Response to review comments
Manuscript title: Flood risk assessment due to cyclone induced dike breaching on coastal

areas of Bangladesh
Manuscript Id: NHESS-2018-169

Review comments of Reviewer # 1

Comment:

Methodology: The methods used for calibration, breaching analysis and scenario development are all
unclear and open to debate, but the biggest problem is the 1D2D model used. It is not described clearly,
and as | understand it, models the sea in the 1D component. If this is the case, it requires a much better
explanation and/or figures.

Authors’ response:

Thank you for the comment. The revised manuscript provides more detailed information in the
methodology section, by adding a flow chart to bring more clarity, following your suggestion.
The methodology section has been improved in adding explanations on data, model
development, scenario development and maps.

Message: | find the message of the paper ambiguous. The discussion and start of the conclusion mention
the dynamics of the case-study, which make sense as discussion topics. However, conclusions about
flood forecasting and early warning systems seem out of place. Perhaps the potential development of
PFMs for other polders is better suited to be discussed in the conclusions. Lines such as ‘end the problem
of poverty’ should certainly be reconsidered (discussion and conclusion section has been adjusted to
provide more focused and clearer message, limitations of the research and scope of future research).

Authors’ response:

Please see the revised version of the Conclusion in the new submitted manuscript. Authors hope
that it is more coherent and connected to the sections of the paper..

English: Multiple mistakes are found which distract the reader and give the impression of a careless
approach to the work. In the specific comments below, only the ones found in the introduction are listed,
but many more exist throughout the manuscript (discussion and conclusion have been adjusted
according to the research objective and provide a coherent message).

Authors’ response:

To improve the level of English, native English speakers have been consulted and the revised
version of the manuscript has been adjusted following their suggestion.



Reviewer 1:
“P1, Line 22: Presumably this second smaller abstract is not meant to be part of the main abstract. This
is perhaps a formatting error during the upload process.”

Authors’ Response:

Thank you for pointing this out. The error been corrected and the manuscript has been adjusted (please
see the revised abstract).

Reviewer 1:
“P2, Line 7: “...to protect the land from flooding due to diurnal high tide”. The English here is incorrect.
Either ‘high tides’ or ‘the diurnal high tide’.”

Authors’ Response:

To improve the level of English, native English speakers have been consulted and the revised version
of the manuscript has been adjusted following their suggestion (on page 2, line 4).

Reviewer 1:
“Also, do the polders not also protect from the heavy rainfall mentioned just before this sentence?”

Authors’ Response:

Most of the polders of Bangladesh were built under the project titled as Coastal Embankment Project
(CEP) in the 1960s. However, several articles and reports such as Mondal et al., 2006, Islam 2006,
Islam et al., 2013, Bangladesh Delta Plan 2100, Coastal Embankment Improvement Project (Phase 1)
(Main Report) etc. indicated that the polders were constructed to protect the land from tidal flooding
and salinity intrusion.

Reviewer 1:
“P2, Line 14: “Rising the crest level...”. English.”

Authors’ Response:

As mentioned previously English has been checked for improvement.

Reviewer 1:
“P2, Line 16: “Effect of...”. English”

Authors’ Response:

English has been checked and corrected .



Reviewer 1:
“P2, Line 16: “Moreover, non-structural flood mitigation measures such as (...) and (...) is currently
unavailable for the coastal areas of Bangladesh”. English.”

Authors’ Response:

English has been checked and corrected following the suggestion of native English speakers.

Reviewer 1:
“P2, Line 23: “Furthermore..”. This sentence suggests that SLR is not an effect of climate change. Did

Mendelsohn et al. include this in their study?”

Authors’ Response:

Authors acknowledge that the Sea Level Rise is indeed result of climate change and the paragraph was
rearranged and adjusted to clarify the message. Moreover, English was checked and corrected as
needed (on Page 2, line 21 to 25).

Reviewer 1:
“P2, Line 31: I cannot find where the variables of breach width, height and propagation are analysed in
the study”

Authors’ Response:

As the reviewer indicated in the later comments that the breach properties were not independent
variables, it should not be stated as a parameter of scenario development. Authors acknowledge the
suggested correction and the revised version was adjusted accordingly (on page 2, line 30 to 33).

Reviewer 1:
“P2, Line 31: Scenarios mentioned only previously in abstract. Authors could consider a minor revision
here”

Authors’ Response:

Authors acknowledge the suggestion and manuscript was adjusted accordingly (on page 2, line 27 to
33).

Reviewer 1:
“P3, Fig. 1: Upazilla term used in figure, but not explained in text. Presumably it is a form of district”



Authors’ Response:

Thank you for raising this issue the manuscript has been adjusted accordingly (on page 3, line 5).

Reviewer 1:
“P3, Fig. 1: Would it be possible to indicate the extent of the mangrove forests?”

Authors’ Response:

The maps were adjusted and the extent of the mangrove forest was added in the maps (figure 1, 3, 8, 12
and 13).

Reviewer 1:
“P3, Line 7: Who has classified this? The authors or a governmental body?”

Authors’ Response:

The classification was done by the Ministry of Land of Bangladesh. The information was added in the
revised version (page 3, line 8).

Reviewer 1:
“P4, Line 18: “...simulated using discharge as the upstream boundary...”. What discharge? Is it
important? Is it correlated to the cyclonic rainfall? Is it negligible in relation to the water level.”

Authors’ Response:

The authors were trying to describe the developed 1D model which was calibrated against the measured
water level and discharge on the river stations and then couples with 2D model. The 1D model was
calibrated for normal condition (without cyclones) as hydrometric data during cyclonic events were
not available. Moreover, the simulated cyclonic event “Sidr” made landfall in the coast of Bangladesh
during the month of November which is post monsoon season. In the past, most of the cyclones his the
coast of Bangladesh during the months of April-May or October-November which are pre and post
monsoon where discharge from rivers don 't play a significant role. The authors acknowledge this and
the “Methodology ” section was adjusted to provide more detailed and clearer description.

To make it more clear, flow chart of activities performed (Figure 2), 1D model network, 2D mesh extent
and resolution in the map (Figure 3), sample cross sections (Figure 4 and 5), water level on the sea
side network (Figure 6) has been added. More about modelling tool (page 6, line 1 to 9), data used
(Table 1) and explanations about the model were added.



Reviewer 1:

“P4, Line 29-30: “...and the location furthest from the dike breach is most sensitive.” Given we don’t
(yet) know the locations of the breach or in which direction from the breach you mean, this is very
ambiguous. You presumably mean in areas of low flow.”

Authors’ Response:

As suggested by the reviewer, authors’ intention was to indicate about the sensitivity of the low flow
areas to the coefficient of roughness “n”, indeed and the manuscript was adjusted accordingly by
moving the corrected section to page 14, line 29.

Reviewer 1:
“P5, Line 3: This paragraph about data gathering seems out of place, considering that data gathering
was described before the previous paragraph about sensitivity analysis.”

Authors’ Response:

Authors adjusted accordingly in the reviewed version and moved to page 5, line 14 to 19.

Reviewer 1:
“P5, Line 6: Perhaps you should mention that the flood extent data from MODIS data was (presumably)
used for calibration.”

Authors’ Response:

The manuscript was adjusted accordingly (on page 5, line 18, 19 and on page 14, line 23, 24).

Reviewer 1:
“P5, Fig. 2. Please indicate the Khaprabhanga river on the map”

Authors’ Response:

The maps were adjusted accordingly (figure 1, 3, 8, 12 and 13).

Reviewer 1:
“P5, Fig. 2. As | understand it, the 1D component of the model stretches right around the polder, from

the start of the Khaprabhangra river into the foreshore. Can you indicate the extents on the map?”

Authors’ Response:

The 1D components were added in the map (figure 3).



Reviewer 1:

“P5, Line 12: “For the rivers, the surveyed cross...”. You are presumably referring to the Andharmanik
and Galachipa rivers on the east and west sides of the polders, but the previous sentence mentions only
river. Please clarify this.”

Authors’ Response:

The revised version of the manuscript was adjusted to have more clarity (on page 7, line 12 to 16).

Reviewer 1:

“P5, Line 13: I find the use of 1D channels to simulate the foreshore very irregular, and feel it deserves
more explanation or references of previous methods. Are these channels connected to the river
channels? Is discharge a factor? It is not mentioned.”

Authors’ Response:

Thank you for the comment. The authors tried to represent the condition of the water bodies adjacent
to the dikes with 1D model with synthetic boundary condition. As the coast of Bangladesh is flat and
shallow, a 2D model for coastal hydrodynamics will require inclusion of larger area of the sea which
was not the area of interest and which would have increased the simulation time too. The utilised 1D
network was not connected with the rivers as explained earlier the river water didn ¢ play a major role
during the previous cyclones as it’s pre or post monsoon. The authors acknowledge this requires clearer
description. The revised version was adjusted to provide more detailed and clearer explanation (on
page 7, line 12 to page 8, line 2).

Reviewer 1:
“P5, Line 14: 13 control structures are mentioned here, which are presumably the ‘Sluice gates’
indicated on the map. If they are, please use the same term, and also, why are 13 not indicated?”

Authors’ Response:

The map was adjusted accordingly (figure 3).

Reviewer 1:

“P5, Line 16: “Therefore, the canal network inside the polder was not included in the 1D model”. The
canals will have no effect on the dynamics outside the polder, but once flooding occurs they almost
certainly will. I understand the DEM resolution will be too coarse to capture them, but this fact should
be mentioned.”

Authors’ Response:

The canal network inside the polder was not connected to the river network as during a cyclone the
gates of the control structure will remain closed. But the larger canals were included in the DEM. The
width of the larger canals were wide enough to be included in the DEM. This was explained in page 8,
line3to 7.



Reviewer 1:
“P5, Line 19: Surely the foreshore data has no average slope?”

Authors’ Response:

The authors agree that the rivers had higher slope than the foreshore area. As the distance between
computational points is inversely proportional to slope, the rivers will require smaller 4x and same Ax
will reduce instability for the foreshore area too. A clearer explanation was provided in the revised
version (on page 10, line 2 to 4).

Reviewer 1:
“P6, Line 13: Are these storm surge heights directly applied as boundary conditions to the 1D model at
every 1D cross-section location on the foreshore. | find this very difficult to understand.”

Authors’ Response:

To ensure same water level at all the points of the foreshore reach, same water level was applied at
both ends of the reach as hydro dynamic boundaries. The authors acknowledge this requires clearer
description. The revised version was adjusted (on Page 7, line 17 to page 8, line 2 and figure 6).

Reviewer 1:
“P6, Line 16: This seems out of place, perhaps more suited to the literature review earlier.”

Authors’ Response:

Thank you for the suggestion. Agreed that part of the paragraph can also be suited in the literature
review section and part of the paragraph was moved to page 10, line 23 to 28.

Reviewer 1:
“P6, Line 26: Where is this section? As mentioned it should be in the map”

Authors’ Response:

Following your suggestion, the extent of mangrove forest was depicted in the maps (figure 1, 3, 8, 12
and 13).

Reviewer 1:

“P6, Line 30: It was previously indicated that the breach geometry and propagation were variable in the
scenario make-up (Abstract and Introduction). However in the end they are dependent on the other
variables. This should be made clear”

Authors’ Response:

Indeed these are not independent variables and should not be stated as parameters for scenario
development and the revised version was adjusted accordingly (on page 10, line 32).



Reviewer 1:
“P7, Line 6: Why not call the scenarios east west and central for simplicity?”

Authors’ Response:

Thanks for the suggestion. However, the change of the tittle of the scenarios will require the adjustment
of most of the figures and tables. Therefore, no change was made.

Reviewer 1:

“P7, Table 1: The SLR variation is based on current conditions and a possible future rise in 2100. This
raises the question as to which period the PFMs that have been developed correspond. Perhaps it makes
more sense to vary SLR for a given future moment according to the RCP scenarios. Also, the 1/25yr
surge height used for the cyclone is presumably for current conditions, but as you explain earlier, this
is subject to change.”

Authors’ Response:

Thank you for your suggestion. As stated earlier SLR has been considered according to the RCP
scenarios. The storm surge height for 1/25 yr event was based on current condition. As not enough
measured data was available, previous literatures were used for determining the storm surge height for
simulation. Time series data for sea level rise for the study area was not available either. Therefore,
the scenarios were developed for the years for which data was available. The section was described
more clearly in the revised version (on page 10, line 16-17).

