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This document summarizes a study on storm surges in the Bay of Bengal, specifically focusing on Cyclone Nargis which struck Myanmar in 2008. The key points are:

1) The authors conducted field surveys after Cyclone Nargis and found storm surge heights of 3-4 meters that traveled 50 km inland in the Yangon River area. 

2) They used a numerical model to accurately simulate Cyclone Nargis and plan to use the model to simulate future cyclones under climate change scenarios.

3) Cyclone Nargis was a powerful Category 4 storm at landfall and though rainfall was light, storm surge flooding persisted for 4 days and caused widespread destruction.Weniger lesen
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Field observation  and numerical simulation of past
and future storm surges in the Bay of Bengal: case study
of cyclone Nargis
Khandker Masuma Tasnim • Tomoya Shibayama •
Miguel Esteban • Hiroshi Takagi •
Koichiro Ohira • Ryota Nakamura
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Ó Springer Science+Business Media Dordrecht 2014
Abstract Storm surges are one of the most important risks to coastal communities around
the Bay of Bengal, and it is feared that the threat they pose will increase with climate
change in the future. To understand the threats that these events pose, a summary of the
field surveys performed in Yangon River Basin after cyclone Nargis in Myanmar in 2008 is
presented. Though due to government restrictions survey activities were limited to the area
near Yangon city, it was found out that the tide due to the storm surge was probably
between 3 and 4 m high and travelled around 50 km upstream of the river mouth of
Yangon River. Cyclone Nargis could be accurately reproduced using a numerical model
that integrated weather, wave, coastal ocean models, and tide prediction system. The
application of such an integrated model is relatively new for storm surge simulation and
has never been used for the Bay of Bengal storms. The model was then used to also
simulate future cyclones over the Bay of Bengal considering a future climate change
scenario.
Keywords Tropical cyclone  Numerical model  Prediction  Storm surge
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	2. 1 Introduction
Historically, in  the areas around the Bay of Bengal, there have been several cases in which
storm surges induced by tropical cyclones gave rise to severe floods (Obashi 1994). In most
cases, such as the 1970 Bhola cyclone, the 1991 Gorky, and the 2007 cyclone Sidr (Katsura
and Cyclone Disaster Research Group 1992; Hasegawa 2008), cyclones generated in the
central area of the bay moved northward and made landfall in Bangladesh, with the
associated storm surges and flooding inundating extensive areas along the low-lying
coastal areas of the country. In contrast to these cases, cyclone Nargis at the end of April
2008 moved eastward and made landfall in Myanmar on May 2, 2008, causing catastrophic
destruction of about 10 million US Dollar and resulting in 140,000 casualties along its
path. Though the most devastating cyclone in Bangladesh caused 300,000 fatalities in 1970
(Frank and Husain 1971), it is clear that cyclone Nargis can be also considered as one of
the most severe disasters to have taken place in South Asia.
According to the Intergovernmental Panel on Climate Change Fourth Assessment
Report (IPCC 4AR), it is likely that future tropical cyclones (TCs) will become more
intense, with larger peak wind speeds and more heavy precipitation associated with
ongoing increases in sea surface temperatures (SSTs). The recently published IPCC 5AR
summary for policymakers (SPM) mentions that global oceans will continue to warm and
heat will penetrate from the surface to the deep ocean. There is high confidence that more
than 60 % of the energy increase in the climate system was stored in the upper ocean
(0–700 m) during 1971–2010 and that 30 % is in the ocean below 700 m. Under all IPCC
representative concentration pathways (RCP) scenarios, the rate of sea-level rise will very
likely exceed that observed during 1971–2010 due to increased ocean warming and loss of
mass from glaciers and ice sheets (IPCC 5AR SPM). As a result, future coastal vulnera-
bility due to climate change and sea-level rise will become an even more serious concern,
especially under storm conditions. Knutson et al. (2010) summarized the most important
work on tropical cyclone simulations, including recent research that was done using
higher-resolution models than those used in the work that led to IPCC 4AR. According to
these authors, the intensity of tropical cyclones could increase by between 2 and 11 % by
2100, depending on the part of the world and simulation used. Knutson et al. (2010) found
that the higher-resolution models predict greater increases in intensity than those with
lower resolutions, and thus, it is possible that the conventional models presently employed
might be underestimating potential future problems caused by tropical cyclones.
Even though there is less confidence in the projections of a global decrease in frequency
of tropical cyclones, the apparent increase in the proportion of very intense storms since
1970 in some regions is much larger than that simulated by current models (IPCC 4AR). In
the Bay of Bengal region, although several dynamic simulations of storm surges have been
carried out, these have often involved using results from a small set of historical storms
with simple adjustments (Flather and Khandker 1993). As a result, these simulations often
lead to a biased distribution of water levels, with an unrealistic count of extreme events.
Therefore, there are large uncertainties in estimating future coastal flooding associated with
tropical cyclones in this region.
However, since 2006, there does appear to have been an increasing trend in tropical
cyclone activities in the north Indian ocean, with six major tropical cyclones (category 3–5
on the Saffir–Simpson scale) taking place, compared with a total of eight major tropical
cyclones in the previous 25 years (Webster 2008). It is difficult to corroborate whether this
abrupt increase can be attributed to climate change issues in the Indian Ocean, because the
data available are limited in terms of quality and length of record. But irrespective of future
Nat Hazards
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	3. trends in the  north Indian ocean, it is essential to develop and improve cyclone forecasting
and mitigation strategies to limit the damage to life and property. The vulnerability of
coastal communities in this region is increasing as population pressure is forcing more
people to live and farm in coastal zones that are easily flooded (Webster 2008).
As synoptic and statistical methods have limitations in predicting the track and intensity
of tropical cyclones beyond 24 h, many attempts have been made to develop numerical
weather prediction (NWP) models. Concerted effort by the National Center for Atmo-
spheric Research (NCAR), National Centers for Environmental Prediction (NCEP) and
several other organizations has resulted in significant progress in mesoscale modeling for
various weather applications (Rao and Tallapragada 2011). In the last few years, significant
progress has been made in real time cyclone prediction over the Atlantic and Eastern
Pacific Basins by using the community models (such as the WRF model) (Bender et al.
