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Abstract

Background Storm surge is one of the most severe disastrous

hazards in the Southeast Asian region including Myanmar. In

order to accurately and on time numerical prediction of a

surge, it is a crucial task for disaster mitigation.

Purpose The objective of the study is to examine the pre-

dicted storm surge heights sensitivity with varying water

depth. Storm parameters considered in the study include

pressure drops, radius of maximum wind and duration of the

storm and landfall angles in the Myanmar coast.

Method Traditional model for numerical prediction of the

storm surge has some drawbacks such as a delayed inti-

mation of expected storm surges. To overcome these

shortcomings, this study used the Indian Institute of

Technology, Delhi (IIT-D)-based surge model to explore

the various factors of a surge in Myanmar.

Results The sensitivity results from the study demonstrate

that the shallowness of the water depth and obtuse landfall

angle in the Rakhine coast of Myanmar produce the highest

surge height. It also shows that a fast-moving cyclone made a

larger surge than slowerone.The effects ofwind stress forcing

reveal that high-pressure drops and radius of maximum wind

generate a larger surge. The peak surges are computed by the

prediction model which compared to the observed values and

found to be the most accuracy of the results.

Conclusion Thus, this surge model can provide an early

(nearly 48 h) warming in the coastal regions of Myanmar.

It can help to mitigate disaster from the consequences of

storm surge in Myanmar by evacuating the local residents.

Keywords Storm surge � IIT-D model � Myanmar coast �
Tropical cyclone

1 Introduction

Storm surge, triggered by tropical cyclone (TCs), is one of

the most costly climatic hazards in the Southeast Asian

region including Myanmar (Indo Jain et al. 2006), and some

TCs in recent decades, e.g., Mala (2006), Nargis (2008) or

Komen (2015), exhibit the extent of infrastructure losses

and socioeconomic impacts on the coastal regions. These

TCs impose the largest threat to the coastal communities

(Klinjn et al. 2015). Thus, the intensified threats have urged

researchers and practitioner communities to develop an

accurately and timely forecast through a modeling approach

for mitigating disaster in the vulnerable coastal regions. The

coastal parts of Southeast Asian region such as Myanmar,

India, Bangladesh, Pakistan and Sri Lanka are facing TCs-

related storm surges in almost every year. However, it is

becoming a serious concern. The integrated effects of these

TCs with severe surges enter into the mouth of the estuary

due to the widespread flooding in the low-lying coastal

region. Several reasons responsible for the TCs associated

with storm surges in the coastal regions of Myanmar
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include: (1) narrow bathymetric topography, (2) conver-

gence feature of the BoB (Bay of Bengal), (3) coastal del-

taic region near to the mouth of river systems and (4) people

live in the coastal densely populated region (Pattanayak

et al. 2016). Apart from these, land-falling TCs also con-

tribute to the coastal inundation in the vulnerable coastal

region (Dube et al. 2009).

Myanmar is located in the Southeast Asian region, and

its position varies from 9.5� to 29.0�N latitude and 92�–
102�E longitude (Fig. 1). The climate is mainly affected by

the southwest monsoon from the Indian Ocean and cold air

fluxes from the Southeast Asian region (Mie Sein et al.

2015). Aschariyaphotha et al. (2011) stated that the severe

storm surge generates due to meteorological forcing and

the wind forcing influence on the sea surface elevation

along the coastal region. These cyclonic storms and

depressions can be changed their track in the northerly or

northeasterly direction toward to strike the coastal zones of

Myanmar and Bangladesh. Lwin (1980) pointed out that

the notable storm surges experienced in Myanmar in the

month of May with the cases of May 1967, May 1968, May

1970 and May 1975. Most recent cyclone Nargis in 2008

made landfall in Myanmar, the most devastating storm,

causing catastrophic destruction of about 10 million US

dollar resulting in 140,000 casualties of its path (Tasnim

et al. 2015). In addition, the coastal regions of Myanmar

are vulnerable to the loss of life and material, as these can

be easily flooded by storm surges. This loss is because of

increasing the inhabitants of the coastal areas which pro-

vide livelihood to a large population (Webster 2008). It is a

great importance to predict storm surges accurately and on

time thoroughly a modeling technique for saving an enor-

mous loss of human life and property in the vulnerable

regions of Myanmar.