Reviewer 1:

“P7, Line 9: I don’t understand this. If flooding results from the 3 worst case scenarios are available, it
surely means breach locations are already selected. So how does this allow for a critical breach location
to be selected? Is this flooding from overtopping of the dikes?”

Authors’ Response:

The flooding occurred for breaching only as the crest level of the dike was considered to be elevated to
a height suggested by CEIP in the future. Breaching of the dike was considered for all the scenarios,
therefore, authors agree that dike was breached already in the three worst case scenarios as well. The
intention was to present a methodology to compare and identify a critical location based on damaged
caused by flood in case of breaching of dike which could be applied in other locations. Providing better
protection at the critical locations might reduce the damage significantly during and after a cyclone.
The authors adjusted the revised version to provide clearer explanation (on page 11, line 3 to 5).

Reviewer 1:
“P8, Line 3: “...depth-damage curves from elsewhere.” This is explained later, but at this point the

sentence is very ambiguous.”

Authors’ Response:

It was adjusted accordingly (on page 12, line 9 and 10).



Reviewer 1:
“P9, Line 5: “The critical location of breaching...” Why is this included here? It adds to my existing
confusion about how these locations are selected.”

Authors’ Response:

It was adjusted accordingly (page 13, line 3 to 5).

Reviewer 1:

“P10, Line 2: “we have assumed that the probability of occurrence of the hazard and the probability of
failure of dike as the same”. Can the authors estimate the accuracy of this assumption? Presumably no
flooding occurs (from overflow) of the dike in the simulations without breaching, but perhaps wave
overflow would occur?”

Authors’ Response:

The crest level of the dikes was considered to be at the design height suggested by Islam et al., 2013
and CEIP. Wave action was considered during the calculation of design crest level and a free board
was also considered. It can be safely concluded that the crest level suggested by Islam et al., 2013 will
be sufficient enough to protect area inside the dike from overtopping during a 1/25 year event.
Moreover, the breaching of a dike depends on the physical condition of the dikes and it’s soil properties.
Neither of these data were available. Therefore, the calculation of probability of the dike breach was
not possible. To simplify and to investigate the effect of dike breach, the breaching probability was
considered same as the cyclonic event. This was described more in the revised version (page 11, line 2
to 5 and page 13 line 15 and 19).

Reviewer 1:
“P10, Line 4: T don’t understand the relevance of this reference, as all scenarios used in the study have
the (assumed) same probability”

Authors’ Response:

The authors intention was to provide reference for the equation used for calculation of probabilistic
flood maps. It was rephrased in the new version of the manuscript, for better clarity (page 14, line 3
and 4).

Reviewer 1:

“P10, Linel5: “...comparing the observed and simulated water level and discharge”. As mentioned
previously, you have not mentioned what discharges are being simulated, or what you are calibrating
them to. Also if the cyclone water levels are applied as boundary conditions, surely the calibration is
trivial?”

Authors’ Response

As mentioned earlier the calibration of 1D model was done for normal condition, not for a cyclone
event as no data was available during that event and very few data was available for calibrating the
2D model. The intention of the authors was to present a methodology with which flood risk maps and
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PFMs can be generated for different locations. More detailed description was provided in the revised
version (on page 6, line 16 and 17and page 7, line 21 to page 8, line2).

Reviewer 1:
“P14, Figure 7: Can the authors explain why the damage decreases for larger flood depths?”

Authors’ Response

The damage is a function of flood depth but the unit is per unit area(per m?). Therefore, if the flood
extent for higher depth is lower, the damage due to flood might be lower too. It was explained in the
revised version (on page 21, line 6 and 7).

Reviewer 1:
“P15, Line 6: Ignoring depths less than 0.5m seems quite extreme, can the authors explain why this was
done?”

Authors’ Response

The developed damage curves suggest that the damage for flood depth below 0.5 m is minimal.
Moreover, the authors tried to explore the effect of living with flood concept. Also tried to consider the
uncertainty of the DEM and the 2D inundation model. The depth as 0.5m is an arbitrary depth. For a
country where flood is a recurrent phenomenon with larger depth, living with flood might be already
adopted by the local people. This was explained in the revised version (on page 19, line 6 to 11).

Reviewer 1:
“P16, Line 22: “Figure 4 demonstrates that the depth of flooding gradually decreases as the water moves
inland”. This is not true, the figure only shows inundation extent. Perhaps the authors mean imply.”

Authors’ Response

Authors agrees and thanks the reviewer for identifying and was adjusted accordingly by removing the
statement.

Reviewer 1:

“P17, Line 18: “...(Fig. 8). Therefore, although canals play a crucial role in the economy and social life
of the area, they also increase the risk of flooding”. This is a strange, and in my view, inaccurate
conclusion. Figure 8 shows the residential areas as high risk because they are more valuable. They
happen to be situated beside canals.”

Authors’ Response

Indeed the residential areas had higher depth damage ratio than other land classes. But the residential
areas were flooded primarily for being by the side of the canal. The authors’ intention was to state that
as these areas are adjacent to the canals for various reasons such as being advantageous for
transportation, also makes them susceptible to flooding and higher damage. The authors will try to
explain more clearly in the revised version (page 21, line 23 and 24).
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Review comments of Reviewer # 2

Review of manuscript: “Flood risk assessment due to cyclone induced dike breaching on coastal areas
of Bangladesh”.

Overview

The paper describes the methods and suggests tools for the probabilistic flood mapping in a polder
area of Bangladesh. The study area selected by the author is interesting in terms of its geographical
complexity and challenges related to the data collection. The methods used are rather simplified and
aimed at giving a general overlook on the problem.

Authors: Thanks for the comments
The main concerns

There are however, some major concerns about the idea behind methods and scenarios selection.
The research questions should be addressed in Discussion section. One of the main problems is the
description and structure of Study area and Methods sections. Some additional references are
required in places where it is not clear where exactly the data or information come from. In addition,
there is a large amount mistakes in language usage, both grammar, punctuation and word selection.
The figures are not consistent throughout the manuscript. Therefore, my recommendation is to
return this manuscript to authors for major revisions.

Authors: We acknowledge the concerns raised by the reviewer. The manuscript was revised and
adjusted to bring more clarity in the description of the study area and the presented methodology (see
section “Study area” and “Methodology”. The discussion section was revised as well. More specific
answers were provided in the following sections (the manuscript was revised to present more clear
objectives, coherent findings and innovation of the research).

General comments
Reviewer 2:

Study area. Due to the specific conditions of the region, it is important to give more clarity and structure
to this section. Probably it is a good idea to consider removing some unnecessary information and add
more visualisation to more important aspects that are crucial for this specific research.

Authors: The authors acknowledge the suggestion. More information about the study area was provided
to improve the description of the study area.

Reviewer 2:

Research question. Should be stated clearly what exactly is developed within the study and to which
degree it is considered innovative.

Authors: The authors understand that the innovation remained unclear in the draft. The main
innovation of the research was presented clearly in the revised manuscript (The introduction and
Conclusion section have been adjusted to present the research questions and innovations).
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Reviewer 2:

Methodology. Here are major rewritings are required to increase the quality of the paper. Modelling
sub-section needs more clarifying in tools selection and usage. In addition, | suggest more description
of the data used for model set-ups and calibration.

Authors: The authors acknowledge the suggestion. More detailed information was provided in the
methodology with a flow chart to bring more clarity in the revised version. The description of the data
used for the setting up of the model and its calibration were elaborated (Methodology has been revised
by adding a flow chart of activities performed (figure 2), more about the software and data used (page
6, line 1 to 9, table 1), example of cross sections used (figure 4 and 5), the extent of 1D network and 2D
mesh (figure 3), simulated water level on the sea side and adjusted write up).

Reviewer 2:

The subsection 3.2 Cyclonic scenarios considered; the selection of the values for different scenarios
based on the IPCC report is rather subjective. It is suggested to consider regional sea level changes
rather than global mean, as there is a significant difference specifically for Bangladesh. This may bring
more impact on the outcomes of the study.

Authors: The authors’ intention was to present a global methodology applicable to everywhere. The
relative sea level rise for RCP 8.5 of IPCC AR5 for the coast of Bangladesh is 0.56 m (GERIC, 2015)
which is slightly lower than what was considered by the authors (0.63 m).

Reviewer 2:

Discussion and Conclusion. It would be worth writing how/if the future studies would improve the
current outcomes.

Authors: The authors acknowledge the suggestion. The manuscript was revised and recommendation
for future studies was added as well. (please see “conclusion” section).

Reviewer 2:

The take-home message is rather vague. The discussion section needs major re-writing in accordance
to the research questions stated in Introduction. In my opinion such general methods used in this study
should be accompanied with rather more detailed (sub)-section on the sources of errors and limitations.

Authors: The discussion section was adjusted with the reflection on the research questions. Limitations
of the study were added in the conclusion (please see “Discussion” and “Conclusion” section).

Reviewer 2:

Heroic assumptions such as “lead to economic growth” and “end the problem of poverty” should be
avoided.

Authors: The authors acknowledge the suggestion and such phrases were removed.
Reviewer 2:

English. A serious revision of the language is necessary to improve the quality and readability of the
manuscript. Among main issues | would outline: plural vs. singular, passive voice use, punctuation,
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repetitions of the same structures in consecutive sentences/paragraphs, repetitions of abbreviation
explanations, articles selection, language use, etc.. The specific remarks do not cover language issues.

Authors: To improve the level of English, native English speakers have been consulted and the revised
version of the manuscript has been adjusted following their suggestion.

Specific remarks
Reviewer 2:

p.2 line 2. According to Neumann et al (2015) 49% of population located in low elevated coastal zone
for the year 2000, at that time the overall population of Bangladesh was 139 mil. Values should be
corrected.

Authors: The authors acknowledge the suggestion and the manuscript was adjusted accordingly (on
page 1, line 26 and 27).

Reviewer?2 :
p.2 line 11. The number US$1.67 million seems rather small, needs additional check.

Authors: The authors thank the reviewer for pointing it out. The revised manuscript was corrected
accordingly (on page 2, line 7).

Reviewer 2:

p.2 line 14. “Raising the crest level ...” the sentence is unclear.

Authors: Agreed and revised (on page 2, line 12).

Reviewer 2:

p.2 line 15. References needed to indicate which exactly previous studies were done in this matter.

Authors: The authors acknowledge the suggestion and the revised manuscript was adjusted accordingly
(on page 2, line 13).

Reviewer 2:
p.2 line 17. It needs more clarification how land use zoning address the flood mitigation.

Authors: The authors think that land use zoning is widely used as a flood risk mitigation measure.
Reference was added to bring more clarity (on page 2, line 18).

Reviewer 2:

p.2 line 19. “...of these tropical cyclones will increase...” the statement will is rather confident,
however it is likely increase. We are not 100% sure it will increase the intensity of storms. Look further
through the manuscript for same errors.
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Authors: Indeed, it was adjusted accordingly (on page 2, line 19).”
Reviewer 2:

p.2 line 26. Which exactly severe consequences specifically in Bangladesh? Look at Neumann et al
(2015) for ideas.

Authors: As suggested, adjusted in the revised version.

Reviewer 2:

p.3 line 3. It is recommended to visualise coordinates in Figure 1.
Authors: Coordinates were added in Figure 1 (figure 1).
Reviewer 2:

p.3 line 6. The source of census data is missing.

Authors: We thank the reviewer for pointing it out. Source was added in the revised version (on page
3, line 6).

Reviewer 2:
p.3 line 12. Consider the importance of putting the local names of seasons to the manuscript.

Authors: The local names of the copping seasons have been mentioned. However, the calendar months
are mentioned as well and therefore, Authors think that any lack of clarity is not obvious.

Reviewer 2:

p.3 line 15. Some figures on the land subsidence rates may bring more light on the severity of the
problem in the region.

Authors: Value for land subsidence for the region was searched and added (on page 3, line 16).
Reviewer 2:
p-4 line 12. “Model set up” rather than “model development”

Authors: Thank you for the suggestions. As we were unable to identify the mistake, native English
speakers were consulted for clarity and following there suggestion, no further change was made.

Reviewer 2:

p.4 line 20. The reference on FINMAP is missing.

Authors: Reference for FINMAP was added (page 5, line 10).
Reviewer 2:

p.4 line 26. More details on the computation mesh are recommended.
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Authors: This was explored and more detailed was added (on page 7, line 4 and 5).
Reviewer 2:
p. 5 line 9. The version of the model is missing.

