameter introduced in GAHM,
given as u ¼ 1 þ ð1=R0 Þ=B g ð1 þ 1=R0 Þ.
The GAHM is integrated within the ADCIRC
source code and uses the ‘Best Track’ information
in the Automated Tropical Cyclone Forecast
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(ATCF) format. The information on the location of
the eye (latitude and longitude), maximum sustained wind speed, and minimum sea-level pressure
is extracted from the best track details obtained
from IMD (Shankar and Behera 2021), the B g and
Rmax are pre-computed in four storm quadrants for
the available isotaches in the Asymmetric Wind
Input Preprocessor (ASWIP) program (in-built in
ADCIRC) and appended to the input Ble before
running an ADCIRC simulation.
In addition, the storm translational speed cV T
is added to the vortex winds and tangential winds
are rotated by frictional wind inCow. Angle (b)
approximation were applied to the GAHM wind
Beld according to Harper et al. (2001), in which
approximating the inCow angle increases linearly
from 0 at the storm center to 10 at Rmax and then
to 25 at 1.2Rmax , and remains at 25 beyond 1.2
Rmax (Lin and Chavas 2012)
b¼
8 
< 10 for r\Rmax
10 þ 75ðr  Rmax Þ=Rmax for Rmax  r  1:2Rmax
: 
25 for r  1:2Rmax :
ð6Þ
3.3 Data
The best-estimated track of the tropical cyclone
Fani and other relevant information on the atmospheric parameters are obtained from the India
Meteorological Department (IMD 2019). The
gridded bathymetry of the study domain is
extracted from the NOAA ETOPO2 (NOAA 2006)
database with a resolution of a 2-min grid. To validate the tides from the model, tide gauges at Paradeep and Vizag are used. The winds from deepwater moored buoys (BD08, BD10, and BD13) are
used to compare with the model-simulated winds.
The observed data were obtained from INCOIS and
NIOT, Ministry of Earth Sciences (MoES). Three
buoys are considered as they are in the proximity of
the outer core region of the tropical cyclone Fani
(Bgure 1a). The locations of buoys are mentioned in
table 1. The details of the sensors used in the buoy
are given in Venkatesan et al. (2013).

(SMS) using the ETOPO2 bathymetry data. The
unstructured mesh constructed considering geographical longitude/latitude projection and datum
set for Indian mean value, which consists of 116,822
elements and 229,914 nodes (Bgure 2). The
unstructured grid resolution, i.e., the node spacing
varies between 3 km very near the coast and a
maximum of 60 km in the open ocean, as the
continental shelf width increases from the southern
to the northwestern BoB (source: http://www.
aquaveo.com/software/sms-surface-water-modelingsystem-introduction).
In the present study, the standalone ADCIRC
model simulations use a hybrid bottom friction
formulation with a drag coefBcient of 0.0028 to
compute the storm surges. The values corresponding to the horizontal eddy viscosity coefBcient and weighting factor (s0) in GWCE are
considered as 4 m2/s and 0.05, respectively. The
time step in the model is set to 20 s. This time step
satisBes the Courant–Friedrichs–Lewy (CFL) stability condition which avoids numerical instability
associated with the explicit numerical methods
used in the model. The Ramp function for all the
simulations is about 1 day. Ramping is a way by
which terms can be steadily increased over some
time in a simulation. This is most often done for
model forcing terms like tides or winds, to avoid
applying a shock to the model. Also, the wetting
and drying algorithm is activated in these simulations at a minimum depth of 0.5 m to delineate the
wet and dry elements, and wind drag formulation is
applied (Garratt 1977). Le Provost’ tidal database
is used to compute tidal forcing implicated to the
domain (Le Provost et al. 1998). The major tidal
constituents, K1, O1, Q1, P1, M2, N2, S2, K2, L2,
2N2, MU2, NU2, and T2, are used as open
boundary forcings to force the model. Two main
forces that generate storm surges on the sea surface
are the surface wind stress and pressure gradient
force.
In the present study, the wind Beld at the sea
surface for the cyclone Fani is derived by using H80
and GAHM models from the IMD best track data.
For the accuracy of surge tide prediction, the

Table 1. Details of the buoy locations.