The prediction of a storm surge in Myanmar has been

started using a simple analytical method for one-dimen-

sional channels (Das 1972). Das et al. (1974) presented a

prediction method for storm surges in the BoB with the

pressure drop (Dp). Besides, Lwin and Win (1984) refor-

mulated one with maximum wind (Vm) by combining the

two equations of Miyazaki (1975) and Fletcher’s (1955).

Subsequently, Dube et al. (1994) have pioneered to predict

a storm surge using a modeling approach in the northeast

Indian coast. This model has been extensively applied in

Bangladesh, Myanmar, Pakistan and Sri Lankan coasts.

The significant number of researchers (e.g., Dube et al.

1985, Dube et al. 2004; Rao et al. 1997; Agnihotri et al.

2006; Indo Jain et al. 2006; Indo Jain et al. 2007; Lin et al.

2008; Dube et al. 2009; Tyagi et al. 2010; Kumar et al.

2011; Debsarma 2009; Debsarma et al. 2014; Tasnim et al.

2015) has been carried out the storm surge simulation

studies to develop the model for predicting surges in the

BoB. Earlier works use the 2D finite-difference surge

model which was established by the Indian Institute of

Technology, Delhi (IIT-D), to predict the surge accurately,

and the system is fully occupied on the coastal water body.

The Jelesnianski wind formulation is used to compute the

wind forcing for this model using the estimated pressure

drops (Mishra and Gupta 1976), and the radar reflectivity

technique is employed to measure the radius of maximum

wind. In fact, uncertainties are associated with parameter-

ized wind fields that convert into huge uncertainties in the

surge model prediction (Lewis et al. 2012; Lewis et al.

2014). Dube et al. (2009) have also mentioned the signif-

icance of wind forcing for predicting the surge amplitude

through the modeling study over the BoB. Again, Dube

et al. (2013) have highlighted the recent developments in

storm surge prediction model for the BoB and the Arabian

Sea and described the performance of the model in simu-

lating the surges related to the severe TCs formed in the

BoB during the 2008–2011. Recently, Rahman et al. (2017)

have applied a model for estimating shallow water depth

because of the surges over the Bangladesh coast using

nested numerical schemes and found the reasonable results

based on different investigations. Nevertheless, it is

assumed that the advancement in the weather inputs may

increase the accuracy of surge prediction. Thus, it is a

challenging task to predict storm surges accurately.

Because of land filling TCs, it is necessary to consider a

surge warning system, fast evacuation of the hazard-prone

regions, shelter them as a protection and integrated coastal

Fig. 1 Map shows the location of Myanmar. The shades represent

topography and black dots denote meteorological stations. Points A to

C show the area of study (after modified from Htway and Matsumoto

2011)
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management as well. In such challenges, an endeavor is

carried out in the present study to simulate the storm surges

closed related to the TCs over the Myanmar coast using the

IIT-D storm surge model. A simulation study of storm

surge was conducted by Indo Jain et al. (2006) in the

Myanmar coast who predicted the surge heights in accor-

dance with some real case study. But previous studies did

not address adequately sensitivities of storm surge along

Myanmar coast.

Therefore, this paper has been designed to elaborately

illustrate the sensitivity experiments with a real case study

of three giant cyclones in the Myanmar coast. The specific

objectives of the study are (a) to investigate the peak surge

sensitivity to basin-scale bathymetry, the landfall angle at

different coastal regions, wind stress forcing and duration

of the cyclone, (b) to simulate the peak surge by using IIT-

D model run with real storm surge data and (c) to test the

accuracy of IIT-D model by comparing the model-gener-

ated value and observed value. The functionality of this

model can be reasonably applied for operational prediction

of a storm surge over the coastal region of Myanmar.

2 Data and Methodology

2.1 Data and its Sources

The best track data sets (1968–2008) of storm surges and

other related data sets are obtained from the UWIS (Unisys

Weather Information Services) in the web link of http://

weather.unisys.com/hurricane/. There are about 26

depressions and storms which made landfall in Myanmar

coast during the past 40 years from 1968 to 2008; among

those, nine cyclones had reported as a storm surge in

Myanmar. This paper is used only three cyclones as real

case studies. Case studies were done with synthetic data

and actual track of three severe cyclones over the Myanmar

coast. To understand the storm surge phenomena under

various environmental forcing conditions, the surge values

were computed based on several experiments and condi-

tions. Case studies with the best track data from JTWC in

every six-hourly position were used for each cyclone.