Authors: We have used version 5 of the HEC-RAS tool. This information was added in the revised
manuscript (on page 6, line 1).

Reviewer 2:
p.6 line 17. I would include the figures on the land subsidence.

Authors: Value for land subsidence for the region was searched and added (on page 3, line 16).

Reviewer 2:
p.6 line 23. The figures of SLR indicated could be updated to the ones for 2100.

Authors: The Authors’ intention was to state the probable sea level rise suggested by IPCC. The authors
took a look and no further adjustment was not required.

Reviewer 2:

p. 7 line 15. It is better not to describe indirect damages if they are not consider further.

Authors: We have not elaborated on indirect damages. We have just defined it to bring clarity.
Reviewer 2:

p.8 line 16. More reasoning for choosing of the figure of 50% would bring more light on the selection.

Authors: Muktadir and Hasan, 1985 stated in their study that the rural house hold of Bangladesh
usually are built around a large country yard. The land classification by the Ministry of Land defines
the whole house hold including the country yard as residential area. But the damage curve considered
for the residential area was for the damage to the house and the country yard will not have significant
damage if flooded. Considering this the authors tried to exclude the country yard from the residential
area. The satellite image of the area indicated that the about half of the area of residential complex
(house hold) is usually empty. Therefore, the figure 50% was considered. This was added in the revised
version (on page 12, line 15 to 19)

Reviewer 2:
p.9 line 7. “More research...” is rather suitable for conclusion.

Authors: Authors acknowledge the suggestion and the manuscript was adjusted accordingly by
removing the statement.

Reviewer 2:

p.9 line 16. This definition of risk was presented earlier by Helm 1996. See Helm, P. (1996). Integrated
Risk Management for Natural and Technological Disasters. Tephra, 15(1), 4-13.
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Authors: Authors acknowledge the suggestion and the manuscript was adjusted accordingly (on page
13, line 8).

Reviewer 2:
p.10 line 9. It is not clear where M and N are in your formula.

Authors: The parameters M and N were defined in the manuscript following the equation. The equations
were adjusted to bring more clarity (on page 14, Equation 5).

Reviewer 2:

p.11 Figure 4. The boundaries are not clear, some simplification of shapes could bring more readability
to the map.

Authors: Authors acknowledge the suggestion and the map was adjusted to increase readability (figure
8).

Reviewer 2:
p.12 Figure 5. There is some confusion what exactly this figure is supposed to show.
Authors:

Authors’ intention was to depict the effect of different variables of the scenario development. For
example: to depict the effect of sea level rise, two scenarios with keeping all the other variables (except
from sea level rise) constant and changing the SLR, were compared. Authors acknowledge that this
requires clearer explanation and the revised manuscript was adjusted (on page 20, line 3 and 4).

Reviewer 2:

p.15 Figure 8. The map layout is not consistent with other maps.

Authors: The maps were adjusted to have consistent layout (figure 3, 8, 12 and 13).
Reviewer 2:

p.15 line 6. Some elaborate clarification why 0.5 m is used. My guess, some damages might be
underestimated by selecting such high value.

Authors: The developed damage curves suggest that the damage for flood depth below 0.5 m is minimal.
Moreover, the authors tried to explore the effect of living with flood concept. Also tried to consider the
uncertainty of the DEM and the 2D inundation model. The depth as 0.5m is an arbitrary depth. For a
country where flood is a recurrent phenomenon with larger depth, living with flood might be already
adopted by the local people. Moreover, this arbitrary was used for PMFs and the estimation of damage
due to flood was not affected. This was added in the revised manuscript (on page 19, line 7 to 11).
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Round #2

Response to review comments

RESPONSE TO EDITOR’S COMMENTS

Comment: Both reviewers have looked at the revised manuscript and find that it has
considerably improved. However, they also provide a number of comments where they think
that improvements are still necessary. | have looked as well at the manuscript and think that
clarity and conciseness should further be improved. Moreover, | miss clarification about my
earlier remark on the first version: "... It also needs to be very clear what the scientific
contribution and innovation of the work is. Case studies can be published in nhess, however,
it does not suffice to only apply established methods, so you should be very careful in
pointing out what could be transferred, whether there are generic findings etc...." Please think
about what this work could offer to the international audience of nhess that is not interested in
your case study area, but could be interested in whether/how your insights and methods could
be transferred to other area. It would be good to have a few thoughts/sentences in the
introduction, discussion and/or conclusions chapters on the issues of scientific contribution
and transferability.

Reply:

The authors appreciate your comments. We have updated the manuscript to reflect the applicability at other
location so that the manuscript does not read like as a case study report.

Specific changes made to the manuscript are:

In Abstract (P 1, Line 25 to 30):

“The frequency and intensity of the cyclone around the world are likely to increase due to climate change which
will require resource intensive improvement of existing or new protection works for the deltas. Identification
and prioritising maintenance of critical location of dike breaching can potentially prevent a disaster. Non-
structural tools such as land use zoning with the help of flood risk maps and probabilistic flood maps has the
potential to reduce risk and damage. The method presented in this research can potentially be utilized for the
deltas around the world to reduce vulnerability and flood risk due to dike breach cause by cyclone induced
storm surge.”

In Introduction (P3, Line 15 to 20):

“With the effect of climate change, the frequency and intensity of the cyclone around the world will increase.
The protective structures for the deltas around the world will require adjustments which will be resource
intensive. Non-structural tools such as land use zoning with the help of flood risk maps and probabilistic flood
maps has the potential to reduce risk and damage. Identification of critical location of breaching and intensifying
the maintained effort for these locations can potentially prevent a disaster. Although coastal region of
Bangladesh was selected as the case study area, the method presented in this research can be utilized for the
vulnerable deltas around the world.”

In Conclusion (P 24, Line 1 to 6):

“Climate change will likely cause increase in the frequency and intensity of the cyclone around the world. This
will call for large investments for the improvement of existing or new protection works for the deltas.
Identification and prioritising maintenance of critical locations of dike breaching can potentially prevent a
disaster. Non-structural tools such as land use zoning with the help of flood risk maps and probabilistic flood
maps have the potential to reduce the risk and the damage due to dike breaching. The method presented in this
research can potentially be utilized for the deltas around the world to reduce vulnerability and flood risk due to
dike breach caused by cyclone induced storm surges.”

The authors are very thankful to the Editor for the valuable comments. Addressing the
comments has helped us in improving the manuscript.
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RESPONSE TO COMMENTS OF REVIEWER #1

Comment: Overview:

The paper has improved significantly in all of the three main points mentioned previously
(message, methodology and English). This, along with the improved figures, gives the reader
a much better understanding of the nature of the research. However, the problems with these
areas have not been fully resolved. Despite the much improved manuscript, in my opinion
these issues still require major revisions to the methodology and the message. However,
methodological changes or extra data analyses are not necessarily needed to achieve a
publishable article.

Reply: We are thankful to the reviewer for the appreciation and in the following we provide
answers to the specific review comments.

Comment: General Comments:

The improvements from the previous manuscript, as well as the continued (or new) problems
| observe in the 3 areas mentioned above are described below;

Methodology:

The methodology is much clearer in the second manuscript, and helped by the flowchart.
However, there are 3 aspects that need to be addressed.

Reply: Specific replies are provided below against specific comments

Comment [Methodology, part 1]: The first is the differentiation between the 3 extreme
scenarios the 72 scenarios. | previously suggested that a different name be given for these sets
of scenarios, but this was not done, and it requires careful analysis for the reader to dissect
this for themselves. The flowchart helps a little but it also causes more questions, which are
listed in the specific comments below.

Reply: The authors apologise for not incorporating this suggestion in the previously revised
manuscript. Figure 2 (shown below as well) has been updated now to incorporate this
suggestion.

Develop 1D-2D Hydraulic model
{with HEC-RAS)

'

Develop 72 scenarios
(Based on return period of cyclones, tides,
angle of landfall, SLR, breach location)

T k| |

Iteratively select a Choose 3 worst scenarios
scenario (Scenarios $1, 52 and 53)

}

Simulate HEC-RAS ‘

for the selected scenario

! Land Use Map
iteratel ta 72 Output1

Estimate Damage for

|
Inundation Ma F
P Scenario 51, 52 and 53 ‘\ e
epth-Damage

Curves
Output2 \ Output3

Develop probahilisticflood
map

Figure 1: Methodological approach followed in this study.

It may be noted that the scenarios have been named as S1, S2 and S3. Subsequent discussion
in the manuscript (for example, P 11, L9) have been modified to include the names of these
three scenarios.

Developfloodriskmapfor
Scenario§1
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Comment [Methodology, part 2]: The second aspect is the fact that all the outputs relate to a
1:25yr event. Highlighting this more clearly would help the reader to understand the context
of the research in terms of a wider flood risk analysis for the region, (see comments on
message, below). A serious problem not addressed with the results of this calculation event is
that the authors do not define for which temporal period risks are applicable. For example, if
the results represent the current risk, then of the 72 simulations, those simulations with future
SLR should not be included. For the risk in 2100 (the date at which the SLR value is
predicted to happen), the simulations with current sea level should not be used. Furthermore,
subsidence over time was accounted for to estimate the current topography, but not future
topography. This is briefly mentioned in the conclusions, but not the significance for the
results are not.
Reply:
[Part a, 1:25-year event] Authors appreciate the suggestions and we have updated the
manuscript to reflect this aspect. As shown below we have included this explanation in the
introduction, discussion and conclusions sections.
P 1, Line 15: “Storm surge for a cyclone event of 1 in 25 return period was considered for all
the scenarios.”
P 2, Line 17 and 18: “A storm surge event of 25 year return period was considered in this
study for the generation of different scenarios.”
P 3, Line 14 and 15: “A cyclone event of 25 year return period was considered in this
research.”
Furthermore, the following explanation on the results of scenarios with and without the
climate change (sea level rise) impact have been added.
P 11, Line 12 to 13: “As the storm surge height suggested by Islam et al. (2013) corresponds
to an event of 25 year return period, the PFM generated in this study corresponds to 1 in 25
year return period.”
[Part b, temporal period]
This is indeed an important point and we have added the following explanation in the
discussion chapter:
P 2, Line 22 to 27: “The scenarios with the effect of climate change (sea level rise) had more
damage compared to the scenarios without climate change. Scenarios S1, S2 and S3 were
associated with the highest storm surge height. With the same set of conditions without
climate change (sea level rise) the storm surge height was 6.52 m PWD (Table 2). The
damage corresponding to breaching of eastern, central and western locations of the dike due
to the storm surge without climate change impact were 23.3%, 20.5% and 21.7% respectively
lower than the damages with the climate change. The corresponding values for the flood
extent were 30.1%, 21.67% and 27.21% respectively lower than the flood extent areas with
the climate change impact.”
P 22, Line 29 and 30:
“The scenarios considering the effect of climate change (sea level rise) indicated that the
flood extent and damage due to flood will increase with sea level rise.”
[Part c, subsidence]
This indeed is an important point and it has been explained with the following text (P5, Line
13to L 17):
“The same DEM was used for the simulations of the year 2100 without any
corrections for further subsidence. Subsidence of the coast in the past has been
reported by Brown and Nicholls (2015) and was verified with the survey data from
IWM and FINMAP. Subsidence in the future may continue but in the absence of
scientific studies it was not considered for the future scenarios in this research. It is
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noteworthy that if subsidence continues then the effect of the SLR may be increased
and the results reported in this research should be treated as to some extent under-
estimated values.”
Comment [Methodology, part 3]: Finally the 1D modelling explanation needs to be
improved, especially in terms of boundary conditions. Please see the specific comments
below.
“The primary objective of the research was to present a methodology for generating FRM
and PFM for the breaching of dike during a cyclone”. This line from the conclusion should
have similar versions in the abstract and introduction, and in the opinion of this reviewer,
should shape the overall message of the paper. It is also closer to the title of the paper. Instead
the abstract and introduction sections describe the paper as “an investigation of the
inundation pattern in a protected area”, which is an interesting case-study, but not innovative
or of interest to a general audience. For example, a line of logic for the introduction could be;
e Bangladesh is susceptible to cyclones;
e Damage estimates and flood maps, as well the identification of critical breaching
locations, are useful for mitigating risk
e Quantifying this data requires taking account of SLR, cyclone frequency etc. and
potential for breaching.
e A method to do so for the 1:25yr event (design criteria), for a particular polder, is given
below.
Then, as well as the specific results, the applicability of the method to other areas and return
period events could be estimated.