3.4 Methodology

Buoy

Latitude

A Bnite-element unstructured mesh was constructed using the scalar paving density method
from a software package surface modeling system

BD08
BD10
BD13

18N
16.3N
11N

Longitude
89E
88E
86E
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Figure 2. The unstructured mesh using the Bnite element method (a) for the entire study domain and (b) enlarged view of the
Odisha coast. BAN and SL indicate Bangladesh and Sri Lanka, respectively. The red dots denote the tide gauges installed at
Vizag and Paradeep.

spatial wind distribution proBle obtained from
both wind models has been analyzed. A time series
(three hourly) comparison of wind speed and wind
direction is made with the wind observation at
BD08, BD10, and BD13. It is found that the winds
in the outer core region of the cyclone are underestimated by H80, whereas the GAHM produced
strong and broader wind Belds giving fewer errors
related to mean bias and root mean square near the
buoy locations (see section 4.2). Hence, further
experiments of predictions of surge tide for various
forcing phenomena (impact of landfall time and
cyclone intensity) consisted of 21 simulations carried out using GAHM for atmospheric forcing in
the ADCIRC.
The impact of varying winds and non-linear
interactions with the bathymetry during the different phases of the tidal cycle may cause significant modulations in the surge levels. With the
above-mentioned model conBgurations, an attempt
has been made to investigate the storm surge
variations by means of a series of sensitivity
experiments and thereby understand the impact of
varying landfall timing during the different
phases of the tidal cycle in combination with the
modulations in wind speeds.
In the Brst part (see section 4.3), multiple simulations have been performed during the different
phases of a tidal cycle, namely, the nearest neap
low tide (NLT), the nearest neap high tide (NHT),
the nearest spring high tide (SHT), the nearest
spring low tide (SLT), nearest same day high tide
(SDHT), the nearest same day low tide (SDLT),
and the actual surge landfall time (AS). Therefore,

the study consists of seven simulations during
different phases of a tidal cycle at the observed
(actual) wind speed (refer to table 3). In the second
part (see section 4.4), another 14 sets of experiments have been done to quantify the tide surge by
increasing the wind speed (high wind) and
decreasing the wind speed (low wind) by a constant
magnitude of value 7.7 m/s (15 Knots) to the
actual wind speed value for the same tropical
cyclone track, Fani (see Bgure 3). And thus,
imposing modulated wind intensity (high wind and
low wind) forcing on seven sets of different phases
of the tidal cycle.

4. Results
This section presents the results of this study in
four subsections as the comparison of the observed
sea level from the tide gauges with the model
simulated sea level from the standalone ADCIRC
model (in section 4.1), comparison of atmospheric
wind models (in section 4.2), the impact of varying
landfall timing on the surge heights (in section 4.3),
and the combined eAect of both the varying wind
speeds and the varying landfall timings during a
tidal cycle on the surge heights (in section 4.4).
4.1 Comparison with tide gauges
The sea level data from the ADCIRC model (with
astronomical tidal forcing only) is compared with
the observed sea level data from the tide gauges
installed at Paradeep and Vizag (see Bgure 4).
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Figure 3. The time series of the wind speeds associated with the cyclone tracks with different modulations. The red dot
represents the landfall time.

Figure 4. Time series comparison (a and c) and scatter plots (b and d) of sea levels from the tide gauge and ADCIRC model at
Paradeep and Vizag. ‘R’ and ‘D’ denote correlation coefBcient and RMSE, respectively.

Owing to the lack of tide gauge observed sea level
data during the cyclone period, the comparisons
have been made during normal conditions for a
period of about 25 days. Both the model simulated
and tide gauge records at Paradeep and Vizag
indicate the significant signatures of two spring
and neap tides.
The sea level at Paradeep varies within the range
of –1 to 1 m, with the evident signatures of a tidal
cycle during January 2012, well captured from
both the model and tide gauge (Bgure 4a). A strong
correlation of 0.99 is observed with a low rootmean-square error (RMSE) of 7 cm (Bgure 4b).
Similarly, the statistics at Vizag are also significant, with a correlation coefBcient of 0.99 and a
slightly low RMSE of 5 cm (Bgure 4c and d). The
RMSEs vary in the range 5–7 cm, which is

attributed to the lack of wind forcing in the initial
conditions of the standalone ADCIRC simulation.
Furthermore, the harmonic analysis indicates the
dominance of the M2 tides, followed by the other
semi-diurnal tidal constituents (S2 and N2) and
diurnal tidal constituents (K1 and O1), which is in
well accordance with the earlier results (Murty and
Henry 1983; Mandal et al. 2018b, 2020).
4.2 Comparison of atmospheric wind models
The maximum wind speeds (in m/s) at all nodal
locations in the domain, spatial wind distribution,
and water levels in H80 and GAHM are represented in Bgure 5(a and b), which shows the extent
of high wind speeds caused by tropical cyclone
Fani. These Bgures clearly illustrate higher winds