2.2 Description of IIT-D Model

Storm surge model (IIT-D) is a 2D finite-difference model.

It is based on the vertically combined mathematical pre-

diction system which is established by the IIT-D. This

model is an integrated shallow water and nonlinear in

nature with grid points and also includes semi-2D finite-

difference scheme system. These grid points comprise of

three kinds of point such as (1) the shallow sea water

heights, (2) the zone-specific part of depth-averaged

current and (3) meridional part of depth-averaged current.

These are calculated by the satisfying CFL (Courant Frie-

drich Levi) criteria. It takes some minutes for integration

48 h (2 days). A number of variables depend on the

required time steps, latitude of the open sea surface, and the

E–W and N–S ranges of a particular area of interest and

storm tract point as a key input parameter. Stair-step-

shaped like model is employed to build in shorelines and

landmasses. The generic mapping tool (GMT) is applied to

mapping, the surge geo-referencing grid points and other

relevant data sets for contouring and image processing

purposes.

The area of analysis is located between 8�N to 23�N
latitude and 90�E to 100�E longitude. A number of grid

points were 121 and 182 in the X and Y directions. An

identical grid distance was taken into consideration of

approximately 9.1 km 9 9.1 km along latitude and longi-

tude directions. The coastal boundaries in this method were

denoted by orthogonal straight line sections. The radiation

type of boundary applied at the open boundary condition at

8�N latitude and at 90�E longitude directions. The bathy-

metry was obtained from the naval hydrographic tables that

interpolated at grid points by using cubic projection inter-

polation schemes. The model generated the more accurate

and realistic bathymetry along the continental shelf. The

wind fields in the model were calculated by using the

Jelesnianski wind formulation technique (Jelesnianski and

Taylor 1973). The bottom pressure is calculated from the

depth-averaged current by the mean of probable quadratic

law with a coefficient (r) of approximately 0.0026. Three

kinds of input parameters such as the geographical,

oceanography and meteorological information are required

to justify the surge model. The reasonable precision of

bathymetry and coastline data is prerequisite condition for

accurately predicting a storm surge model (Rao et al.

2009).

The model was used since 2009 by the many Southeast

Asian countries for predicting storm surge. It is mentioned

that the tidal data are not included in the surge model,

although the water surface elevation solely influences on

both the surge and astronomical tidal conditions (Pat-

tanayak et al. 2016). In the present work, the peak storm

surge was developed at the initial boundary condition and

the sea surface point was quantitatively estimated. A sys-

tem of rectangular Cartesian coordinate (CC) was

employed for this study. The Ox point is fixed in the west

direction, Oy point in the south direction and Oz point in

vertically upward directions. The origin (O) is in the equal

level of the free surface. The displaced positions of these

surfaces are expressed by z = f (x, y, t), and the position of

the sea floor is shown by z = -h (x, y). The simple

hydrodynamic equations of continuity and momentum for

the dynamic processes in these surfaces can be calculated
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by the following Eqs. 1, 2, 3, 4 and 5, as stated by Dube

et al. (1985) and Chittibabu et al. (2000):
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where, u, v, w are the Reynold’s averaged velocities in the

three directions of x, y and z, t time, p pressure, q density of

the sea water, f Coriolis parameters, f = 2x sin U and

g acceleration caused by gravity effect.

The initial boundary conditions will be

u ¼ v ¼ w ¼ 0 at z ¼ �h

sx; sy
� �

¼ FB; GBð Þ at z ¼ �h

sx; sy
� �

¼ FS; GSð Þ at z ¼ f
p ¼ pa at z ¼ f

9
>>=

>>;
: ð5Þ

The continuity equations are commonly converted into

transport form. The volume transport parts are defined as

Eq. 6

U ¼
Z1

z¼�h

Udz; V ¼
Z1

z¼�h

vdz: ð6Þ

The vertically integrated transport form for ocean

models assumes that the nonlinear advection acceleration

terms are negligible in comparison with the local terms.