Reply: We appreciate this excellent suggestion and we have updated the manuscript to
incorporate the suggestions. The specific changes in the manuscript are described below:
Abstract, P 1, Line 16 and 17: “The primary objective of this research was to present a
methodology for identifying the critical location of dike breach, generating flood risk map
(FRM) and probabilistic flood map (PFM) for the breaching of dike during a cyclone.”
Introduction, P 2, Line 22 to 27: “The coast of Bangladesh is frequently hit by severe
cyclones (5 cyclones between 1995 and 2010, Dasgupta et al., 2014). Bangladesh Water
Development Board (BWDB) is responsible for the operation and maintenance of these dikes
and lacks fund to conduct proper repairing of damaged dikes subsequent to any severe
cyclone. As a result the dykes remain vulnerable to breaching. Identifying the critical
location(s) of dike breach and prioritising the repairing of the critical location is likely to
reduce the breaching possibility.”

P 3, Line 10 to 12: “This paper presents a methodology to identify the critical location of dike
breach due to cyclones, generate flood risk map (FRM) and probabilistic flood map (PFM)
due to breaching of the dike by cyclone induced storm surges.”

P 3, Line 13 and 14: “A cyclone event of 25 year return period was considered in this
research. A coastal polder (Polder 48) of southern Bangladesh was selected as the study
area.”

Comment: English:

This has improved significantly, but again, continued errors distract the reader, especially in
the conclusion. The paper cannot be accepted with so many mistakes, and it is strongly
suggested to ensure they are removed before resubmission.

Reply: We have worked on improving the English of the manuscript, especially of the conclusions section. To
the best of our understanding the language is now consistent across the manuscript.

Specific Comments:

Comment: Abstract
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P1, Line 14: “Scenarios were developed by considering... geometrical properties of the
breach, breach propagation time...”. This line directly conflicts with P8, Line12: “As the
geometry of the breach is not independent, it was not considered as a parameter for scenario
development”. This was highlighted previously and needs to be resolved.
Reply: Thank you for pointing it out and we have updated manuscript as follows: P 1, Line
13 to 15):
“Scenarios were developed by considering tidal variations, angle of cyclone at
landfall, possible dike breach locations, geometrical properties of the breach, breach
propagation time and the sea level rise due to climate change according to the fifth
assessment report (ARS) of Intergovernmental Panel on Climate Change (IPCC).”
Comment: Introduction
P2, Line 26: “Furthermore, by the year 2100 the annual estimated damage due to tropical
cyclones may increase by US$53 billion” This is surely due to the reasons the authors
mention previously, and therefore not ‘furthermore’.
Reply: Authors acknowledge the suggestion and the manuscript is adjusted accordingly.
P 3, Line 5 and 6: “By the year 2100 the annual estimated damage due to tropical cyclones
may increase by US$53 billion”
Comment: P2, Line 26: “study area is not benefitted with...” This sounds strange.
Reply: Authors acknowledge the suggestion and the manuscript is adjusted accordingly (P 3,
Line 7):
“At present, flood forecasting system is not available for the coastal region of
Bangladesh.”
Comment: Study Area
P3: Lines 9-13: This part seems just like a list of data, and doesn’t connect well, consider
revising.
Reply: We have updated the manuscript based on this suggestion (P 3, Line 29 to P 4 Line
2):

“Climate and agricultural practices of Kuakata is similar to the climate and
agricultural practices of the country (Bangladesh). The average yearly rainfall in
Kuakata is 2590mm (Climate-Data, 2016) and the annual average temperature is
25.9°C (Climate-Data, 2016). Rabi (November to February), Kharif-1 (March to May)
and Kharif-11 (June to October) are the three seasons for growing crops (DAE, 2009).
The elevation of 80% of the area is 1.55m PWD, the vertical datum established by
Public Works Department of Bangladesh, which is 0.46m below the MSL.”

Comment: P4, figure 1: Please plot the extent of the dike on this map or on figure 3, as you
mention it is only on the seaward side. Including the chainage points given in Figure 6 would
also be useful.

Reply: Thank you for the suggestion. As stated earlier in the section, study area (polder 48) is
surrounded by dikes, the line denoting the study area also denotes the alignment of the dikes.
This information is added to the manuscript to increase clarity. Chainage points and the
extent of the dike for the area are added in the figure 3 (shown below as well).
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Figure 2: Schematic diagram of the study area with location of control structures and gauges and the considered
breach locations.

Comment: Methodology

Comment: P5, figure 2: The arrow from HEC-RAS to ‘Estimate damage’ during a loop is
confusing. The output of 72 simulations from the loop should be used.

Reply: Authors thank the reviewer for the suggestion. The flow chart has been adjusted
(Figure 2, page 5).

Comment: P5, figure 2: Perhaps the damage and maps sections could be highlighted as
outputs.

Reply: The flow chart has been adjusted following the suggestion indicating the estimated
damage, probabilistic flood map and flood risk map as Output 1, 2 and 3 (Figure 2, page 5)
respectively.

Comment: P6, line 5: I don’t think the HEC-Ras description here needs to be so detailed. In

fact this whole paragraph should be reviewed for structure and cohesion.

Reply: The description of HEC-RAS was adjusted following the suggestion of the reviewer (P

6, Line 9 to 13):
“The river analysis tool HEC-RAS (version 5.0) from the US Army Corps of
Engineers was used to develop the 1D-2D coupled inundation model. The flow in the
river was modelled in 1D whereas the flow over the floodplain was modelled in 2D.
HEC-RAS 5.0 is a free tool which can simulate 1D, 2D and 1D-2D coupled models
for steady and unsteady flow. The 2D module of HEC-RAS provides option to
simulate flow of water either with the diffusion wave equation or with the full shallow
water equation (St. Venant equation). The availability of irregular flexible mesh in
HEC-RAS and the option for faster simulations led to the selection of HEC-RAS 5.0
as the modelling tool.”

Comment: P7, line 3-5: The English is poor here, and it is unclear. Are all cells rectangular?
How can they have a single resolution or area? This is made more confusing by the grid
representation in the figure.

Reply: Thank you for pointing this out. Authors acknowledge the suggestion and the
manuscript was adjusted accordingly.
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List of relevant changes

The revised manuscript provides more detailed information in the methodology section, by
adding a flow chart to bring more clarity, following your suggestion. The methodology section
has been improved in adding explanations on data, model development, scenario development
and maps.

All the chapters were adjusted in the new submitted manuscript to make the manuscript more
coherent and connected to the sections of the paper.

To improve the level of English, native English speakers have been consulted and the revised
version of the manuscript has been adjusted following their suggestion.

The main innovation of the research was presented clearly in the revised manuscript (The
introduction and Conclusion section have been adjusted to present the research questions and
innovations)

The authors’ intention was to present a global methodology applicable to everywhere. The
relative sea level rise for RCP 8.5 of IPCC ARS5 for the coast of Bangladesh is 0.56 m (GERIC,
2015) which is slightly lower than what was considered by the authors (0.63 m).

The discussion section was adjusted with the reflection on the research questions. Limitations
of the study were added in the conclusion (please see ‘“Discussion” and “Conclusion”
section).

Muktadir and Hasan, 1985 stated in their study that the rural house hold of Bangladesh
usually are built around a large country yard. The land classification by the Ministry of Land
defines the whole house hold including the country yard as residential area. But the damage
curve considered for the residential area was for the damage to the house and the country yard
will not have significant damage if flooded. Considering this the authors tried to exclude the
country yard from the residential area. The satellite image of the area indicated that the about
half of the area of residential complex (house hold) is usually empty. Therefore, the figure 50%
was considered. This was added in the revised version.

The developed damage curves suggest that the damage for flood depth below 0.5 m is minimal.
Moreover, the authors tried to explore the effect of living with flood concept. Also tried to
consider the uncertainty of the DEM and the 2D inundation model. The depth as 0.5m is an
arbitrary depth. For a country where flood is a recurrent phenomenon with larger depth, living
with flood might be already adopted by the local people. Moreover, this arbitrary was used for
PMFs and the estimation of damage due to flood was not affected. This was added in the revised
manuscript.

The manuscript was updated to reflect the applicability at other location.

Specific changes made to the manuscript are:
In Abstract (P 1, Line 25 to 30):

“The frequency and intensity of the cyclone around the world are likely to increase due to climate change which
will require resource intensive improvement of existing or new protection works for the deltas. Identification
and prioritising maintenance of critical location of dike breaching can potentially prevent a disaster. Non-
structural tools such as land use zoning with the help of flood risk maps and probabilistic flood maps has the



potential to reduce risk and damage. The method presented in this research can potentially be utilized for the
deltas around the world to reduce vulnerability and flood risk due to dike breach cause by cyclone induced
storm surge.”

In Introduction (P3, Line 15 to 20):

“With the effect of climate change, the frequency and intensity of the cyclone around the world will increase.
The protective structures for the deltas around the world will require adjustments which will be resource
intensive. Non-structural tools such as land use zoning with the help of flood risk maps and probabilistic flood
maps has the potential to reduce risk and damage. Identification of critical location of breaching and intensifying
the maintained effort for these locations can potentially prevent a disaster. Although coastal region of
Bangladesh was selected as the case study area, the method presented in this research can be utilized for the
vulnerable deltas around the world.”

In Conclusion (P 24, Line 1 to 6):

“Climate change will likely cause increase in the frequency and intensity of the cyclone around the world. This
will call for large investments for the improvement of existing or new protection works for the deltas.
Identification and prioritising maintenance of critical locations of dike breaching can potentially prevent a
disaster. Non-structural tools such as land use zoning with the help of flood risk maps and probabilistic flood
maps have the potential to reduce the risk and the damage due to dike breaching. The method presented in this
research can potentially be utilized for the deltas around the world to reduce vulnerability and flood risk due to
dike breach caused by cyclone induced storm surges.”

o The manuscript was updated to incorporate the suggestions. The specific changes in the
manuscript are described below:

Abstract, P 1, Line 16 and 17: “The primary objective of this research was to present a
methodology for identifying the critical location of dike breach, generating flood risk map
(FRM) and probabilistic flood map (PFM) for the breaching of dike during a cyclone.”
Introduction, P 2, Line 22 to 27: “The coast of Bangladesh is frequently hit by severe
cyclones (5 cyclones between 1995 and 2010, Dasgupta et al., 2014). Bangladesh Water
Development Board (BWDB) is responsible for the operation and maintenance of these dikes
and lacks fund to conduct proper repairing of damaged dikes subsequent to any severe
cyclone. As a result the dykes remain vulnerable to breaching. Identifying the critical
location(s) of dike breach and prioritising the repairing of the critical location is likely to
reduce the breaching possibility.”
P 3, Line 10 to 12: “This paper presents a methodology to identify the critical location of dike
breach due to cyclones, generate flood risk map (FRM) and probabilistic flood map (PFM)
due to breaching of the dike by cyclone induced storm surges.”
P 3, Line 13 and 14: “A cyclone event of 25 year return period was considered in this
research. A coastal polder (Polder 48) of southern Bangladesh was selected as the study
area.”

o The manuscript was updated as following (P 3, Line 29 to P 4 Line 2):
“Climate and agricultural practices of Kuakata is similar to the climate and
agricultural practices of the country (Bangladesh). The average yearly rainfall in
Kuakata is 2590mm (Climate-Data, 2016) and the annual average temperature is
25.9°C (Climate-Data, 2016). Rabi (November to February), Kharif-I (March to May)
and Kharif-II (June to October) are the three seasons for growing crops (DAE, 2009).
The elevation of 80% of the area is 1.55m PWD, the vertical datum established by
Public Works Department of Bangladesh, which is 0.46m below the MSL.”

o Study area (polder 48) is surrounded by dikes, the line denoting the study area also
denotes the alignment of the dikes. This information is added to the manuscript to
increase clarity. Chainage points and the extent of the dike for the area are added in
the figure 3 (shown below as well).