2007; Surgi et al. 2008, Rao and Tallapragada 2011). However, the application of these
community models is relatively new for the case of the north Indian ocean region.
Recently, some studies have been performed for tropical cyclone prediction in this region,
particularly for the Bay of Bengal storms, by using the NCEP Hurricane Weather Research
and Forecast (HWRF) model and Advanced Research WRF (ARW) models. Rao and
Tallapragada (2011) performed a comparative study of the performance of NCEP opera-
tional HWRF, NCAR ARW, and MM5 models and reported that the HWRF model was
better at predicting the track and intensity of tropical cyclone Sidr and Nargis. Kumar et al.
(2011) performed another study to simulate cyclone Sidr by using the Advanced Hurricane
WRF (AHW) model with different domain sizes and boundary conditions. However, to
date, the WRF model has not been applied in this region to the estimation of storm surges.
Even in the twenty-first century, tropical cyclones in the Bay of Bengal have often
caused catastrophic damage to human life and property. Early and accurate prediction of
tropical cyclone is thus crucial for this region, though there are considerable challenges for
such a model to be implemented. In this study, an attempt is made to simulate future
climate change intensified cyclones over the Bay of Bengal by using an integrated
weather–wave–coastal ocean–tide model system. This model is an improved version of the
OSIS model developed by Ohira and Shibayama (2012). The purpose of this study was to
evaluate the performance of OSIS model for the Bay of Bengal cyclones by hind-casting
historical cyclone as well as predicting future cyclones so that it can be used as an effective
tool to accurately simulate future storm surges. In this sense, the authors do not wish to
enter into a discussion on whether cyclones will increase in intensity or not in the future,
but rather would like to focus on the hypothetical consequences that this would have, using
current simulation techniques as a tool to shed some light into this potential problem.
2 Cyclone Nargis
2.1 Storm development and path
Cyclone Nargis originated as a tropical depression in the center of the Bay of Bengal and
was identified as a tropical storm on April 27, 2008. The cyclonic disturbances in the north
Indian ocean move predominantly along a westerly/northwesterly direction. Some cyclonic
disturbances recurve from an initial northwesterly direction to a northerly direction and
finally toward a northeasterly direction (India Meteorological Department 1979; Li and
Wang 2012; Pattanaik and Rao 2009). Cyclone Nargis was a TC of this type. Nargis
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	4. formed and developed  during late April to early May 2008, during the early annual TC
season in the Bay of Bengal (BOB). In this early season, tropical cyclones tend to march
pole ward and then make landfall on the northern coast of the BOB (Li and Wang 2012;
Pattanaik and Rao 2009). But the special feature of Nargis was that it recurved and moved
almost in an easterly direction for about 30 h from 0600 UTC on May 1. According to the
satellite observations, the system disorganized at 12 UTC on April 29 due to an increase in
vertical shear, though it later intensified and the eye was again visible at 0400 UTC on the
May 1, 2008 (Mohanty et al. 2010). Nargis reached its maximum intensity as a category 4
storm on the Saffir–Simpson Hurricane Scale (SSHS) around 06–12 UTC on May 2, as it
approached southern Myanmar. The minimum central pressure estimated by the Joint
Typhoon Warning Center (JTWC) was 937 hPa while the Regional Specialized Meteo-
rological Center (RSMC) for the Indian Ocean estimated its intensity as 962 hPa. The peak
wind speed was 59 m/s according to JTWC and 47 m/s according to IMD. As the system
moved eastward close to the coast, it maintained its intensity even up to 24 h after landfall,
causing large-scale devastation. From 1500 UTC of May 2, it took a northeasterly course,
and after crossing the coast, the system maintained its intensity as a very severe cyclonic
storm until the morning of May 3, gradually weakening afterward (Tyagi et al. 2010).
2.2 Post-cyclone field survey by the authors
The damage during cyclone Nargis was primarily caused by storm surges, with the
southern low-lying part of Myanmar being flooded up to dozens of kilometers inland. Field
surveys by two of the authors were performed from May 11 to May 15, 2008 around the
Yangon River Basin in order to learn about the mechanisms and destruction patterns of
severe cyclone disasters (Shibayama et al. 2009, 2010). Survey activities were limited to
the area near Yangon city due to strong governmental restrictions and included interviews
to residents and measurements by using a laser surveying distance meter. Through these
surveys, it was evident that the water levels due to the storm surge were probably up to
3–4 m high and travelled inland around 50 km upstream from the river mouth of Yangon
River. Naturally, surge level varied from place to place, with the maximum height in
Yangon district being more than 3 m. Figure 1a shows a map of the Bay of Bengal and the
surrounding countries including Myanmar and Yangon River. Figure 1b shows the track of
cyclone Nargis
It is interesting to note that during the rainy season in Myanmar, flood water levels can
be almost equivalent to the ones in cyclone Nargis. However, high waves (up to more than
2 m) also accompanied the cyclone, and these were a crucial element of the damage
observed. While houses in the area can normally withstand floods, even for the cases where
the surge level was 0.3–0.4 m, many dwellings were destroyed due to wind waves.
In Yangon Port (location A in Fig. 2a: 16°460
5.200
N, 96°90
43.500
E), the storm surge
height was around 1.2 m above the river bank, as shown in Fig. 2b. The water flooded over
the port area, and many boasts were damaged and sunk. High water conditions continued
for around 4 days. In the left bank of Bago River, which is 43 km from the river mouth
(location G in Fig. 2a: 16°460
58.8400
N, 96°140
01.6100
E), large numbers of boats were
removed by the current and were left stranded inland after the storm. Water level was
almost equivalent to maximum flood level and high water continued for 4–5 h. Large-scale
local scour due to return flows of the flood water was recorded in the area, as shown in
Fig. 2c. In Rakhaine Chain Village (location D in Fig. 2a: 16°390
37.500
N, 96°110
11.600
E,
29 km from river mouth), the storm surge arrived to a paddy area through irrigational
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	5. channels and submerged  it (with a 1.5-m inundation height recorded, see Fig. 2d). In
Yangon, there was no significant rainfall during the cyclone, so the contribution of rainfall
to flooding was negligible. According to interviews with local residents, it appears that
Fig. 1 a Map showing the location of Bay of Bengal and surrounding countries including Myanmar and
Rangoon/Yangon River (image source Wikimedia Commons); b track of cyclone Nargis (image source
digital typhoon)
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	6. significant flooding took  place in inland areas as a result of the upsurge through the
tributaries or channels from the main river.