The linearized long wave over depth is calculated by

Eqs. 7, 8 and 9:
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where f is the sea surface elevation, U and V the transport

components along x and y directions, respectively, sx, sy
x and y parts, respectively, due to the Reynolds stress, pa
the atmospheric pressure at the water surface and (FS, GS)

and (FB, GB) the components of wind and bottom stresses,

respectively.

The forcing terms in Eq. 7 and 8 are (1) the Coriolis

terms, (2) the reversed barometric effect, i.e., oPa

ox
and oPa

oy

because of fall in pressure, (3) the wind stress (FS, GS) and

(4) the bottom stress (FB, GB), respectively. The Coriolis

force is estimated by the location of area of interest. The

forcing due to barometric changes can be ignored in this

model. The surface wind and the wind stresses are com-

puted, which are related to the pressure gradients. The

pressure fields are expressed by the following Eqs. 10 and

11 (Das et al. 1974; Johns and Ali 1980)

p rð Þ ¼ 1010� DP

1þ r
R

� �2h i ; ð10Þ

pðrÞ ¼ pðaÞ � DP exp � r

R

� �
; ð11Þ

where R is the radial distance at which wind attained its

maximum velocity, r radial distance from storm center,

DP pressure difference between center of the storm and its

outer periphery, P(r) sea level pressure at radius r and P(a)
central pressure at the cyclone.

The wind distribution is computed from the gradient

wind formula which is described as Eq. 12

V2 ¼ 4V2
ml

2= 1þ l2
� �2

; ð12Þ

where l = r/R and Vm = maximum wind at R.

In this study, pressure drop (DP) is derived from Lwin’s

(1980) equation. In his equation, constant value is calcu-

lated for the storms that had crossed Myanmar coasts by

using historical storm data. The maximum wind speed and

the pressure drop can be calculated by Eq. 13 (Lwin 1980)

Vm ¼ 15:84 DPð Þ1=2: ð13Þ

Johns and Ali (1980) stated that the gradient wind

equation is used to compute the wind distribution equiva-

lent to the pressure field in the following Eq. 14

V ¼ fr

2
þ f 2r2

4
þ r

qa

oP

or

� �1
2

: ð14Þ

Gradient wind depends on the Coriolis parameter, radial

distance and pressure field. If the radial distance is

changing with cyclone intensity, gradient wind is also

changing accordingly. Therefore, it is very important to

generate storm surge.

The surface stress components (FS, GS) due to the action

of wind are expressed by conventional quadratic law as

Eq. 15

FS ¼ qacDua u2a þ v2a
� �1=2

; GS ¼ qacDva u2a þ v2a
� �1=2

:

ð15Þ

The bottom pressure is calculated from the depth-aver-

aged current using a probable quadratic law which is given

as Eq. 16
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FB ¼ qcfu u2 þ v2
� �1=2

; GS ¼ qcfv u2 þ v2
� �1=2

;

ð16Þ

where ua and va are the surface wind parts of x and y, qa the
air density, taken as 1.293 kg m-3, cD the drag coefficient

(2.8 9 10-3) and cf the bottom friction coefficient

(2.6 9 10-3).

3 Results and Discussion

3.1 Sensitivity Experiments

3.1.1 Effect of Basin-Scale Bathymetry

The development of a surge nearby the shoreline is highly

sensitive to the coastal geometrical feature and basin-scale

bathymetrical condition due to the landfill action of TCs

(Johns et al. 1983; Rao et al. 2009). Understanding such

factors, the development of a storm surge over the Myan-

mar coast is calculated. Three basin depths such as 10, 50

and 100 m were used in this experiment. The parameters of

this experiment were two points observation track to

include starting point position 18.5�N and 92.5�E and

ending point position 20.5�N and 94.5�E, observation time

intervals 24 h, radius of maximum wind 30 km and pres-

sure drop 35 hPa. Except basin depths, all parameters were

the same in the experiment. Maximum peak surges from

basin depths were 10.68, 2.74 and 1.37 m, respectively

(Fig. 2a–c). The storm surge is mainly sensitive to the

depth of the basin. We consider the entire basin of an equal

depth of 10 m which leads to the highest surge height. It is

evident that the shallowness of the water depth in coastal

regions may increase the surge height maximum. The

experiment demonstrates that if surge height decreases

water depth increases in the region.