Legend

& WestBoundary

¢ EastBoundary
Xl Location of Breach A Sluice Gates ™~ 1D Netwark (Riverside) 2D Mesh

* WL Measurement Station <~ “._- Canals 1D Network (Seaside) E_ o _E Study Area !!- Dike

E Mangove Forest

o The description of HEC-RAS was adjusted following the suggestion of the reviewer (P

6, Line 9to 13):
“The river analysis tool HEC-RAS (version 5.0) from the US Army Corps of

Engineers was used to develop the 1D-2D coupled inundation model. The flow in the
river was modelled in 1D whereas the flow over the floodplain was modelled in 2D.
HEC-RAS 5.0 is a free tool which can simulate 1D, 2D and 1D-2D coupled models
for steady and unsteady flow. The 2D module of HEC-RAS provides option to
simulate flow of water either with the diffusion wave equation or with the full shallow
water equation (St. Venant equation). The availability of irregular flexible mesh in
HEC-RAS and the option for faster simulations led to the selection of HEC-RAS 5.0
as the modelling tool.”

Fig 3 was updated to show western and eastern boundary instead of upstream and

downstream boundary.

o The following changes were made in the manuscript for clarity
Pl Linel5:
“Storm surge for a cyclone event of 1 in 25 return period was considered for all the
scenarios.”
P2 Line 17 and 18:

“A storm surge event of 25 year return period was considered in this study for the generation

of different scenarios.”

P 3, Line 14 and 15:

“A cyclone event of 25 year return period was considered for this research.”

Pl LineI2to 13:

“As the storm surge height suggested by Islam et al. (2013) corresponds to an event of 25
year return period, the PFM generated in this study corresponds to 1 in 25 year return
period.”

P 12, Line 29 and 30:
“The simplified (with regards to flow velocity and flood duration) depth-damage curve for
rice fields suggested by Chau et al. (2014)”




Pl Linel2to 13:

“As the storm surge height suggested by Islam et al. (2013) corresponds to an event of 25
year return period, the PFM generated in this study corresponds to 1 in 25 year return
period.”

P18, Line 2 and 3:

“Figure 10 and Figure 11 corresponds to the flooded area and damage due to different range
of inundation depth respectively. The flood area and damage was highest for the inundation
depth of 0.5 mto 1.0 m.”

P18 Line 5 and 6.
“Comparison of flooded area and damage due to flood for the three worst case scenarios lead
to the identification of Scenario S1 as the critical location of breaching.”

P11l Linel2to13:

“As the storm surge height suggested by Islam et al. (2013) corresponds to an event of 25
year return period, the PFM generated in this study corresponds to 1 in 25 year return
period.”

Pl Line2to4:

“The highest storm surge height as the boundary condition with breaching at the western,
central and eastern parts of the dike were considered as the worst case scenarios and were
denoted as Scenario S1, S2 and S3 respectively.”

P20, Line2to4:

“The flood extent for the simulated result of 72 scenarios were compared. Flood extent varies
for different scenarios with different conditions such as the daily (high and low tide) and
biweekly (spring and neap tide) tidal variation, sea level rise and angle of landfall.”

P22, Line 14 to 16:

“Different scenarios were formulated and simulated using a 1D-2D coupled model. The
results of these simulations were used to calculate the total flooded area and damage due to
flooding. Simulated results of three worst case scenarios S1, S2 and S3 were compared
based on the total flooded area and estimated damage.”

P22 Line 20 and 21:

“Flood inundation for the three worst case scenarios S1, S2 and S3 indicated that the
maximum flooded area was obtained corresponding to the breaching of the central part of the
sea facing dike.”

P23 Line 5 and 6:

“Inundation maps of all 72 scenarios were compared to generate the probabilistic flood map,
which indicated that the areas with rice fields are the least and the settlements are the most
probable areas to be flooded.”

Page 12, Line 22 to 24:

“Satellite image from google earth was used for analysis. The satellite image of the area was
downloaded and georeferenced. Then, the areas for buildings and open areas for households
were manually calculated using ARCGIS.”




P3, Line 15-20

“Resource intensive adjustment of the protective structures for the deltas around the world
will be required as the frequency and intensity of the cyclone will increase with climate
change. Along with structural measures, non-structural tools such as land use zoning with the
help of flood risk maps and probabilistic flood maps has the potential to reduce risk and
damage. Identification of critical location of breaching and intensifying the maintained effort
for these locations can potentially prevent a disaster. The method presented in this research
can be utilized for the vulnerable deltas around the world even though the coastal region of
Bangladesh was selected as the case study area.”

o The adjusted figures are presented below:
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Figure 12: Flood risk map corresponding to the dike breach at the critical location of the dike. The following

three classes of risk are shown: high, medium and low. The considered four landuses are shown as well.
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Figure 13: Probabilistic flood map of the study area. Varying colours indicate probabilities of obtaining flood
depths more than 0.5m.
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Abstract. Bangladesh, one of the most disaster-prone countries in the world, has a dynamic delta with 123 polders protected
by earthen dikes. Cyclone induced storm surges cause severe damages to these polders by overtopping and breaching ofthe
dikes. Nineteen major tropical storms hit the coast in last 50 years and the storm frequencyintensity is likelypredieted to
increase due to climate change. The present paper presents an investigation of the inundation pattern in a protected area behind
dikes due to floods caused by storm surges and identifies possible critical locations of dike breaches. Polder 48 in the coastal
region, also known as Kuakata, was selected as the study area. A HEC-RAS 1D-2D hydrodynamicinundatien model was
developed to simulate inundation in the polder under different seenariesScenarios. SeenarioScenarios were developed by
considering tFidal variations, angle of the-cyclone at landfall, possibledifferent dike breach locations_-geemetrical-properties

of the-breachbreach-propagationtime-and the sea level rise due to climate change according to the fifth assessment report
(ARS) of Intergovernmental Panel on Climate Change (IPCC)-were-combined-to-develop-the-seenarioSeenarios. Storm surge

for a cyclone event of 1 in 25 year return period was considered for all the scenarios. The primary objective of this research

was to present a methodology for identifying the critical location of dike breach, generating flood risk map (FRM) and

probabilistic flood map (PFM) for the breaching of dike during a cyclone. The critical location of the dike breach among the

chosen possible locations was identified by comparing the inundation extent and damage due to flood corresponding to three

werst-eases-ofthe developed sseenarioScenarios. Generated+A flood risk maps (FRM) corresponding to the breaching at the

critical location was developed. which indicated that settlements adjacent to the canals in the polders were exposed toface

higher risk. A The probabilistic flood map (PFM) was developed ealettatedfrom-using the simulation results corresponding

to efall the developed seenariesScenarios, which was used to recommend-indicated the need of appropriate land use zoning
to minimize the vulnerability to flooding. The developed hydrodynamic model can be usedapplied to forecast senerate-location
based-floed-foreeastine_inundation, to identify critical locations of the dike requiring maintenancete—reduee—therisk—from
fleeding and to study the effect of climate change on flood inundation in the study area .

The frequency and intensity of the cyclones around the world are likely to increase due to climate change which will require

resource intensive improvement of existing or new protection works for the deltas. Identification and prioritising maintenance

of critical locations of dike breaching can potentially prevent a disaster. Non-structural tools such as land use zoning with the

help of flood risk maps and probabilistic flood maps has the potential to reduce risk and damage. The method presented in this
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research can potentially be utilized for the deltas around the world to reduce vulnerability and flood risk due to dike breach

cause by cyclone induced storm surge.

1. Introduction

Bangladesh is the low lying delta of three major rivers: Ganges, Brahmaputra and Meghna. Eighty percent of the country’s
land is located below 10m AMSL (above mean sea level) (Heitzman and Worden, 1989) and it is formed of sediments carried

by the above mentioned rivers. The population of Bangladesh is-was about +66-131.5 million by the year 2000 (World Bank,

2018) of which about 49% were living h+wved-in the coastal zones (Neumann ez al., 2015). The coastal areas of Bangladesh are

flooded frequently due to cyclone induced storm surges and occasionally due to high water levels in the rivers caused by heavy

rainfall in the upstream catchments of Ganges, Brahmaputra and Meghna. The coast was hit by 5 severe cyclones betweenfrem
1995 andte 2010 causing flooding, huge damages and loss of life (Dasgupta et al., 2014).

Bangladesh has 123 polders in the coastal area. ecach surrounded by earthen dikes, which are designed to protect the inland
from flooding due to_the-diurnal high tides. The existing crest level of these dikes are only adequate enough to protect the
coastal area from cyclones with 5 to 12 year return periods (Islam ez al., 2013). These dikes usually get damaged and sometimes
breached by tropical cyclones of high intensity due-to-overtopping-andsecouringin-thelandside, which causes flooding inside
the protected areas, damages toing properties and eausing-loss of life. For example, cyclone Sidr hit the coast of Bangladesh
in 2007 affecting 8.9 million people, causing US$1. 67 milkion-billion of damage (GOB, 2008)-and-US$70-3-mitlion-efdamasge
to-the-dikes-and-contrelstruetures (Dasgupta ef al., 2014). In 2009. Cyclone Aila affected 3.9 million people with an estimated
damage of US$270 million (EMDAT, 2009).

Crest levels of the coastal dikes were recently redesigned reeenthy—for an event of 25 year return period under the Coastal
Embankment Improvement Project (CEIP) (BWDB, 2013). A storm surge event of 25 year return period was considered in

this study for the generation of different scenarios. Under the project CEIP the C€crest levels of the dikes were designed

considering wWave actions, astronomical tides and the required free—-board
by-CEIP. Raising the crest level was considered as the only mitigating measure-Raistirg-the-erestlevel-was-only-considered-as
mitieating measure. Various Previeus-studies on the coastal areas of Bangladesh (e.g. Karim and Mimura, 2008:; IWM, 2005:-
Azam et al., 2004:; Madsen and Jakobsen, 2004:; CSPS, 1998:; Flather, 1994) considered flooding only due to overtopping of

the dikes during storm surges. Effect of breaching of the dikes due to piping and scouring on the landside during cyclones have

not been studied._The coast of Bangladesh is frequently hit by severe cyclones (5 cyclones between 1995 and 2010, Dasgupta

etal.,2014). Bangladesh Water Development Board (BWDB) is responsible for the operation and maintenance of these dikes
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and lacks fund to conduct proper repairing of damaged dikes subsequent to any severe cyclone. As a result the dykes remain

vulnerable to breaching. Identifying the critical location(s) of dike breach and prioritising the repairing of the critical location

is likely to reduce the breaching possibility.

Moreover, non-structural fleed-mitisation-measures for flood risk management such as land use zoning using the flood risk
map (FRM) and probabilistic flood maps (PFM) to locate the vulnerable areas is-are currently unavailable for the coastal areas
of Bangladesh._Flood zoning can be a useful risk mitigation measure aAs land use governs the exposure and may aggravate
the hazard-ene-efthe-factorsoffloedriskassessment (Barredo and Engelen, 2010)Jand-usezoningeanbe-atoolformitigating
Heodeil

FurthermoreMereever, the intensity and frequency of these tropical cyclones areis likely to increase in the future due to climate
change-eausinemere-damases. It is projected that by the year 2100, the frequency of the most intense cyclones will increase
substantially and the intensity of tropical cyclones will increase by 2 to 11% due to global warming (Knutson et al., 2010).
Flooding by tropical cyclones will also increase in the future as a result of sea level rise (SLR)-duete-climatechanse (Woodruff
etal.,2013). SLR and sea surface temperature (SST) will affect the cyclone induced storm surge height in the Bay of Bengal
(Karim and Mimura, 2008)._With increasing SST, the storm surge height mayea#n increase from 21% to 49%-(arim-and
Mimura-2008) and with SLR, the flood depth due to storm surges may increase by 30-40% (Karim and Mimura, 2008). The
land subsidence in the delta will exacerbate the effect of SLR. BEurthermere-by the year 2100 Bthe annual estimated damage

due to tropical cyclones maywit increase by US$53 billion-per—yearbythe-year 2100-due-to-climate-change-whichisahmest
mqe%th%damag%w&heﬂ{—ﬂ&%effeet—ef—ehm&t%ehaﬂge (Mendelsohn et al., 2012). F—b}ﬁhemle%leed-ﬁag—b%&ep&e&l—eyeleﬁes

At present, flood forecasting system is not available for the The-study-areacoastal region of Bangladesh-4s-noetbenefitted-with

an-enabled flood-forecastingsystem. Bangladesh Water Development Board (BWDB). which is mandated to protect the area,

does not have a clear picture about the inundation patterns corresponding to various climatic conditions. Moreover, identifying

zones in the embankment critical to flooding in the polder will help BWDB in prioritising their maintenance. This paper

a methodology to identify the critical location of dike breach due to cyclones. generate flood risk map (FRM) and probabilistic

flood map (PFM) due to breaching of the dike by cyclone induced storm surges. Different sscenarios of storm surges were

formulatedutilised- by considering storms of different frequencies with varying tidal conditions, angle of cyclone at landfall

and SLR. A cyclone event of 25 vear return period was considered in this research. A coastal polder (Polder 48) of southern

Bangladesh was selected as the study area.