Tropical storms occur most frequently in the Bay of Bengal in October–December with
a secondary peak in April–May. Relatively high sea surface temperatures (28–30 °C), a
thermodynamically unstable atmosphere and low tropospheric wind shears favor tropical
storm development during this time of the year. Hence, the timing of Nargis was not
unusual, and its strength was also not unprecedented (McPhaden et al. 2009). But inter-
views with local people revealed how even though the situation was catastrophic, most
residents did not evacuate. One of the reasons for this could be related to the fact that the
Fig. 2 Survey route, measured storm surge height, and different locations near Yangon River surveyed by
the authors (Shibayama et al. 2009); a survey route and measured storm surge height. b Yangon Ferry
Terminal. c Left bank of Bago River and d flood at Rakhaine chain village
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	7. cyclone passed through  the area investigated (Yangon and its outskirts) in the late night of
May 2 to the early morning of May 3. Another reason might be because of an underes-
timation or the lack of perception of the threat of storm surge. The tracks for the present
and past cyclones [1945–2007, (see references UNISIS, University of Alaska, and JTWC
(2008), Chua and Sampson (2002)] have been analyzed based on a string of best track data
as shown in Fig. 3 (Shibayama et al. 2009). The results reveal that a relative small number
of cyclones (roughly 2 times on average every 10 years) hit the southern coast of
Myanmar, compared to the number of cyclones that hit the coast of Bangladesh, and that
the route that Nargis traced is rather unique. There is no tropical cyclone track in the JTWC
database making a direct landfall at the Ayeyarwady River Delta in the Union of Myanmar
Years2000-2007
Years1990-1999
Years1980-1989
Years1970-1979
Years1960-1969
Years1945-1959
Fig. 3 Historical paths of cyclones in the vicinity of Myanmar (data from JTWC and Chua and Sampson
2002) (Shibayama et al. 2009)
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	8. from the year  1977 to 2008 (Fritz et al. 2010). Thus, it can be concluded that as residents
had little (or none) experience of storm surges, it is not surprising that they could not
clearly imagine the danger they were facing.
2.3 Findings from the field surveys of other teams
A field survey performed in August 2008 by Hermann M. Fritz and team members in
Bogale and Ayeyarwady River mouths found that the maximum storm surge took place at
the point of landfall and exceeded 5 m (high water mark at Pyinsalu). These authors also
report how areas over 50 km inland were inundated and that storm waves more than 2 m
high were superimposed on the storm surge level in most areas (Fritz et al. 2010, 2011).
The survey team documented soil erosion of as much as 1 m vertically and more than 100
m horizontally. According to this survey report, ‘‘all interviewed eyewitnesses including
elders ignored warnings due to a total lack of cyclone awareness and evacuation plans,
absence of high ground or shelters, and no indigenous knowledge of comparable prior
storm surge flooding in the Ayeyarwady River delta. In sharp contrast, the residents of the
Gwa coastline in western Myanmar who are frequently struck by cyclones such as Mala are
aware of cyclone hazards and have evacuation plans’’ (Fritz et al. 2010, 2011). The report
also mentioned that even though the storm surge and waves were not unusually high, the
impact might have been worsened by the lack of nearby high ground for evacuation and
loss of coastal mangrove forests that could have slowed down the storm waves.
A 5-day-long field survey was also organized by Tokyo University of Marine Science
and Technology, starting from July 3, 2008, which covered Kungyangon, Dadeye, Pyapon,
Bogale, and Labutta Townships. This survey found the maximum inundation depth after
tide correction to be up to 4.7 m at Labutta, where the cyclone made landfall. Inundation
depth was found to be 2 m around Bogale and nearly 4 m in the Kungyangon area
(Okayasu et al. 2009). Another field survey performed by the Port and Airport Research
Institute, Japan (PARI), reported that the maximum storm surge deviation above the high
water level was measured to be 1.8 m in the northern side of the Yangon River (Hiraishi
2009a, b). According to the Department of Meteorology and Hydrology, Myanmar, the
maximum storm surge height was 2.13 m in Yangon, and the wave component was about
2 m.
3 Methodology
3.1 Description of the numerical model
In this study, an improved version of the OSIS (Ohira and Shibayama 2012) model was
used for numerical simulation of the storm surge. This model also consists of four com-
ponents (meteorology, wave, coastal ocean, and tidal model) that are coupled together. In
the original OSIS model developed by Ohira and Shibayama (2012), a 2-level storm surge
model was used for storm surge simulation. In this improved version of the model, the
2-level storm surge model is replaced by the finite-volume coastal ocean model (FVCOM).
The total water height resulting from the passage of a cyclone consists of wave, tide, and
surge elements (both wind-driven surge and pressure-driven surge), which are simulta-
neously calculated by using this coupled model in order to simulate the real water levels.
The flowchart of the original OSIS model (Ohira and Shibayama 2012) and its improved
version is shown in Fig. 4.
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	9. The weather research  and forecasting (WRF) model works as a key component of the
OSIS model and provides the weather field of cyclones. The WRF model is being developed
as a collaborative effort between the NCAR Mesoscale and Microscale Meteorology
Fig. 4 Flowchart of the
a original OSIS (Ohira and
Shibayama integrated storm
surge) model (Ohira and
Shibayama 2012), b improved
version of OSIS model where the
2-level storm surge model is
replaced by the finite-volume
coastal ocean model (FVCOM).
The chart shows how by
integrating all four components,
it is possible to obtain a
comprehensive result for the
determination of water levels due
to the passage of a given storm
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	10. (MMM) Division, the  National Oceanic and Atmospheric Administration’s (NOAA),
National Centers for Environmental Prediction (NCEP), and more than 150 other organi-
zations and universities. A detailed description of WRF (ARW) was provided by Skamarock
et al. (2005). The NCAR versions 3.4 and 3.5 of Advanced Research WRF (ARW) model
with 2-way nesting was used to investigate the weather field of cyclone Nargis. In the present
study, WRF performs the weather prediction by using NCEP global final analysis (FNL)
using the WRF preprocessing system (WPS) software package. FNL is also a weather
forecasting tool, where the initial condition is constructed with both the observed data 6 h
from the synoptic time and the prediction result of the next calculation cycle which comes
out from the previous result. The calculation of WRF was conducted with supercomputer
‘‘HA8000’’ of the Information Technology Center in The University of Tokyo, which takes
approximately 1.4 h of computational time to calculate 1 h of cyclone simulation.