194

Page 8 of 16

along the right side of the cyclone track (blue line)
than the left side. However, the wind Beld from
GAHM is much stronger and wider than that of
H80. The H80 has a noticeably weaker and narrower wind Beld near the landfall area than that of
GAHM.
The distance from the center of the cyclone to
the 10 ms1 wind contour (shown in Bgure 5c and
d) indicates that GAHM wind formulation leads to
a reduction in exponential decay and an increase in
the radial extent of the wind in the outer core
region of the cyclone, which is about 20% of the
H80 wind proBle. The GAHM wind proBle showed
the radial extent of winds to be stronger and more
directed towards the coast on the right side of the
cyclone track due to the asymmetric nature of the
wind proBle. It is adopted by considering the
elimination of the assumption of cyclostrophic
balance at the radius of maximum wind, imposing
forward motion and frictional inCow angle
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correction that allows for a better representation of
a wide range of cyclones (Gao 2018), which plays a
significant role in the development of surges along
the coast.
A closer investigation shows that H80 (Bgure 5e
and f) causes a peak surge in a narrower geographical area and more localized near landfall
location along the coast, whereas the GAHM causes a peak in surge broader geographical area along
the coast mostly on the right side of the track.
Also, the simulated surge tide at the landfall
location (85.67E, 19.70N) is 0.97 m for the simulated winds from H80, and 1.20 m for the winds
from GAHM, which leads to significantly lower
water surface elevations for H80 than that of
GAHM.
An inter-comparison of winds between H80 and
GAHM is performed with the buoy winds. The
wind Beld for the entire domain is constructed
using the GAHM model based on the IMD cyclone

Figure 5. Maximum wind speed track from (a) H80 and (b) GAHM for the tropical cyclone Fani. Spatial distribution of cyclonic
wind Belds just before the landfall time (2nd May 17:00 hrs) from (c) H80 and (d) GAHM. The spatial maps of model-simulated
water level elevation (m), the contours depict range from –0.2 to 1.2 m for every 0.2 m rise of water level and at the landfall time
(3rd May 0300 hrs) using (e) H80 and (f) GAHM. Square black dots indicate the stations along the coast which have got aAected
due to storm, namely, Srikakulam (SK), Ganjam (GJ), Puri (PU), Jagatsinghpur (JP) and Kendrapara (KP) and, thick black
line denotes tropical cyclone track for Fani.
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track information and it is compared with the
observed data recorded from the moored buoys
BD08, BD10, and BD13 (Bgure 6). The comparisons of the model computed wind speeds
(Bgure 6a, b, and c) with the observed data indicate that the GAHM has captured the wind speeds
and proBles very well along with the maximum
wind intensities (as the cyclones progressed
towards the coast) as compared to H80 and, the
results are in good accordance with the earlier
results (Bennett and Mulligan 2017).
Also, a comparison of observed wind direction
has been performed with that of H80 and GAHM
simulated wind directions. The wind direction from
H80 shows a mismatch with the observed wind
direction. In contrast, the GAHM simulated wind
directions match better with the observed wind
data from the moored buoys. The consideration
frictional inCow angle approximation according to
Harper et al. (2001) in GAHM (as presented in
equation 9) gives a better result. The H80 does not
provide wind inCow angle correction and correction
of the forward motion of the cyclone to account for
the asymmetry (Shen et al. 2006), hence the H80
model results are deviating from the true wind
Belds in terms of wind direction.
The validations results are estimated in terms
root-mean-square error (RMSE) and mean bias
Error (MBE) for all the three buoys, as shown in
table 2. The errors corresponding to wind speed at
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all the buoy locations are considerably less for
GAHM compared to H80. The averaged RMSE has
reduced from 53.07 to 24.16 for wind directions
and 6.08 to 2.63 ms1 from wind speeds using
GAHM. Hence, further experiments (following
from section 4.3 to 4.4) consisting of a total of 21
simulations to quantify the tide surge on various
forcing (impact of landfall time and varying
cyclone intensity) are carried out using GAHM.
To quantify the impact of cyclonic winds over
the tidal forcing during 30th April 2019 03:00 hrs to
4th May 2019 06:00 hrs, two distinct simulations
carried out are: (i) only tidal forcing, and (ii)
combined eAect of tidal and atmospheric forcing
(using GAHM). The cyclone was on its intensiBed
stage near the landfall location (85.67E, 19.70N)
near Puri coast, post the neap tide phase on 3rd
May 2019 (Bgure 7a). Predominant signatures of
the tropical cyclone are significantly observed from
the different physical parameters (water level elevation, wind speed, and depth-integrated velocity).
A significant difference is observed for the water
level elevations from the two simulations indicating a storm-induced surge of 1.19 m (Bgure 7a and
b), which is underestimating but nearer to the
value issued by the IMD (about 1.5 m). The storm
surge is also associated with a high wind speed of 41
m/s and strong currents of 1.33 m/s (Bgure 7c and
d). Furthermore, the spatial distribution of both
the parameters also indicates the increased wind