3.1.2 Effect of Landfall Angles

The storm surge is associated with three different direc-

tions of landfall angles including obtuse landfall angle,

perpendicular landfall angle and acute landfall angle

assuming near Kyaukpyu Station at Rakhine coast of

Myanmar was employed in this experiment. Three different

point positions such as 19.9�N and 92.0�E, 18.5� N and

92.5�E and 18.5�N and 93.2�E, duration of the cyclone

24 h, radius of maximum winds 30 km and pressure drop

50 hPa were used in this model. Maximum value of peak

surges for varying different landfall angles was 4.02, 3.49

and 3.52 m, respectively (Fig. 3a–c). From these experi-

ments, it is implied that obtuse landfall angle generates a

higher surge than perpendicular and acute landfall angles.

It is noted that cyclone of similar intensity with different

landfall angles generates a surge with different amplitudes.

3.1.3 Wind Stress Forcing Effect

The objective of this experiment is to examine the wind

stress in the entire surges calculation procedure. Meteoro-

logical input parameters are varied in terms of maximum

wind radius and pressure drop.

3.1.3.1 Varying Values of Rmax (Radius of Maximum

Wind) The cyclone was produced landfall at Rakhine

coast, near Kyaukpyu Station, which considered along the

straight line track with different radii of maximum wind.

Three different values of Rmax 20, 30 and 40 km were

selected in this experiment where the starting point position

of the cyclone is 18.5�N and 92.5�E and ending point is

20.5�N and 94.5�E. Other parameters were used in this

experiment such as water depth, observation hours 24 h

and the pressure drop 45 hPa. The computed maximum

values of peak surge for radius of maximum wind were

Fig. 2 Peak surges at varying water depth of 10, 50 and 100 m are 10.68, 2.74 and 1.37 m, respectively (a–c)
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1.88, 2.46 and 2.86 m, respectively (Fig. 4a–c). From this

result, Rmax 40 km had the highest peak surge. Surge

values were increasing with the increase in radius of

maximum wind. Similarly, Guo et al. (2009) found that

Rmax (radius to maximal wind) is the most significant

factor influencing the peak storm surge among the all

cyclonic variables in the Hangzhou Bay of China. Fur-

thermore, a higher peak surge is generated by a large

cyclone than a small one. Therefore, surge waves areas

were greater with the increase in radius of maximum wind.

3.1.3.2 Varying Values of Pressure Drop (hPa) The

cyclones were generated landfall at Rakhine coast near

Kyaukpyu Station which considered along the straight

track with 35, 45 and 55 hPa of pressure drop where the

starting point of cyclone track was 18.5�N, 92.5�E and

ending point was 20.5�N, 94.5�E. Real bathymetry,

duration of the cyclone 24 h and the radius of maximum

wind 30 km were used in the experiment. Model generated

a peak surge for pressure drops which were 1.86, 2.46 and

2.98 m, respectively (Fig. 5a–c). It shows that higher sur-

ges are related to the large pressure drops and the impact of

wind stress forcing was important in producing storm

surge.

3.1.4 Effect of Duration of Cyclone

Cyclone moving along a straight track to landfall near

Kyaukpyu Station at Rakhine coast was considered in this

study. Straight track cyclone made landfall at two different

cyclone’s durations of 36 h (slow moving) and 12 h (fast

moving) which were tested where starting point on cyclone

track is 18.5�N, 92.5�E and ending point is 20.5�N, 94.5�E.
Real water depth, pressure drop 35 hPa and the radius of

Fig. 3 Peak surges for obtuse, perpendicular and acute landfall angle at Kyaukpyu are (4.02) m, (3.49) m and (3.52) m, respectively (a–c)

Fig. 4 Peak surges for varying values of radius of maximum wind speed of 20, 30 and 40 km are 1.88, 2.46 and 2.86 m, respectively (a–c)
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maximum wind 30 km were used in the experiment. Model

generated a peak surge for the varying cyclone duration (36

and 12 h) 2.22 and 2.97 m (Fig. 6a, b). The experiment

indicated that a fast-moving cyclone made a larger surge

than slower one. The results also reveal that a fast-moving

cyclone generates the maximum surge.