The extracted wind and pressure fields from the WRF model were applied into the
SWAN and FVCOM models as inputs to compute the wave and surge (both wind-driven
surge and pressure-driven surge). FVCOM is a prognostic, unstructured-grid, finite-vol-
ume, free surface, three-dimensional (3D) primitive equations Community Ocean Model
developed by Chen and Liu (2003). The model consists of momentum, continuity, tem-
perature, salinity, and density equations and is closed physically and mathematically using
turbulence closure submodels. FVCOM is solved numerically by a second-order accurate
discrete flux calculation in the integral form of the governing equations over an unstruc-
tured triangular grid. The approach combines the best features of finite element methods
(grid flexibility) and finite difference methods (numerical efficiency and code simplicity)
and provides a much better numerical representation of both local and global momentum,
mass, salt, heat, and tracer conservation (Chen and Beardsley 2012). A detail description
of FVCOM model can be obtained from the FVCOM user manual (Chen and Beardsley
2012). SWAN is a third-generation wave model developed by Delft University of Tech-
nology that computes random, short-crested wind-generated waves. NAO.99b tidal pre-
diction system is a global ocean tide model developed by Matsumoto et al. (2000), which
represents the major 16 tidal constituents with a spatial resolution of 0.5°. These were
estimated by 5 years of TOPEX/POSEIDON altimeter data into a barotropic hydrody-
namical model that can simulate both past and future tides.
3.2 Calculation conditions
In order to see the impact of initial condition on cyclone track and intensity, WRF–ARW was
initialized with three different initial times: (1) 00 UTC of April 27, 2008; (2) 00 UTC of
April 30, 2008, and (3) 12 UTC of April 30, 2008. The model was configured with a two-way
nesting option and run for 3 different time periods for 3 different initial times with a time step
of 60 s for the parent and 10 s for the nested domain. The parent domain covered an area of
2,303 km 9 2,183 km (3.5°N–31°N and 75.9°E–102.5°E) with a horizontal grid distance of
12.95 km (230 9 250 grid points). The nested domain covered an area of
544 km 9 518 km (14.15°N–18.61°N and 92.67°E–97.55°E) with a horizontal grid dis-
tance of 1.85 km (295 9 281 grid points). Figure 5 shows both the parent and nested
domains for the WRF simulation. The calculation conditions are summarized in Table 1.
For the initial condition April 30 12 UTC, the track and intensity simulated by the
model is in good agreement with the observed values. For this reason, a WRF–ARW model
simulation with 3 domains using this initial condition was performed for the purpose of
storm surge simulation (Fig. 6). For this 3-domain case, the simulated track and intensity
was also very close to the observed values, similar to that of the 2-domain case. Since
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	11. storm surge simulation  with FVCOM model is computationally very expensive, the
smallest domain (i.e., domain 3) was used as the computational domain in both FVCOM
and SWAN models for the simulation of storm surge and waves, respectively. The different
parameters used for wave and storm surge simulation are summarized in Table 2. The
WRF–ARW forecasted 10-m wind data at every 10 min for domain 3 (horizontal reso-
lution 1.85 km) were used in the SWAN model to estimate the wave field. For this SWAN
run, data were obtained from the National Geophysical Data Centre (NGDC) ETOPO1
database of seafloor and land elevation, using ETOPO1 1-min bathymetry data with a 1.85-
km horizontal resolution. SWAN was run for 108 h starting from April 30 12 UTC with a
time step of 3 s.
Fig. 5 Model domain for WRF–ARW, showing both the parent and the nested domains
Table 1 Calculation conditions for WRF–ARW model with different initial conditions
Weather model Time (UTC) (I) April 27 00 UTC (2008)–May 5 00 UTC (2008)
WRF (II) April 30 00 UTC (2008)–May 5 00 UTC (2008)
Version 3.4 (III) April 30 12 UTC (2008)–May 5 00 UTC (2008)
Parent 3.5°N–31°N, 75.9°E–102.5°E
Nest 14.15°N–18.61°N, 92.67°E–97.55°E
Horizontal grid Parent: 230 9 250, Nest: 295 9 281
Horizontal resolution Parent: 12.95 km, Nest: 1.85 km
Projection Mercator
Vertical layer number 27 layers
Time step Parent: 60 s, Nest: 10 s
Topography data USGS
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	12. By using the  data preparation, analysis, and visualization software Blue Kenue (devel-
oped by Canadian Hydraulics Centre of the National Research Council, Canada), the tri-
angular gridded bathymetry was prepared from the ETOPO1 data (1-min latitude–longitude
grid original data). In the triangular grid, the two sides of the triangle are 1.85 km, which is
equal to that of WRF grid resolution of the smallest domain. In the simulation with FVCOM,
a wetting and drying scheme was applied in order to prevent dry up, but river discharge was
not considered. The 10-m wind and sea-level pressure data at every 10 min from the WRF
domain 3 were used as the atmospheric forcing in FVCOM model. Sea-level pressures were
determined for the input data from WRF forecasts through temporally and spatially linear
interpolation to the grids of FVCOM. For the 10 m horizontal wind, the wind speed and
direction are linearly interpolated to the computational grid. FVCOM model was run for
108 h starting from April 30 12 UTC with a time step of 1 s on a Linux system.
3.3 Calculation procedure of future cyclones
In order to have an understanding of the characteristics and damage of future tropical
cyclones, especially under climate change conditions, future potential weather field and
storm surge were simulated for the year 2100. Following the methodology of Ohira and
Shibayama (2012), the weather field was created by considering the IPCC Special Report
on Emission Scenario A1B. According to this scenario, atmospheric CO2 concentration
will reach 720 ppm in the year 2100 in a world characterized by low population growth,
very high GDP growth, very high energy use, low land-use change, medium resource
availability, and rapid introduction of new and efficient technologies. Considering this
scenario, Meehl et al. (2007) projected that sea surface temperature (SST) around the Bay
of Bengal will increase by ?2.2° by the year 2100 and sea-level rise will be 0.35 m.