Resource intensive adjustment of the protective structures for the deltas around the world will be required as the frequency

and intensity of the cyclone will increase with climate change. Along with structural measures, non-structural tools such as

land use zoning with the help of flood risk maps and probabilistic flood maps has the potential to reduce risk and damage.

Identification of critical location of breaching and intensifying the maintained effort for these locations can potentiall
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a disaster. The method presented in this research can be utilized for the vulnerable deltas around the world even though the

coastal region of Bangladesh was selected as the case study area.Fhesimulatedflood-inundations—were—tsed-inereatins—a

2. Study area

Polder 48, which was considered as the study area for this research, is surrounded by dikes and has a sea facing dike of about
20 km length on the southern side of the polder. The polder is located in the south western coast of Bangladesh Delta (Figure
1Eigure1) stretching from 21°50°28” N 90°05°17” E to 21°50°06” N 90°14°14” E._The outline of the study area in Figure 1

(also in Figure 3) depicts the dike alignment of the study area as well. The area is also known as Kuakata and it is in the
administrative zone of Kalapara sub-district_(Upazilla) of Patuakhali District. It has an area of 50.75 km? with 24,240
inhabitants according to the census of 2011 _(BBS, 2012). Most of the inhabitants are farmers and fishermen (Nasreen et al.,

2013). Shrimp culture and tourism are also part of the economic activities. The land use is mainty-classified by the Ministry
of Land. Bangladesh into the following four classes: rice fields, settlements, shrimp ponds and water bodies (river/canal)-by
the-Ministry-of Land—Bansladesh. Climate and agricultural practices of Kuakata is similar to the climate of the country
(Bangladesh). The average yearly rainfall in Kuakata is 2590mm (Climate-Data, 2016)_and t—Fhe-menth—with-the-highest
rainfallis July with-an-average—of 61 lmm—The annual average temperature isef Kuakata—is—25.9"Cwith-minimum-and
maximum-temperature-as13°Cand 34°Crespectively (Climate-Data, 2016). }-Thereare three seasonsfor growing erops{DAE;
2009)—TFhey-are-Rabi (November to February), Kharif-I (March to May) and Kharif-II (June to October) are the three seasons

for growing crops (DAE, 2009).- The-area-isrelativelyHatanddowbying-withThe elevation of -80% of the area is its-elevation
below 1.55m PWD, the vertical datum established by Public Works Department of Bangladesh, which is 0.46m below the

MSL (mean sea level). The land level surveys at different times have indicated that this polder is facing land subsidence issues.
Brown and Nicholls (-2015); s < reported the estimated mean subsidence rate of Ganges-Bhrahmaputra-Meghna

(GBM) delta ais 5.6 mm per year with an overall median of 2.9 mm per vyear.

The area was severely affected by recent storms Sidr, Aila and Mohasen in 2007, 2009 and 2013 respectively. For example,

during cyclone Sidr, 94 people died and 45% of the crops were lost in Kalapara sub-district (Ahamed, 2012).
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Figure 1: Location map of the study area Polder 48 (Kuakata).

Andharmanik, Galachipa and Khaprabhanga rivers are on the east, west and north of the study area respectively, whereas the
Bay of Bengal is on the southern side of the study area (Figure 1Eigure1). Galachipa River is the widest among the rivers
surrounding the area. On the southern side, the study area has sea shore of 20 km width, which is partly protected by the
mangrove forest atin several locations. There is a narrow sea beach in the south-western side of the area. The western part of
the sea facing dike was overtopped during cyclone Sidr causing flood inside the polder (Hasegawa, 2008). The loss of livestock
and food grains were such that it created partial deficiency of food in Kuakata (TANGO International, 2010). The average
crest level of Polder 48 in the northern side is 4.5m PWD and in the southern side (sea facing side) is 6m PWD-at-present
(Islam et al., 2013). The existing embankments of 17 polders_of the region, including Polder 48, were redesigned and
rehabilitated during the first phase of CEIP (Islam et al., 2013). CEIP proposed a crest level of 7.36 m PWD for the dike of
Polder 48 (Islam et al., 2013).

3. Methodology

The methodology_followed is presented in Figure 2 and described in the following sub-sections. A—+HD-2D-hydraulic-model
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Figure 2: Methodological approach followed in this study.

3.1 Setting up of 1D-2D coupled model development

In order to build a 1D-2D inundation model field measurements (land level surveys, observed water levels, canal alignments

and cross sections of the river and canals) and information from remote sensing (satellite imagery) were gathered (Figure 3).

Institute of Water Modelling (IWM) of Bangladesh collected hydraulic, hydrologic and land level data of the study area (along
with other polders) in the framework of the feasibility study of Coastal Embankment Improvement Project (CEIP). IWM has

kindly provided the measured data for the study area.

The Digital Elevation Model (DEM) was generated by combining the land level surveys conducted by IWM and FINMAP (a

company from Finland). The land level survey of IWM (conducted in 2012) did not cover the whole study area. FINMAP

conducted the topographic survey of the study area in 1988 (MIWF, 1993). The differences in elevation between land surveys

of IWM and FINMAP indicated the land subsidence. An average subsidence was computed, which was used to update the

elevations of the FINMAP survey for the areas within Polder 48 for which survey data from IWM was not available. The

combined DEM has a resolution of 50 m. The same DEM was used for the simulations of the years 2050 and 2100 without

any corrections for further subsidence. Subsidence of the coast in the past has been reported by Brown and Nicholls (2015)

and was verified with the survey data from IWM and FINMAP. Subsidence in the future may continue but in the absence of

scientific studies it was not considered for the future scenarios in this research. It is noteworthy that if subsidence continues

then the effect of the SLR may be increased and the results reported in this research should be treated as to some extent under-

estimated values.
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The bathymetry of the sea near the coast was collected from global bathymetric chart of ocean (GEBCO) (Smith and Sandwell,

1997). The land use data was collected from the Ministry of Land of Bangladesh. MODIS reflectance data was used for the

analysis of previous flood events. The methodology and equations suggested by Hoque et al. (2007) were used to analyse the

MODIS reflectance data to determine flood extents during previous flood events. The intention was to utilise the flood extent

generated from MODIS reflectance for calibration of the hydraulic model. However, no flood image from MODIS was

available during the simulation period.

the US Army Corps of Engineers was used to develop the 1D-2D coupled inundation model. The flow in the river was modelled
in 1D whereas the flow over the floodplain was modelled in 2D. HEC-RAS 5.0 is a free tool which can simulate 1D, 2D and

1D-2D coupled models for steady and unsteady flow. The 2D module of HEC-RAS provides option to simulate flow of water
either with theef diffusion wave equation or with the and-full shallow water equation (St. Venant equation). The flow-egquations

anyoneuniversally—TThe availability of irregular flexible mesh and: option for faster simulations and-freely-availability lead

to the selection of HEC-RAS 5.0 as the mathematical modelling tool for this research. Data utilized for developing the model

and their sources are presented in Table 1the.

Table 1: The data used in developing the mathematical model and their sources.
IWM., GEBCO and JSCE stand for Institute for Water Modelling, General Bathymetric Chart of the Oceans and
Japan Society of Civil Engineers respectively.

Component of the Model Data collected and used Source
) River network: IWM:
Alignment The network on the sea side: Satellite image
(Google Earth)
1D networks Cross section River: IWM; Bathymetry of the sea side: GEBCO

Water Level IWM

Discharge IWM
2D Mesh DEM IWM and FINMAP
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Component of the Model Data collected and used Source
Land Use Ministry of Land
Dike Alignment IWM
Crest Level of the existing dike IWM
Geometric properties of the dike IWM
1D-2D coupled mModel Design ccrest level of the dike Islam ef al.. 2013
for future development
Storm sSurge hHeight Azam et al., 2004, Islam et al., 2013 and Dasgupta
etal., 2014
Flood dBepths of previous events JSCE

The 1D section of the model was nitiatl-developed and calibrated using the information shared by IWM. The 1D part of the

developed model was calibrated for non-floodaermal conditions as measured discharge/ water level data during a cyclone

event was unavailable. The model was simulated using discharge as the westupstream-boundary and water level as the

castdewnstream boundary conditions_(Figure 3). The calibrated 1D model was_then -coupled with the 2D model of flow over
the floodplain using the aDigital ElevationMedel{DEM) of the study arca-te-inelude-the 2D-component-and-overland-flow.

db A d EINMNAP h nd a MM did-ne
’ A3 v - 3 v Hvey v

For the 1D-2D inundation model, a computational mesh with-areselation-of 25-m-wasused—with flexible shape was developed

in HEC-RAS (Figure 3). HEC-RAS generates mesh with irregular shapes. The rectangular cells of the developed 2D mesh had
a resolution of 25 m and the non-rectangular cells-and-restofthe-eels had an-areas efranging from 625-625-square-meters to

1282 square meters. The roughness coefficient (Manning’s n varying from 0.025 to 0.05) was provided according to the landuse

of each cell. A sensitivity analysis as suggested by Hall et al. (2005) was carried out by varying Manning’s roughness

coefficient n before the calibration of the 2D inundation model. Fhe-analysis-indicated-that the-inundation-medebis-nothighly
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Figure 3: Schematic diagram of the study area with location of control structures and gauges and the considered breach locations.

Building and calibrating the 1D model was the preliminary step for developing the 1D-2D coupled model. The water bodies

surrounding the study area were included in the 1D model. The study area has Khaprabhanga River on the northern side and

sea on the southern side (Figure 3). The connection of Khaprabhanga River with other rivers was not considered in the model.

This was due to the fact that storm surges are observed during the pre or post monsoon periods whereas fluvial floods are

observed during the monsoon. Flow through rivers did not play a major role during the previous cyclones. The western and

eastern side of the embankment have mangrove forest between the rivers and the embankment (Errerl Reference soureenot

For the rivers, the surveyed cross sections were used in the 1D model_(Figure 4).

- -The storm surges on the sea was

conceptualised as a water surface profile in a Fo-represent-thesea-and-the storm-surges;a 1D channel on the southern side of
the study area (Figure 3). was-addedusingtThe GEBCO bathymestryie-datafrom-GEBCO (Figure 5) was used for the channel.

An alternative was to develop s-the-ecoast-of Bangladeshisflat-and -shallows a 2D model for the coastal hydrodynamics.
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However, as the coast of Bangladesh is flat and shallow a sallregquirednclusion-oflarger area of the sea would have been

included in the model. As the focus was on studying the inundation in Polder 48 and not the coastal sea we followed a simpler

representation of the storm surges using a 1D model. ¥

synthetic water level data for boundaries of the model were generated by following the tidal water level pattern and the storm

surge height considered for the all scenarios (Table 2). The water surface profile corresponding to each sScenario (Table 2
discussed in Section 3.2) was considered as the profile in boundary-conditionfor-the 1D model of the sea side-was-utilised-as

The dense canal network of 122 km, inside the study area, is connected with the Khaprabhanga River, which regulates the in-

and out flow into the river network through a system of 13 control structures. The regulators remain closed during a-cyclones
making the canal network isolated. Therefore, the canal network inside the polder was not included in the 1D model. However

the simulation of the overland flow consequent to eanal-will affectthe flowafter breaching of the dike will be affected by the

canal geometry and —Ftherefore, the wider and larger canals were included in the DEM.

The geometry and propagation of the breach of the dike depends primarily on the storm surge height, angle of landfall, soil

properties and wave action. The coastal embankments of Bangladesh are usually earthen-embankments. The geometrical
properties of the breaching of the dike and the time required for breaching were calculated following the instructions of US

Bureau of Reclamation. An S-curve was used for breach propagation with time (Oumeraci, 2006). As the geometry of the

breach is not independent, it was not considered as a parameter for sScenario development.

10
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Figure 6: Variation of wWater level at three locations (chainage 0, 12940 and 20300) different-chainage along the 1D
channelnetwerk on the sea side according to a specific Scenario (out of 72 Scenario).

In order to ensure model stability a maximum spacing between the computational points was imposed and computed using
Samuels’ formula (1989) presented in Eq. (1):
Ax < 0.15 * D/So (1)

where, Ax is the spacing between the computational points, D is the average bank full depth of the channel and Sj is the average

slope of the channel. The maximum spacing between cross sections was calculated as 300 m._The river had steeper bed slope

than the long shore slope of the sea bathymetry requiring smaller Ax to ensure stability and same Ax will reduce instability of

the foreshore as well.