Figure 6. Comparison of H80 and GAHM wind speed (a–c) and wind direction (d–f) with the observed data for tropical cyclone
Fani at different buoy locations BD07, BD10, and BD13. The red dot represents the landfall time.

194

Page 10 of 16

J. Earth Syst. Sci. (2021)130:194

Table 2. Mean bias error (MBE) and root-mean-square error (RMSE) at different buoy locations
for the tropical cyclone Fani.
BD08

BD10

BD13

Wind model

MBE

RMSE

MBE

RMSE

MBE

RMSE

H80 wind speed (m/s)
GAHM wind speed (m/s)
H80 wind direction (degree)
GAHM wind direction (degree)

7.20
2.59
27.61
4.09

7.27
3.25
32.39
10.23

6.00
1.03
44.05
2.98

6.19
2.53
47.99
29.95

4.52
1.69
78.01
21.12

4.80
2.12
78.85
32.31

Figure 7. (a) Model simulated water level elevation (in m) with only tides (blue line) and with winds (red line) during 30th April
2019 12:00 hrs – 4th May 2019 06:00 hrs. (b) The storm-induced surge (in m) due to the actual wind speeds (i.e., the water level
difference between storm tide and tide). The temporal variations of model-simulated (c) wind speed (in m/s) and (d) depthaveraged velocity (in m/s) during the same time. The red dot on temporal plots (a–d) indicates the landfall time (3rd May 2019
03:00 hrs) at the location 85.67E, 19.70N.

speeds and high-water levels in the nearshore
regions (Bgure 5e and f).
4.3 Impact of varying landfall timing in a tidal
cycle
This section focuses on the quantiBcation of the
actual surge due to the cyclone and further investigates the impact of varying landfall timing on the
induced surges during the different phases of a tidal
cycle. The standalone ADCIRC model with tide
forcing captures the observed tidal signals during
21st April 2019 to 19th May 2019.
In order to quantify the eAect of this varying
landfall timing on storm surges, seven simulations
with tidal forcing using cyclone winds associated
with the cyclone track, namely, landfall at (i) actual surge (AS), (ii) neap low tide (NLT), (iii) neap
high tide (NHT), (iv) spring high tide (SHT),
(v) spring low tide (SLT), (vi) same day high tide
(SDHT), and (vii) same day low tide (SDLT) (red

dots in Bgure 8). The actual landfall happened on
3rd May 2019 at 0300 hrs near the Puri coast, and
an induced surge tide of 1.20 m is observed. The
landfall timing has been shifted to the high tide and
low tide on the same day (SDHT and SDLT), and
respective surge tides are 1.61 and 1.06 m (table 3).
Also, the signatures of spring and neap tides are
predominantly observed from the model and thus,
a significant change in the water levels is observed
when the landfall timings are shifted to the high
and low tides during the spring and neap phases
(Bgure 8). A storm tide of 1.14 m is observed during
NLT, whereas, the same is 1.49 m during NHT. On
the other hand, the water levels are quite high
during the spring tides, which are nearly 1.99 and
0.94 m during SHT and SLT, respectively. Thus, it
can be concluded that the tide–surge interactions
depend predominantly on the landfall timing in a
tidal cycle.
On the other hand, the difference between the
water levels observed during the storm high tide
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and astronomical high tide, similarly storm low
tide and astronomical low tide conditions distinctly
during the actual, spring, and neap phase timings
are calculated from the two simulations (table 4).
The difference in water level differences during
different phases of the tidal cycle for the respective
high tide and low tides that values are close and
range from 1.21 to 1.48 m. These minute sea level
differences indicate the non-linear interaction performed by the model during the different phases of
a tidal cycle.