Fig. 6 Model domain used for WRF–ARW simulation with 3 domains. Domain 3 was used as the
computational domain for storm surge and wave simulation
Nat Hazards
123
 


	13. The main objective  of the future prediction was to see how a cyclone with the same
strength as that of cyclone Nargis will behave in the year 2100, taking into account the
increase in SST and sea-level rise as potential future consequences of climate change. The
future cyclone for the year 2100 was simulated first by creating the weather field of the
cyclone by using historical weather data at the time of the passage of Nargis but increasing
SST across the whole domain by 2.2°. Instead of using any artificial vortex, the future
Table 2 Calculation conditions for wave and storm surge simulation
Weather model Time (UTC) (I) April 30 12 UTC (2008)–May 5 00 UTC
(2008)
WRF
Version 3.5
No of domain 3
Area (I)5°N–27°N, 78.0°E–108.0°E
(II) 13°N–20.3°N, 90.8°E–98.25°E
(III) 14.04°N–17.86°N, 92.7°E–97.18°E
Parent grid ratio 1:3:3
Nesting type 2 way
Horizontal grid (I) 150 9 150, (II) 151 9 151, (III)
271 9 241
Horizontal resolution (I) 16,650 m, (II) 5,550 m, (III) 1,850 m
Projection Mercator
Vertical layer number 28 Layers
Time step (I) 60 s, (II) 20 s, (III)10 s
Topography data USGS
Wave model Time (UTC) April 30 12 UTC (2008)–May 5 00 UTC
(2008)
SWAN Area 14.04°N–17.86°N, 92.7°E–97.18°E
Horizontal grid 271 9 241
Horizontal resolution 1.85 km
Projection Mercator
Time step 3 s
Physics model Komen
Topography data ETOPO1
Coastal ocean
model
Time (UTC) April 30 12 UTC (2008)–May 5 00 UTC
(2008)
FVCOM Latitude and longitude Latitude: 15.96666
Longitude: 95.01666
Topography data ETOPO1
Grid resolution Triangular grid with the length of 2 sides are
1.85 km
Software to produce triangular grid
bathymetry
Blue Kenue
Time step 1 s
Number of nodes and cells Nodes: 61180 cells: 121370
Element type T3
Tidal model Time (UTC) April 30 12 UTC (2008)–May 5 00 UTC
(2008)
NAO.99b Area Each point
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	14. weather field was  created by editing the FNL historical data of cyclone Nargis 2008 to
incorporate future increase in SST. FNL 3D data are written in a type of binary code called
‘‘grib format,’’ which includes over 50 parameters and SST is one of them. In the present
study, the editing of the FNL data was done by modifying a program called ‘‘ungrib’’ that
is present in WRF model and the parameter corresponding to SST was increased by 2.2°.
Since the FNL data of cyclone Nargis 2008 were the main source of weather field for
the future cyclone, the authors assume that such an event will have similar characteristics
to the historical Nargis, though higher SST would increase its intensity. Otherwise, the
methodology and calculation conditions for wave, storm surge, and tide simulation were
identical to those described in the previous section for the historical cyclone. According to
IPCC 4AR scenario A1B, a sea-level rise (SLR) of 0.35 m for the year 2100 is also taken
into account. Only one SLR was considered, in order not to distract from the focus of the
paper, which is attempting to understand the threats posed by climate change on typhoons.
4 Results
4.1 Track and intensity
4.1.1 Nargis 2008
The WRF–ARW could hind cast tropical cyclone Nargis well, especially in terms of track
and intensity. Figure 7a shows JTWC-observed and WRF model-simulated tracks for
cyclone Nargis for the different initial conditions. With the initial condition of April 27 00
UTC, the simulated track shows large deviation from that observed throughout the sim-
ulation period. After 36 h of simulation (around 18 UTC of April 28), it shows some
agreement with the observed track, but starts deviating again from 12 UTC on April 29 till
landfall, with the maximum displacement error of 630 km (Fig. 7b). This simulated
condition finally made landfall around 18 UTC of April 30 (40 h before the actual landfall
time) near the Arakan Mountains, 351 km away from the actual landfall position. Even
though the track shows a large deviation, the cyclone intensity is well reproduced,
achieving a low central pressure of 941 hPa and highest wind of 48.5 m/s.
For the initial condition of April 30 00 UTC, the simulated track shows a small devi-
ation at the start, with the maximum displacement error of 210 km, but after 24 h it shows
good agreement with historical observations with a landfall error of 94 km and landfall
time error ?2 h only. The model’s simulated lowest pressure and highest wind were
947 hPa and 53.2 m/s, respectively. For the initial condition of April 30 12 UTC, the
model’s simulated track and intensity were very close to those observed. After 12 h of
initialization, the simulated track shows good agreement throughout the simulation period
till landfall (Fig. 7a, b). WRF-simulated lowest pressure was 955 hPa, which was very
close to the IMD-observed value of 962 hPa, and the simulated highest wind was 52 m/s.
Model-simulated landfall time was around 10 UTC of May 2, which agrees with the
historical values, with a landfall error of only 38 km. In the 3-domain case with starting on
April 30 12 UTC, WRF model could also simulate track and intensity very well, and the
landfall position almost matches that observed by the JTWC. Since landfall position is very
important for storm surge simulation, the WRF output for the 3-domain case was used for
storm surge simulation.
Cyclone Nargis remained practically stationary for some time after April 28, and it had
a very slow movement till May 1. According to the initial position, cyclone Nargis was
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	15. expected to hit  Bangladesh coast, but the system was disorganized and weakened due to
subsidence and drier air. Moreover, Nargis changed its direction and started its eastward
movement on 12 UTC of April 30. On May 1, cyclone Nargis rapidly developed and
intensified and finally made landfall on May 2. If the meteorological history of Nargis is
correlated with the analysis of the different initial conditions, it can be concluded that due
to very slow movement at the initial stage of development as well as subsequent change in
strength and direction, the long-term forecasting by WRF results in a large deviation in the
simulated track from that observed. But when the cyclone is developed already, once it has
started its final eastward movement, and rapid intensification has already begun, as in case
when the initial condition is set as April 30 12 UTC, the model could capture both track
and intensity well.