As suggested by Fromm (1961) the Courant number was kept less than or equal to 1.0 to maintain the stability of the numerical
model by controlling the time step. The Courant number was calculated using the following Eq. (2):
Cr =V * At/Ax (2)

where Cr is Courant number, V is velocity, At is the time step and Ax is the spacing between the cross sections.

3.2 Cyclonic sScenarios considered

Different Sscenarios were developed considering the probability of occurrence of cyclones, the angle of landfall, SLR due to

climate change, diurnal, semi-diurnal and seasonal variation of tides, locations of breaching of the dike and geometrical

properties of the breach.

Frequency of cyclone: A cyclone of 1 in 25 year return period was considered for all the sScenarios as this is used as the design

criteria for the dikes (BWDB, 2013). Nineteen previous cyclones for different tidal conditions were simulated by IWM using

12
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a 2D model for the Bay of Bengal. A statistical analysis was conducted using these model results to generate the storm surge

height corresponding to a cyclone of 25 year return period (Islam et al.,, 2013). Due to lack of data, change in the probability

of occurrence of the cyclone in the future was not considered.

Angle of landfall: The angle of landfall affects the height of storm surges. The storm surge height increases with angle of the

storm to the coastline (Azam et al., 2004). Angle of attack governs the wind speed which is one of the parameters for the height

of cyclone induced storm surges (Azam et al., 2013).

Tides: The difference between the storm surge at high tide and low tide is 1.2m for the study area (Azam et al., 2004). The

average seasonal variation of the tidal range is 1.3m.

Sea level rise: The coast of Bangladesh may be severely affected by SLR and one fourth of the land may be lost due to SLR

by 2100, which will directly affect 3 million people (Ericson et al., 2005). IPCC published their 5th assessment report (ARS)

in 2013. Among the sScenarios considered in AR5, RCP (representative concentration pathways) 2.6 is the most optimistic

one and RCP 8.5 is the worst considering the carbon emission, rise in temperature and SLR. The mean SLR at the end of 21st
century is estimated to be 0.4m, 0.47m, 0.48m and 0.63m for SeenarioRCP 2.6, RC 4.5, RCP 6.0 and RCO 8.5 respectively
(Stocker et al., 2013). For this study, SeenarioRCP 8.5 with SLR of 0.63 m was considered for developing the sScenarios.

Location of breach: The sections of the sea facing dike of the study area protected by mangrove forest, sand dunes and wide

beach are least likely to be breached due to storm surges. The study considered breach locations with least protection. The

considered locations for dike breach as well as the mangrove forest around the study area are shown in Figure 3.

A sScenario matrix consisting of 72 sScenarios were generated by combining different phases of tides, angle of landfall, SLR

and breach locations (Table 2). Single breach was considered for each sScenario. The highest storm surge height among all

the developed sScenarios was 7.2 mPWD considering the angle of landfall as 230°, high tidal phase during spring tides, SLR

and dike breaching at any of chosen locations. This storm surge height with breaching at the western, central and eastern parts

of the dike were considered as the worst case sScenarios and were denoted as Scenario 1. 2 and 3 respectively. Flooding due

to overtopping of the dikes was not considered as the crest level (7.36 mPWD) was higher than the highest storm surge height

(7.2 mPWD).

Table 2: Storm surge heights corresponding to different Scenarios considered

Angle of Breach Locations
Tidal Variation
Landfall East West Central

13



With With

With SLR Without SLR Without SLR Without SLR
SLR SLR
Storm Surge Heights
) ) Spring tide 4.06 3.38 4.06 3.38 4.06 3.38
High Tide ]
= Neap tide 2.77 2.09 2.77 2.09 2.77 2.09
o pring ti 2 2.1 2. 2.1 2. 2.1
Low Tide Sprin Flde 83 5 83 5 83 5
Neap tide 154 0.86 154 0.86 154 0.86
) ) Spring tide 6.16 5.48 6.16 5.48 6.16 5.48
High Tide )
- Neap tide 4.86 4.18 4.86 4.18 4.86 4.18
N ) Spring tide 4.93 4.25 4.93 4.25 4.93 4.25
Low Tide )
Neap tide 3.63 2.95 3.63 2.95 3.63 2.95
) ) Spring tide 7.20 6.52 7.20 6.52 7.20 6.52
High Tide .
- Neap tide 5.91 5.23 5.91 5.23 5.91 5.23
< Spring tide 5.97 5.29 5.97 5.29 5.97 5.29
Low Tide
Neap tide 4.68 3.99 4.68 3.99 4.68 3.99

To identify the critical location of breaching simulation results with HEC-RAS corresponding to the three worst case

sScenarios were compared based on the total area flooded and estimated damage due to flooding. Using the calculated damage

and occurrence probability of the event, a risk map was generated for the critical locations of the sea facing dike. A probabilistic

5 flood map (PFM) was generated from the flood maps of the 72 sScenarios (Table 2).

10

15

20

14



10

15

20

25

Seempetde T

333
209

406
277

338
209

15




10

15

20

. Springtide 283 215 283 215 283 215
Neap-tide 154 0-86 154 0.86 154 0-86
Hish Tide
?h Neap-tide 486 418 486 418 486 418
493 425 493 425 493 425
. Springtide
Neap-tide 3.63 295 3.63 295 3.63 295
Hich Tide
31; Neap-tide 591 523 591 523 591 523
597 529 597 529 597 529
. Springtide

3.3 Estimation of damage due to floods

A comprehensive damage calculation should involve both direct and indirect damages due to floods (Biichele et al., 2006).
Direct damage is caused by physical contact of properties and human beings with flood water. Indirect damage is caused by

interruption of services, production and transportation_and; degradation of health ete—due to floods. Due to lack of data, only

the direct damage to properties were calculated for the study area. The damage was considered as a function of flood depth.

—The land use of the study area was classified by the Ministry of Land of Bangladesh in+esidential
areas {settlements), rice fields, shrimp ponds and water bodies (rivers/canals)-by-the Ministry-of Land-of Bansladesh. Only the

tangible damage was considered and no environmental damage was calculated. Damages to the canal network was not
considered. The damage in a flood event was calculated using thefellewinzEq. (3).

2- X% x 3)
Where, D = total direct tangible damage in a flood event, n = total number of computational cells within the flooded area, x; =

flood depth of cell i, f(x;) = damage function for the land use of the flooded cell i and 4; = area of cell i.

Depth-damage curves for different land classes for the study area were developed by adapting existinge—depth-damage curves

found in the literatureproevided-by-¢i Simtteate s lendo o fren i Figure7Figure3). Reese et
al. (2010) calculated flood damage as a percentage ofthe—value-of the property value offer-different buildings categorised
based on types-aecordins—to-the construction material. The buildings of the study area are primarily built of timber due to its
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low cost and easy availability. The depth-damage ratie-curve suggested by Reese et al. (2010) for buildings made of timber
was used as a basis for generating the depth-damage curve for the settlements (residential area). Simple Action for the
Environment (SAFE) carried out a research on the average value of properties in rural areas of Bangladesh (SAFE, 2011). This
property values were used to update the damage values used by Reese er al. (2010)develop-the-depth-damage-eurve forthe
sottlemientrefthe prelenesn Soeha el begeas by Peselodanh el basee o los oo an mpdppecepsdad nsaes 200 o bl

peler i —Muktadir and Hasan; (-1985) reported stated-intheirstudy-that-the
rural housesheld of Bangladesh usually-are built with areund-a large couratey—yard and as a result houses have a lot of open

and unoccupied space around buildings.

thecountryvard asresidential area—TButthe damage curve considered for the residential area was used for the damage to the

buildingsheuse and not for the courntry-yard-willnet-have significant damage-if flooded. Moreover, the satellite image of the
area also indicated that about half of the settlement area—ofresidential-complex{house-hold) wais without buildingsusually

empty. Satellite image from google earth was used for analysis. The satellite image of the area was downloaded and

georeferenced. Then, the areas for buildings and open areas for households were manually calculated using ARCGIS.

Therefore, 50% of the settlement area was considered with no damages-.

The cultivation of rice involves flooding the rice field with water up to a few -efseveral-cm. However, But-if the height of

water increases and the rice plant goes under water then; the productivity decreases. The damage to rice plants also depends
upon the flood duration. If the rice plant is continuously under water for more than 2-3 days then the damage can be up to 80%
(Chau et al., 2014). The simplified (with regards to flow velocity and flood duration) depth-damage curve for rice fields
suggested by Chau et al. (2014) was used in thisferthe study-area (Figure 7Eigure7).

Shrimp ponds are surrounded by embankments so Fhereforeit-was-assumed-that there iswi-be no damage to shrimp ponds
till the flood leveldepth crosses the embankment levelreaches2-meter. However, whenafter the flood level is higher than the

embankment levelgoes-abeve-the-banks-of theshrimp-ponds-the shrimps-will escape-to-the flooded-areaand causeing a loss of
the total investment. To take this into account, the investment made by farmers was assessed using a study conducted by

Fatema et al. (2011). According to the study the investment for shrimp pond in the study area was about € 0.09/ m’ Euros-per
separe-meter, Based on the practices in the study area the banks of the shrimp ponds were considered as 2 meter above the

adjacent land and the depth-damage curve (Figure 7Eisure 7Fis7) was modified accordingly. The-adapted-depth-damage
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Figure 7: Depth-damage curves for different land use classes.

TheFerearryingout damage calculations were carried out using -a-stnple-toolwas-developedin-ArcGIS. The simulated flood
depth and landuse for each grid cell Fhe-toolwas usedssimulatedinundation-map-and-landuse-map as the input and the damage
—caleulates-damage-in each grid cells_was computed by using the identifyringlanduse-elass-and flood-depthand-by-applying
the-appropriate depth-damage curve_corresponding to that landuse. The damage for each sScenario was estimated using this

procedureteot.

3.4 Calculation of flood risk and generation of risk map

Flood risk assessment is an essential part of risk management. Spatial distribution of risk and areas requiring mitigation

measures can be identified from flood risk maps (Meyeretaf52009Helm, 1996). To examine the spatial variation of risk,

flood risk analysis was carried out and a risk map was generated considering dike breaching at the critical location. Van Manen
and Brinkhuis (2005) and Klijn (2009) under FLOODsite project carried out research to quantify the flood risk for the polders
in The Netherlands for dike failure defining the risk as a product of the occurrence probability of the event and the
consequences_which was defined by Helm, (1996).. The-follewingEq. (4)-developedfrom FLOODsite definition was used to
calculate the risk due to flooding:

R=P:%*S 4

Where, R = risk, Pr = probability of occurrence of the flood hazard and S = consequences
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The exceedance probability (return period) of the cyclone induced storm surge was used as the probability of occurrence of
the hazard. The probability of flooding within a protected area is not the same as the probability of the hazard and depends
also upon the probability of failure of the dike. It is a difficult probability to compute as the probability of dike failure also
depends upon the dike maintenance, information about which were not available-and-we-did-not-have-information-abeout-dike

athtenanee. oo istie-appreach-Hhere we have assumed that the probability of occurrence of the hazard and the

probability of failure of dike ares the same.

3.5 Probabilistic flood map

Purvis et al. (2008) stated that the risk assessment for the most probable sScenario cannot take into account the impact of the
sscenario of low probability stressing the necessity of a probabilistic risk analysis. The equation used-suggested by Purvis et

al. (2008)_for probabilistic risk analysis was adjusted and used for this research to calculate the probability of flooding of each

cell and is presented below in Eq. (5):

SM | FijxP SRRy 1, if flooded
Pumsiay = SRR and By =y v
]= )

Where, P; is probability of flooding at cell i, Py is the probability of reaching a certain storm surge level in simulation number
J, Fy is the binary value indicating if the cell i is flooded or not in simulation j, j =1,2,3, .., M where M is the number of
Scenarios considered (=72), i =1,2,3,..., N are the computational grid cells on the polder area and N is the number of cells.

Equation (5) was used in this studypaper to calculate the probability of flooding at each cell. The probabilistic flood map
(PFM) was calculated using the results of all the scaneriosseenarios-ofthe-developed-seenario-matrix.