The Hovm€
oller diagram for water level (in m) for
the different landfall time showed that the water
level is more surging towards the right side as
compared to the left side along the coast from
landfall location for all the tidal phases (Bgure 9).
The highest water level of 1.99 m is observed
during the spring high tide phase (SHT) and the
lowest water level of 0.94 m is observed during the
spring low tide phase (SLT) for the combined tidal
and wind forcing along the coast. Moreover, the
water level gradually decreases on the left side from

Figure 8. The sea level variability near Puri coast from ADCIRC model (with only tide forcing) during 21st April 2019 to 19th
May 2019, denoting the different phases of a tidal cycle. The red dots indicate the landfall timings for the experiments.
Table 3. QuantiBcation of storm-induced tide surge (in m) at varying landfall times in a tidal cycle assuming the cyclone track is
not changed.
Tidal phase
Actual surge (AS)
Same day high tide (SDHT)
Same day low tide (SDLT)
Neap low tide (NLT)
Neap high tide (NHT)
Spring high tide (SHT)
Spring low tide (SLT)

Cyclone start time
30/4/2019,
30/4/2019,
30/4/2019,
26/4/2019,
26/4/2019,
04/5/2019,
05/5/2019,

12:00
15:00
21:00
12:00
18:00
18:00
00:00

Cyclone end time
04/5/2019,
04/5/2019,
04/5/2019,
30/4/2019,
30/4/2019,
08/5/2019,
08/5/2019,

Tide surge (m)

06:00
09:00
15:00
06:00
12:00
12:00
18:00

1.20
1.61
1.06
1.14
1.49
1.99
0.94

Landfall time
03/5/2019,
03/5/2019,
03/5/2019,
29/4/2019,
29/4/2019,
07/5/2019,
07/5/2019,

Table 4. Water levels simulated with actual wind during high and low tide of spring, neap, and actual phase of
the tidal cycle.
High tide
(m)
Spring
Tide
Winds + Tide
Neap
Tide
Winds + Tide
Actual
Tide
Winds + Tide

High to high tide
difference
(m)

Low tide (m)

Low to low tide
difference (m)

0.65
1.99

1.34

0.54
0.94

1.48

0.13
1.49

1.36

0.07
1.14

1.21

0.31
1.61

1.30

0.33
1.06

1.39

03:00
06:00
12:00
03:00
09:00
09:00
15:00
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the landfall locations as compared to the right side
for all the landfall times with respect to a different
phase of the tidal cycle.
4.4 Combined impact of both the varying wind
speeds and landfall timing
To further gain insights into the impact of varying
intensities of tropical cyclones along with the
varying landfall timings in a tidal cycle, 14 more
simulations have been carried out using two

Figure 9. Hovm€
oller diagram indicating water level (m) for
different landfall times (as shown on y-axis). The distance
along the coast (referring zero as landfall point (85.67E,
19.70N). Negative (positive) values of x-axis represent
distance on the left (right) of landfall.
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manipulated wind speeds along the same cyclone
track. The wind speeds associated with the tropical
cyclone have been modiBed from the actual wind
speed by increasing the wind speed amount of 7.7
m/s (+15 Knots), which is considered to be as high
wind, and by decreasing by wind speed amount of
7.7 m/s (–15 Knots) which is considered to be as
low wind. Moreover, the surge tides are the highest
for the high winds, followed by the actual winds
and low winds. In the actual wind conditions and at
actual landfall timing, the surge tide of 1.20 m is
observed. However, an increase in water level (1.45
m) is observed due to higher winds, and the same
decreases to 0.96 m during the lower wind
conditions. Similar results are observed for all the
phases of the tidal cycle for the respective wind
modulations (Bgure 10a–g).
The simulated surge tides at different tidal
phases with three different winds are shown in
Bgure 11(a). The maximum surge tide (2.25 m) is
obtained in the case of spring high tide with high
wind conditions. The minimum surge tide (0.78 m)
is obtained from the spring low tide with low wind.
The results showed that for a particular tidal
phase, the tide surge increases with an increase in
wind speeds. As Odisha coast is vulnerable to
coastal erosion due to the frequent occurrence of
the tropical cyclone, so computation of alongshore
sediment transport is an integral part of coastal
scientists for sustainable management of its coastal

Figure 10. The time series of water levels associated with the cyclone track for the tropical cyclone Fani with different wind
modulations for the different phases of the tidal cycle (as presented in table 3).