Fig. 7 a JTWC-observed and WRF model-simulated track of cyclone Nargis with different initial
conditions, b vector displacement error (in km) for cyclone Nargis with different initial conditions
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	16. 4.1.2 Future cyclone  (for the year 2100)
For the future scenario, the WRF-predicted cyclone intensity for the year 2100 is much
stronger than that of cyclone Nargis in 2008. The model predicted a lowest pressure of
922 hPa (39 hPa less than that of Nargis) and a highest wind of 58 m/s. The predicted track
of the future cyclone follows almost the same route at the initial stage of development, then
slightly deviates from the observed track but finally makes landfall exactly at the same
location as observed by JTWC. The landfall time was 2 h earlier than that of Nargis 2008.
The relatively earlier landfall may be due to the increase in SST, which causes this rapid
intensification of the future cyclone. Figure 8 shows the cyclone tracks for both for the
historical observations of JTWC and the WRF simulations (for both present conditions and
future scenario). Figure 9 shows the WRF-simulated pressure field for historical cyclone
Nargis in 2008 as well as for the future cyclone at the time of landfall, and Fig. 10 shows
the WRF-simulated wind field for both the present and future conditions. Figure 11 shows
the time evolution of the lowest sea-level pressure and maximum wind speed of IMD
observations and model simulated for Nargis 2008. This time history shows how even
though the model-simulated central pressure agrees with the observed values, throughout
the simulation period, there was some deviation between the simulated and observed sea-
level pressure, especially at the initial stage of simulation. Figure 12 shows the comparison
of the present and the future cyclone in terms of intensity, where due to SST rise, future
cyclone becomes stronger than Nargis in 2008.
4.2 Storm surge simulation
The FVCOM model could simulate the storm surge (both wind-driven surge and pressure-
driven surge) very well for cyclone Nargis 2008, showing a maximum surge of 2.5 m at
Yangon River and 2 m at Ayeyarwady Delta. Figure 13 shows FVCOM-simulated storm
Fig. 8 JTWC-observed track and WRF-simulated track with initial condition 12 UTC of April 30 for both
the historical cyclone and the future scenario
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	17. surge and Fig.  14 the storm surge and water-level measurement points at Ayeyarwady
Delta and Yangon Riven Basin. For the future cyclone, the simulated storm surge was
much higher than that of Nargis in 2008, around 5 m at Pyinkayaine, which is very close to
the point of landfall. For the validation of the model, the simulated total water level due to
wave, surge, and tide was compared with the highest water level observed with field
Fig. 9 Distribution of pressure
field at the landfall time for
a Nargis 2008, b Future cyclone
2100
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	18. surveys (performed in  August 2008 by Fritz et al. (2010) at Ayeyarwady Delta and the
authors themselves at Yangon River Basin (Shibayama et al. 2009). According to the
interviews with local people, there was flooding even before the peak storm tide arrived in
Fig. 10 Distribution of wind field at the landfall time for a Nargis 2008, b future cyclone 2100
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	19. the area (Fritz  et al. 2010; Shibayama et al. 2009). Due to the heavy rainfall, wind and
pressure surge as well as wave setup, the coastal area was already flooded. Since the area
has a very flat topography, the flooded water remains for long time, as drainage takes a
considerable amount of time. When higher waves generated by the strong wind came into
the nearshore region, they could not dissipate in the nearshore region (due to the land
already being flooded) and rather superimposed with the flood level. As a result, storm
waves more than 2 m high were superimposed on the storm surge level in most areas of
Ayeyarwady Delta (Fritz et al. 2010). The observed water levels measured by the survey
team were taken from the high water marks on buildings, scars on trees, rafted debris, and
therefore, indicate the maximum water surface elevation, composed of both the storm
surge and superimposed storm waves. In order to compare with the observations, it is
therefore important to consider total elevation, i.e., the wave amplitude as well as the wave
setup, storm surge, and tide. Since wave height is twice the wave amplitude, wave
amplitude was computed as half of the nearshore significant wave height. Wave setup was
also taken into account from the SWAN model output. Wave setup in Ayeyarwady Delta
varied within the range of 10–20 cm.
The simulated total water level (wave ? tide ? surge) lies within the range of
3.5–4.6 m in most locations near the coast, whereas the observed highest water level lies
within the range of 3.3–6.3 m. The reason for this was partly to do with river discharge not
being considered in the present model. During the passage of cyclone Nargis, there was
Fig. 11 Time evolution of observed and simulated a central pressure at sea level, b maximum wind speed
of cyclone Nargis 2008
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	20. heavy rainfall throughout  the entire Ayeyarwady Delta region. Since Nargis moved slowly,
heavy rainfall of around about 600 mm in some areas continued for several days. This
rainfall and river discharge played an important role on coastal inundation, which was also
Fig. 12 Comparison of cyclone Nargis 2008 and the future cyclone 2100 a central pressure at sea level,
b maximum wind speed
Fig. 13 FVCOM-simulated storm surge due to cyclone Nargis at Ayeyarwady Delta and Yangon River
Basin. The maximum surge obtained at Yangon River was about 2.5 m
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	21. not considered in  the current simulation. Since storm surge level highly depends on
cyclone track, even a small deviation of the model-simulated cyclone track from the actual
one may cause some difference with the observations. Keeping all of these in mind, it can
be said that the simulated water level shows good agreement with observations in all the
locations of the Ayeyarwady Delta area. In the Yangon River area, there was no significant
rainfall during the cyclone, so the contribution of rainfall to flooding was negligible. As a
result, the observed water level in this area, which was around 3–4 m, completely agrees
with the model-simulated water level. Figure 15a shows the total water level simulated by
the coupled model and Fig. 15b shows the comparison of the simulated water level with the
observed values measured by the survey teams (Fritz et al. 2010 and Shibayama et al.
2009).