3.2 Simulation of a Storm Surge: a Real Case Study

3.2.1 Simulation of 1968 May Sittwe Cyclone

The cyclonic storm made landfall with maximum sustained

winds 58 ms-1, and the pressure difference between the

center and the outermost cyclones was 40 hPa which

crossed Sittwe in May 1968. The intensity of the cyclone

was severe cyclonic storm category 3. Input data of the

model include actual water depth, five observational tracks

and duration of cyclone 24 h before landfall. The maxi-

mum value of peak surge generated by the model was

4.2 m. The observed peak surge at Sittwe cyclone is found

to be 4.3 m height (UWIS 1968). The results are consistent

with the model generated the peak surge height (Fig. 7a–c).

The cyclone in this case was moving nearly perpendicular

to the coast. The time of landfall was 1 h ahead of the time

of peak surge.

3.2.2 Simulation of 2006 April Mala cyclone

A severe cyclonic storm was crossed between the southern

part of Rakhine coast and the delta area in April 2006.

Mala cyclone made landfall with maximum sustained wind

59 ms-1. The intensity of this cyclone was the equivalent

of a category four tropical cyclones. Pressure drop was

53 hPa. Five observations track points and duration of

Fig. 5 Peak surges for varying values of pressure drop 35, 45, and 55 hPa are 1.86, 2.46 and 2.98 m, respectively (a–c)

Fig. 6 Peak surges for slow moving (36 h) and fast moving (12 h) of cyclone are 2.22 and 2.97 m, respectively (a, b)
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cyclone 24 h before landfalls were used in the model. The

maximum value of peak surge computed by the model was

4.0 m (Fig. 8a–c). During TCs-related storm surges, the

maximum surge of 4.6 m is observed over the Myanmar

coast (IOC-UNESCO 1999). This is well agreed with our

simulation result. Figure 8a–c shows that strong current is

located at the right side of the cyclone track and strong

wind stress at the end of the cyclone track. The time of

landfall was also 1 h ahead of the time of peak surge.

3.2.3 Simulation of 2008 May Nargis Cyclone

Nargis Cyclone occurred in 2008 in Myanmar. It was the

third largest storm surge in history, which crossed the

Myanmar coast in May. This model was used maximum

sustained wind of 59 ms-1, pressure difference between

the center and the outermost cyclones of 65 hPa, actual

bathymetry with six-hourly five observations track points

and duration of the cyclone 24 h before landfall. The

maximum value of peak surge computed by the model was

6.4 m. It is interesting to note that storm surge water levels

were almost equivalent to cyclone Nargis during the

southwest monsoon onset time in Myanmar (Mie Sein et al.

2015). The observed value of peak surge is 6.7 m height

(DMH 2011). Perpendicular landfall angle is found in this

cyclone (Fig. 9a–c). Table 1 displays generated time of

peak surge and time of landfall for three severe cyclones in

Myanmar. Model-generated value is similar to the

observed one. The peak surge is found in the Irrawaddy

delta region of Myanmar (DMH 2011). The peak surge’s

height ranges from 3 to 5 m which is noticed in the Irra-

waddy Division of Myanmar (RSMC 2009). The results

Fig. 7 Model-generated surge height is 4.2 m a of 1968 May Sittwe cyclone, strong surface current (m/s) b occurs at the left side of the cyclone

track and strong wind stress (N/m2) c shows at the end of the cyclone track where observed peak surge is 4.3 m

Fig. 8 Model-generated surge height is 4.0 m a of 2006 April Mala cyclone, strong surface current (m/s) b occurs right side of the cyclone track

and strong wind stress (N/m2) c shows at the end of the cyclone track where observed peak surge is 4.6 m
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that come out through the IIT-D storm surge model com-

pare well with the results stated according to DMH,

Myanmar. The maximum sustained wind speed of 190 kph

(km per hour) is found in the delta region of Myanmar

during landfall actions of TCs. Lin (2009) made an

observation that most of the areas of the Ayeyarwady delta

are open and highly vulnerable to storm surge disasters,

which can easily enter inland because of various tributaries,

numerous bell-shaped river mouths and very narrow slope.