J. Earth Syst. Sci. (2021)130:194

Figure 11. The bars indicate (a) the tide surge and (b) depthaveraged currents during different phases of a tidal cycle
(according to ascending landfall time order), for low, actual,
and high wind conditions (as presented in colour bars) at the
landfall location 85.67E, 19.70N.

resources, for which quantiBcation of the depthaveraged current Beld is also presented in
Bgure 11(b) in this study, which is essential for a
cyclonic event. It is evident that varying forcing by
atmospheric wind and astronomical tide predominantly acts on ocean currents, resulting in water
level changes.
Thus, it can be concluded that not only the tides
and winds play a significant role in the intensiBcation of the surge tides, but also the combined
impact of both the higher winds and high tide
conditions lead to an increased surge which could
cause potential damage to the coastal living
environment.
5. Summary and conclusions
The accuracy of storm surge forecast depends not
only on the cyclonic track and its intensity, but
also on the spatial distribution of winds which
include its speed and direction. Hence, in this
study, a two-dimensional hydrodynamic ADCIRC
model has been conBgured for the BOB. The simulated sea level data match well with the observed
sea level data from the tide gauges (higher correlation and lower errors), suggesting that the reliability of the tide model studies the coastal
hydrodynamics processes. Then, the recent tropical
cyclone Fani was simulated from the pressure data
from IMD using symmetric H80 and asymmetric
GAHM wind models. Comparisons with the
observations available at moored ocean buoys
indicate that the H80 symmetric wind model
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underestimates the cyclonic wind speeds in the
outer core region and also shows a mismatch in its
direction. The asymmetric winds from GAHM
simulated relatively better winds with less bias and
RMSEs. The advantage of GAHM over H80 is the
elimination of cyclostrophic assumption and, frictional inCow corrections, which generates an
asymmetric and more accurate representation of
the wind Beld for a wider range of cyclones for
GAHM. Further, 21 simulations are carried out
using GAHM to quantify the impact of landfall
time and varying cyclone intensity on storm
surges.
This study investigates the coastal hydrodynamics associated with the tropical cyclone ‘Fani’
to particularly focus on (i) the impact of variable
landfall timing on the surge tides in a tidal cycle,
and also (ii) to elucidate the combined impact of
varying winds and different landfall timings in a
tidal cycle on the surge tides. The major results of
this study are summarized below:
• The signatures of the tropical cyclone are well
captured in the model with an asymmetric wind
speed of 41 m/s, and a strong depth-integrated
velocity of 1.33 m/s. Also, a storm-induced surge
of 1.19 m is observed from the model, which is
nearer to the surge values forecasted by the India
Meteorological Department (1.50 m).
• A series of sensitivity experiments considering
varying landfall timing during a tidal cycle
indicate the strongest tide surge (*1.99 m)
during the spring high tide phase, followed by a
tide surge of 1.61 m during the same day high
tide (SDHT). However, the tide surges are
comparatively less for landfall during the neap
tidal phases.
• The combined impact of wind speeds and varying landfall timing indicated the strongest surge
tides of 2.25 m during high wind conditions
associated with spring high tides. On the other
hand, the surge tides of 1.99 and 1.75 m are
observed during the actual wind and low wind
conditions, respectively. Surges are comparatively less during the low wind and low tide
combinations during the neap tidal phase.
Forecasting the storm surges is very crucial to
prevent the huge devastation of coastal ecosystems, habitat, and economic losses. However, the
prediction of the surge during a high tide or a low
tide condition is very imperative, which is highly
dependent on the cyclone landfall time. Thus, the
tide-surge interactions in the prediction of storm

194

Page 14 of 16

surge are essential. This study presents insights
into the stronger impacts of tides and winds on the
surges depending on the varying landfall timing
(during high and low tides) during high and low
wind conditions. This particular result is quite
important and valuable to be incorporated in the
development of an operational forecasting system
along the different coasts around the world to
predict the coastal inundation and surge tides to
disseminate proper warnings to the coastal zone
authorities to adopt evacuation policies.
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