Figure 16 shows the wind and pressure surge simulated by FVCOM for Nargis 2008
and the future cyclone in the year 2100, where in all locations, the surge will be more than
two times higher than that of Nargis. For the future cyclone, the difference in central
pressure is 39 hPa lower compared to that of historical cyclone Nargis, and consequently,
wind speeds will also be considerably stronger. Thus, it is clear that under climate change
conditions, most of the increase in storm surge will be due to the increase in the wind-
driven surge.
Figure 17 shows FVCOM-simulated wind and pressure surge at Pyinkayaine (location
A in Fig. 14: 15°500
18.9600
N, 94°250
37.5600
E), highlighting how the storm surge for the
future cyclone is about 3 m higher than that of Nargis in 2008. Figure 18 shows the results
of SWAN, i.e., the predicted significant wave height at Pyinkayaine, and indicates that
under the climate change conditions, waves can be almost 3 m higher for the 2,100 event
than those during Nargis in 2008. Due to the increase in SST, in the future, more sea water
evaporation will take place. As a result, the latent heat, which is the source of energy of the
cyclones, will likely to increase and cause greater intensification of cyclones, as shown in
Fig. 14 Water-level measurements points by the post-Nargis field survey teams (Fritz et al. 2010;
Shibayama et al. 2009)
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	22. Fig. 15 a  Total water simulated at different locations; simulated total nearshore water level includes tide,
wave, and surge at coastal areas, and tide and surge only at river areas; rainfall and river discharge are not
considered, b comparison of model-simulated water level with the observed highest water level during field
surveys by Fritz et al. (2010) and Shibayama et al. (2009) at different locations in Ayeyarwady Delta and
Yangon River Basin
Fig. 16 FVCOM-simulated surge (wind and pressure surge) at different locations in Ayeyarwady Delta and
Yangon River Basin for cyclone Nargis 2008 as well as for future cyclone for the year
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	23. Fig. 12. Another  important point to note is that tropical cyclones may remain strong for a
longer time even after landfall.
Figure 19 shows the observed and simulated total water level (wave ? tide ? surge)
for cyclone Nargis 2008 as well as for the future cyclone. For the future cyclone, a
representative sea-level rise of 0.35 m is also considered. From this, it can be clearly
understood that climate change and sea-level rise could cause storm surges of at least
7.4 m in the Ayeyarwady Delta even at mean tide, which is about 1 m higher than the
highest observed water level during cyclone Nargis, and if rainfall and river discharge are
considered, it could be as high as 8–9 m during high tide. The predicted total water level
for the future cyclone is almost 2.8 m higher than that of the simulated water level due to
Nargis, even without any consideration of river discharge. Clearly, more onerous sea-level
rise scenarios would only aggravate the nature of this problem.
Fig. 17 FVCOM-simulated storm surge for cyclone Nargis 2008 as well as for the future cyclone in the
year 2100
Fig. 18 SWAN-simulated significant wave height for cyclone Nargis 2008 as well as for future cyclone for
the year 2100
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	24. 5 Discussion
The most  important finding from the present study is that wind waves and wind-driven
surges significantly contribute to the increase in water levels under storm condition in
Myanmar, and this effect is likely to intensify in the future due to climate change and sea-
level rise. This is in general agreement with the IPCC 4AR, where it is mentioned that an
increase in tropical cyclone intensities is expected to cause amplification in storm surge
heights resulting from the occurrence of stronger winds along the coastal regions of east,
south, and southeast Asian countries.
The conventional models used so far for storm surge simulation using Myers equation
or other simplified and approximated equations give the total change in water level that
includes tide, wind surge, and pressure surge, though the effect of wind waves is not
considered. But for storm surge simulation, the inundation over land is the main concern
and from that point of view, wave run-up is an important component, which needs to be
carefully considered. Wave run-up is usually site-specific, depending on factors such as
beach slope, roughness, wave height, exposure to ocean swell, how close inshore waves
can penetrate before breaking or the characteristics of the land above the beach. Therefore,
it is a very complex phenomenon that should be carefully considered by future research.
The coupled model presented in this study simulates waves in the nearshore region. For
this particular case study, the amplitude of surface waves and wave setup was considered,
but since the bathymetry used for storm surge simulation was not fine enough, inundation
over land was not taken into account and therefore wave run-up was not considered. River
discharge is another important element, which was not considered in this study. Without
the consideration of these two elements, the model presented in this study could suc-
cessfully capture the wind-induced water-level rise and reproduce the storm surge observed
due to the passage of cyclone Nargis. Moreover, unlike conventional storm surge models,
this coupled model can simulate the three components of the storm surge individually.
Thus, it becomes easier to understand which elements contribute more significantly to the
water raise and how the protection measures should be designed for future potential
cyclone damage.
Fig. 19 Observed highest water level during the field survey by Fritz et al. (2010) and simulated total
nearshore water level for cyclone Nargis 2008 and the future cyclone for the year 2100
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	25. There are a  number of limitations that are associated with the present simulation. One of
the main limitations is the size of the target domain for the WRF–ARW model. For the
tropical cyclones over the Bay of Bengal, the boundary condition and domain size play
important role in forecasting cyclone track and intensity. Because of the very long com-
putational time, a larger domain could not be used, which might have some effect in
simulating cyclone track, especially after landfall. WRF simulation with a smaller hori-
zontal resolution and time step might also have improved the performance of the model,
though this would have also increased the computational time.
The storm surge simulation by FVCOM could reproduce well surge levels in the
complex shallow nearshore areas of the Ayeyarwady Delta and Yangon River Basin. Storm
surge simulation is highly dependent on accurate bathymetry data, which is very difficult to
obtain for the countries around the Bay of Bengal. In the current study, a bathymetry of
1.85 km was used, which was not fine enough to consider the inundation over land. This
limitation might also have impact on causing some difference between the simulated water
level and the observations. Some of these limitations might be overcome by using high-
speed computers and better bathymetry in the future. If finer-gridded bathymetry data can
be obtained, this coupled model can be a very useful tool for storm surge prediction over
the Bay of Bengal. Even though inland inundation and river discharge were not considered
in the current simulation, both of these elements could be computed using FVCOM, if
appropriate data could be found.