Storm waves generated above 2 m high were superimposed

on the peak surge level in the Ayeyarwady delta region of

Myanmar (Shibayama et al. 2009; Fritz et al. 2010). Sim-

ilar to this study, the simulated surge rises with enhancing

the domain size primarily and then increases in constant

value (Li et al. 2013). Tasnim et al. (2015) found that the

simulated total water level was within the range of

3.5–4.6 m in most locations near the coast, whereas the

observed maximum water level was within the range of

3.3–6.3 m. Surge wave occurred under the cyclone track

due to the configuration of the coastline. Strong wind

stresses were found at the end of the cyclone track. The

landfall was ahead of the time of peak surge by 8 h

(Table 1). Previous studies did not focus adequately the

sensitivities of surge height in the coast of Myanmar (Indo

Jain et al. 2006). The novelty of this study is that a detailed

sensitivity analysis of a surge model with changing grid

resolution reveals that the model with coarse resolution can

effectively simulate the distribution of a surge closely

related to the storm.

3.3 Verification of the Model Outputs

To validate the IIT-D storm surge model-computed results

with observed data, this study has used the statistical test

(Fig. 10). Figure 10a shows that the model-generated

results at the three study sites are compared to the observed

values. We have taken into consideration the ensemble and

probabilistic techniques and outputs in order to predict the

effective surges in the BoB (Dube et al. 2009). Significant

relationship existed between the observed surge values and

the model forecast values where R2 = 0.96 indicated high

accuracy of the model performance (Fig. 10b). Moreover,

root mean square error (RMSE) is used to validate the

model performance. In the real case of three cyclones, the

sum of the three forecasts comes to 14.6–15.6, which is 1

lower than the sum of the observations. Hence, the fore-

casts are biased 0.3� too low. The mean error (ME) and

RMSE were calculated for three cyclone events, which

Fig. 9 Model-generated surge height is 6.4 m a of 2008 May Nargis cyclone, strong surface current (m/s) b occurs along the cyclone track and

strong wind stress (N/m2) c shows at the end of the cyclone track where observed peak surge is 6.7 m

Table 1 Simulated time of peak surge and time of landfall for three severe cyclones in Myanmar

Real cases cyclone Surge height (m) Pressure drop (hPa) Time of peak surge (h) Time of landfall (h) Remarks

1968 Sittwe 4.2 51 20 21 1 h before landfall

2006 Mala 4.0 53 16 17 1 h before landfall

2008 Nargis 6.4 53 13 21 8 h before landfall
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have a negative ME 0.3 m surge and 0.39 m RMSE

(Table 2). However, the probable time and site of peak

surge height generated by IIT-D based model are echoed

by the similar results of the DMH (2011). The surge ele-

vations are estimated from the model-generated results

with various initial conditions over the Myanmar coast.

Thus, it can be said that much difference is not noticed in

the predicted surge height and the computed results accord

with the observed ones.

4 Conclusions

Storm surge (IIT-D) model has been applied to forecast the

surge in the vulnerable coastal region of Myanmar. A

numerical simulation was performed with a storm surge

model using the data of 1968 Sittwe, 2006 Mala, and 2008

cyclones which crossed the coastal region of Myanmar.

The surge model was capable to simulate surges for

cyclones of 1968, 2006 and 2008 which is well agreed with

the observed results. The results show a reasonable pre-

diction of storm surge along the Myanmar coast. The

highest surge envelope was generated by the IIT-D model

in the most cases over the Myanmar coast. The peak surge

was identified on the right side of three cyclones with a

considerable accuracy. The results of sensitivity

experiments show that the shallowness of water in coastal

regions has a larger value of surge height. The study also

reveals that the time of cyclone landfall on the delta coast

was more hours ahead of the time of peak surges. The large

pressure drops and maximum winds produce the larger

peak surge.

The surge model used in this research has not been

considered the tide and the Irrawaddy River delta that

influences on the eastern BoB. However, the discharge of

river water may be changed the peak surge height in the

Myanmar coast. In the present study, storm surge is the

solely dynamic force for the driving processes in the sea.

Nevertheless, this model can be employed to an actual time

basis for prediction of surges generated by three cyclones

which may strike the coastal region of Myanmar. The

actual time surge prediction is possible by using the high-

resolution surge model with an advanced forecast time of at

least 2 days (48 h) before the landfall of the TCs. It is

expected that this model will contribute to develop an

effective surge warning system for the operational analysts,

to evacuate from coastal communities rapidly and to mit-

igate the disaster successfully in the Myanmar coastal

region.
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