In the coupled model employed, wind waves and storm surges were simulated sepa-
rately by using two different models, the main source of the atmospheric forcing for storm
surge and wind wave is the same (the WRF model output). So even though the calculations
are carried out separately, since both the models use the same WRF-simulated wind field,
they somehow are related to each other, that is, if the wind field is very strong, it will create
both higher levels of storm surge and higher wind waves. For the Hurricane WRF (HWRF)
model, there is an option of coupling with an ocean model (HWRF–POM coupling), but
this does not cover the Bay of Bengal. However, it might be possible to simulate wave and
storm surges simultaneously by the direct coupling of WRF–ARW with the ocean models,
which represents an area of interesting future research.
However, the potential for future cyclone strengthening is not the only factor that could
increase the frequency of inundation in low-lying coastal areas of the Ayeyarwady Delta.
There is high confidence that there was a transition in the late nineteenth to the early
twentieth century from relatively low mean rates of sea-level rise (SLR) over the previous
two millennia to higher rates of SLR (IPCC 5AR SPM). Throughout the twentieth century,
global average sea level raised an average of 1.7 mm per year, with tide gauge and satellite
observations showing since 1993 that this pace of rise accelerated to around 3.2 mm per
year, according to the IPCC SPM. Recent IPCC 5AR projections indicate that sea level
could be between 0.26 and 0.98 m higher than at present by the year 2100, depending on
different RCP scenarios. Considering how CO2 emissions continue to increase, it appears
almost certain that global temperatures will continue to rise. Significant sea-level rise is
thus inevitable, as the IPCC 5AR also notes how ‘‘climate change will persist for many
centuries even if emissions of CO2 are stopped’’ as these particles are not easily removed
once they have found their way into the atmosphere. However, future patterns of sea-level
rise are uncertain due to a lack of understanding of the way in which the global climate
works, and especially how the big ice sheets of Greenland and Antarctica, will respond to
increases in temperature (Allison et al. 2009). Currently, a number of researchers believe
that sea-level rise by 2100 could exceed the 0.18–0.59 m range given in the IPCC 4AR and
the 0.26–0.98 m range given by the recent IPCC 5AR report, with for example Vermeer
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	26. and Rahmstorf (2009)  arguing that sea-level rise could be in the 0.81–1.90 m range by
2100. The 0.35 m rise used in the present study, according to the IPCC 4AR, can be seen as
a conservative approach, and if higher SLR is considered (such as those by Vermeer and
Rahmstorf 2009 as well as IPCC 5AR SPM), then this could significantly increase the total
water level during the passages of future cyclones in Myanmar.
The effects of sea-level rise, combined with increases in storm surges, could lead to
dramatic increases in the flooding of the low-lying areas around Ayeyarwady Delta, which
concentrates 40 % of the Myanmar’s total population. The Ayeyarwady Delta is mostly
occupied by vast paddy farms, and the presence of wetlands and mangrove forests provides
partial protection from storm waves. However, at present, most of the low-lying areas of
the delta are open and highly vulnerable to storm surge, which can easily penetrate inland
because of numerous tributaries, several open or bell-shaped river mouths, and very
shallow slope (Lin 2009). Even if storms do not intensify in the future, the practical
certainty that sea level will continue demonstrates how the effect of these events will
become increasingly more severe for this region.
6 Conclusion and future work
A coupled model integrating four different models (weather–wave–ocean–tide models)
was developed for storm surge simulation over the Bay of Bengal. This model was an
improvement of the OSIS model, replacing the 2-level storm surge model by a finite-
volume coastal ocean model (FVCOM). The performance of the model was evaluated by
hind-casting historical cyclone Nargis over the Bay of Bengal based on the accurate
simulation of the weather field of the cyclone using the WRF-ARW model. This model’s
sensitivity with regard to different initial conditions was tested, showing how starting the
simulation on April 30 12 UTC results in good agreement between the forecasting cyclone
track and intensity, deviating only 38 km from the JTWC-observed landfall point. The
model was verified by comparing the simulated water level due to surge and tide with the
observed water levels at different locations near Ayeyarwady Delta and Yangon River
Basin. The model’s simulated maximum water level (comprising wave, surge, and tide)
lies within the range of 3.5–4.5 m in most locations near the coast and 2–4 m in the areas
near the river. The model’s simulated total water level shows good agreement with the
observed water levels in almost all locations.
In addition, an attempt was also made to predict the consequences of future cyclones by
taking into account the effect of climate change and sea-level rise according to the IPCC
A1B scenario. The predicted future cyclone for the year 2100 was found to have a higher
intensity than the historical event and remains strong for a longer time even after landfall.
The model-predicted surge and waves for the future cyclone are about 3 m higher than that
of Nargis 2008. In the future, the wind speed is expected to be higher due to the increase in
SST, which will result in higher wave heights and wind-driven surges. Thus, the increases
in future SST and SLR may cause higher inundation levels in Myanmar, resulting mainly
from higher wave heights and wind surges, since the increase in both wind-driven surge
and wave height were found to be relatively more important.
Due to the large computation time involved, horizontal resolution of the wind and
pressure field used for storm surge simulation was not fine enough, which may have caused
small deviation of the simulated storm surge level. A lack of fine grid bathymetry in the
near shore also makes storm surge modeling challenging in this region, and the authors
suggest that the collection of more detailed bathymetry data is necessary to increase the
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	27. accuracy of the  model. In the storm surge simulation by FVCOM, the inland inundation
and river discharge were not considered, which might be a possible target for future
improvement of the current model. Only one climate change and sea-level rise scenario
was used in this study, but future studies should consider a wider variety of scenarios to
understand the effect that storm surges and increases in sea levels will have on coastal
communities. Further procedural refinements with the WRF-ARW typhoon bogus model,
different vortex initialization and data assimilation methods, and possible ocean-warming
scenarios based on recent IPCC SPM findings can significantly improve the performance of
the coupled model, though this should be the object of more detailed future research.
Finally, the authors would like to remark that the review of the field trips made it clear
that the area studied has a very low level of disaster risk preparedness, in terms of
infrastructure (such as storm surge shelters, which have been widely used in Bangladesh to
decrease cyclone death rates) and awareness. The improvement in forecasting and hind-
casting methods should therefore go together with general efforts to increase the resilience
of coastal communities in Myanmar, especially given the grave threat that climate change
and sea-level rise poses to them.
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