4. Results and discussion

SeSARES —The
-by comparing the observed and simulated
water level- . The

coefficient of determination (R?), root mean square error (RMSE) and mean absolute error (MAE)

0.98, 2.15 m%/s and 1.68 m’/s respectively for discharge; and 0.98, 0.09 m and 0.08 m respectively for water
level. The average discharge and water level was 5.68 m%/s and 0.82 m
respectively- . The calibrat - - ds the

-surges corresponding to cyclone Sidr (from November 14 to November 17, 2007). The simulation results indicates¢ that
the ~dike - was overtopped and the area inside the polder was inundated.
he survey conducted by Japan Society of Civil Engineers (JSCE)
(Hasegawa, 2008).

19



10

15

The coupled 1D-2D -model has not been calibrated because Nthere weare noe flood maps; showing flood extents available for

. However, the 2D part of the model was pseudo-

recent cyclones

calibrated -considering MODIS reflectance data. Such data -was used in order to analysed for the -inundation extent, though -

Fheavailability of MODIS datathis also posed considerable-was challengeds due to the cloud coverage during the cyclones.

The survey conducted by JSCE after cyclone Sidr was collected to investigate the flood extent and depth. which provided -
Eflood depth for only one location inside the study area-wasprovided-byJSCE. This location was used for the calibration of
2D model. The difference between the reported anderrer in-the- simulated flood depth was 4.5%. Prior to the calibration of the

B

s n). The analysis indicated that

the inundation model is not highly sensitive to the roughness coefficient and the areas of low flows (locations furthest from
the dike breach) are most sensitive. The sensitivity analysis was done for the breaching on the western part of the dike only. It

was considered that the breaching at other locations will have similar effects as the area inside the polder is flat and low lying

with mostly farmlands near the dike.

This Fhe-1D-2D model, which had wwith-limited calibration_points, was further used in simulating the developed sScenarios.

The simulated results were used #to analysinge flood depth, floed-extent and damages due to flood. The FRM and the PFM
were generated based on flood results of the modelfrem-theresults.

4.1 Inundation corresponding to three worst case Scenarios

Among the simulated sScenarios, the results of three worst case sScenarios (Scenario S1, S2 and S3) were compared for

identifying the critical location of breaching:- 5. The corresponding flood

maps for the worst case sScenarios are presented in Figure 8Fi .
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Figure 8: Flood extent corresponding to three worst case sScenarios of dike breaching in the central, eastern and
western section of the dike.

Flood extents corresponding to all different sScenarios presented in Table 1 were compared to understand the effect of SLR,
diurnal and seasonal tidal variation and angle of cyclone at landfall. The flood extentes of different sScenarios considering the

breaching at central part of the sea facing dike is presented in Figure 9Eisure 9.
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Figure 9: Comparison of flooded areas corresponding to different Scenarios considering the breaching at central part of
the sea facing dike.

Moreover different The-flooded-areasfor-different-land classes were considered ealeulated-while computing the flood extent

for the three worst case sScenarios (Table 3). The analysis of the flooded area-extents for different flood depths. based on the

considered land uses are presented +anses-were-also-analysed-in (Figure 10Figure18). The highest storm surge height among

all the developed scenarios were 7.2 m PWD (Table 2). This storm surge height with breaching at the western, central and

eastern parts of the dike were considered as the worst case scenarios and were denoted as Scenario S1, S2 and S3 respectively.

Table 3: Flooded areas of different land classes corresponding to the three worst case Scenarios.

Flooded Area (km?)
Land Classes
Scenario S1 Scenario S2 Scenario S3
Rice fFields 15.3 16.4 12.3
Settlements 3.1 3.1 2.1
Shrimp pPonds 0.2 0.1 0.1
Canals 1.2 1.7 1.2
Total 19.8 21.2 15.8
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Figure 10: Flooded areas for different ranges of flood depths corresponding to different Scenarios.

4.2 Comparison of calculated damages

The damage due to flooding was calculated using the depth-damage curves for different land classes-
. The calculated damages for different land classes and damages for different flood depths corresponding to the three

worst case sScenarios are presented in Table 4Fable4 and Figure 1 1FEisureH-

Table 4: Calculated flood damages for different land classes corresponding to different sScenarios.

Estimated flood damage (million Euros)
Land Classes
Scenario S1 Scenario S2 Scenario S3
Rice Fields 0.4 0.4 0.3
Settlements 10.3 10.3 8.3
Shrimp Ponds 0.0 0.0 0.0
Total 10.7 10.7 8.7
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Figure 11: Variation of estimated flood damages with varying ranges of flood depths corresponding to Scenario 1, 2
and 3.

4.3 Risk map for the worst case sScenario

The flood risk map for the sScenario with the critical location of breaching of dike is presented in Figure 12FEisure42. The

Hapswere—cencrated—using pre platned—n-thepreviov on—{Methedelosy)—The risk map presents the

assessed risk of flooding due to breaching at critical locations of the dike. Comparison of flooded area and damage due to flood

for the three worst case scenarios lead to the identification of Scenario S1 as the critical location of breaching. The identification
of the critical location of breaching is described in the-following section 4.5.
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Figure 12: Flood risk map corresponding to the dike breach at the critical location of the dike. The following three
classes of risk are shown: high, medium and low. The considered four landuses are shown as well.

4.4 Probabilistic flood map

Although the inundation maps are widely used for spatial planning and flood mitigation measures, the uncertainty of

mathematical modelling-tes! affects the output of inundation maps (Alfonso et al., 2016). Fe-take-theln order to account for

uncertainty-inte-aceeunt, probabilistic flood maps are suggested to be used (Domeneghetti et. al., 2013). The probabilistic

flood map was calculated from the inundation maps corresponding to the 72 sScenarios considered in the study. Probabilistic
flood maps were calculated for a threshold of flood depth greater than 0.5 m. The developed damage curves suggest that the

damage for flood depth below 0.5 m is minimal. Moreover, considering the widely accepted ‘Feo-explore-the-effeetofliving
with floods” philosophy in Bangladesh a threshold of 0.5m was adopted. -conceptand-to-takethe-uncertaintyofthe DEM-and

local people—TMeoreover—this arbitrary—thresholddepth was used in developing thefor PMFs and. This threshold was not

considered while the estimation of damage due to flood was conducted net-affeeted. The calculated probabilistic flood maps

are presented in Figure 13FEisure13. The probabilistic flood map indicates the likelihood of being flooded. This will assist the

planning for future land use zoning, which can be used to restrict further developments in the floodplains.
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Figure 13: Probabilistic flood map of the study area. Varying colours indicate probabilities of obtaining flood depths
more than 0.5m.

4.5 Discussion on the results

Asmenethe seenartos-developedtheresultsoft The flood extent for the simulated result of 72 scenarios were compared. Flood

extent varies for different scenarios with different conditions such as the daily (high and low tide) and biweekly (spring and

neap tide) tidal variation, sea level rise and angle of landfall (Figure 9)

Three worst case sScenarios (Scenario S1, S2 and S3) were compared by generating flood maps, calculating total flooded areas
and total damages. The flood maps for Scenario S1, S2 and S3 ( _g%g@) demonstrate that large area is flooded for all
the breach locations. Hewe hanAt least 25% of the total
area of Polder 48 was inundated for all-the three swerstease-Sscenarios (Table 3). With-In the case of all 2three considered

sScenarios. the inundation area withhaving flood depths from 0.5 to 1.0 m. was larger than the inundation areas with other
flood depths (Figure 10Eigure18). The inundation area with flood depths more than 1m was largest for Scenario 3. due to the
depressions close to the dikes (Figure 10Eigure10). The rice fields were flooded- mostre-in-al-three Seenarios; while—mest
and-the shrimp ponds were flooded least in all the storal-the-Scenarioss (Table 3).

Flood risk was quantified with damage due to floods (negative consequences) and probability of occurrence. The total

estimated damages due to flooding for Scenario S1, S2 and S3 were 10.7+, 10.67 and 8.6+ million Euros. respectively (Table

4Fable4). For all the sScenarios, a 1--in—-25 year cyclone event was considered. The damage to the settlements was greater

than other land classes for all the sScenarios (Table 4Fable4). Rice fields were flooded most but they did not experience the

highest damage compared to other landuse classes (Table 3 and Table 4Table4). This can be explained by the high damages

in settlements compared to rice fields (Table 4Fable4). The damage to crops depends on the flood depth, duration and overland

flow velocity. For simplification, only the damage related to flood depth was used. As the probability of cyclones were
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considered the same for all the sScenarios, the calculated damage governed the estimated flood risk. i.c.. —Hhigher damage to

the settlements translated as higher risk of flooding. The primary economic activity of the inhabitants of the study area is

farming (BBS, 2011) and most of the inhabitants are poor_(with a poverty rate of 0.628) (Alamgir et al.. 2018). Even though

the estimated damage and risk of flooding to crops are-were much less compared to other land uses, it will affect the people

living in the study area most as they depend on the farming of rice for their livelihood (Nasreen et al., 2013). Hasan et al.

(2004) found out that the dependence on fishing (in the sea) by the inhabitants of Polder 48 are increasing due to loss of crops
by flood, loss of productivity, lack of jobs and poverty. Fishing in the-sea—is—a—riskyprofession—for-the coastal region of

Bangladesh as it yields lower economic returns leading to enhanced poverty (Hasan et al., 2004).

The damage was maximum with flood depths 0.1 to 0.5m for all the sScenarios (Figure 11FEisare+). The damage due to

inundation less than 0.1m was small and insignificant. The damage is a function of flood depth but the unit is per unit area(per

m?).Therefore, if the flood extent for higher depth is lower, the damage due to flood might be lower even though the flood

damage increases significantly for inundation more than 0.5m_according to the developed depth damage curves (Figure 7Eisure

7).

Generated PFM indicated that the areas adjacent to the seafacinedike facing the seaside, have higher probability of flooding

and the rice fields are more prone to flooding (Figure 13Eieure13). Moreover, the areas protected by mangrove forest might
also be flooded dueto-breaching—efof the -unprotected location of the dike is breached (Figure 13Fisure13), stressing the

importance of proper maintenance of the dike everywhere.
Thet+hadhisherrisk-of floedingas-the damage due to flooding was maximum for Scenario S1_which results in higher risk of

flooding for scenario S1. Total flooded area for settlements of Scenario S1 was lower than Scenario S2 (Table 3) but the

estimated damage for settlements of Scenario S1 was more than Scenario S2 (Table 4Fable—4). This indicates that the

settlements for Scenario S1 were exposed to greater flood depth_and higher risk of flooding than Scenario S2. Furthermore,

IseenarioScenario S1 had similar total damage due to flood with lower flood extent than Scenario S2 (Table 3 and Table

4Fable4). Considering these facts, Scenario S1 was selected as the worst case Scenario and breaching at the western part of

the sea facing dike was identified as the critical location for breaching during cyclone.

The scenarios with the effect of climate change (sea level rise) had more damage compared to the scenarios without climate
change. Scenarios S1, S2 and S3 were associated with the highest storm surge height. With the same set of conditions without

climate change (sea level rise) the storm surge height was 6.52 m PWD (Table 2). The damage corresponding to breaching of

eastern, central and western locations of the dike due to the storm surge without climate change impact were 23.3%. 20.5%
and 21.7% respectively lower than the damages with the climate change. The corresponding values for the flood extent were
30.1%., 21.67% and 27.21% respectively lower than the flood extent areas with the climate change impact.
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The probability of occurrence of the storm surge and damage caused by inundation were taken into account consideration for
the risk calculation. In case of breaching of the dike, the probability of flooding was considered the same as the probability of

occurrence of storm surge. The depicted risk map (Figure 12Eisure12) shows the areas adjacent to the dike breach is at higher

risk and the risk reduces as the flood propagates towards east.
Canals are used as a mode of transportation by the inhabitants of the area. Most of the economic activities and residential areas

are by the canals. The risk analysis show that the areas at highest risk are the settlements by the canals (Figure 12FEisure12).

Therefore, although canals plays a crucial role in the economy and social life of the area, they also increase the risk of flooding

and probability of higher damage to the adjacent areas.inerease-therisk-ef flooding:

Land use plan plays an important role in reduction of vulnerability to disasters (Burby, 1998). Probabilistic flood maps (PFM)

can be used for land use planning (Alfonso et al., 2016). For better understanding of the area at risk of flooding due to breaching
of dike, probabilistic flood maps (PFM) were generated for the study area (Figure 12FEisure42 and Figure 13Eisure43). The

results of 72 Scenarios from Scenario matrix was used for calculation of PFM. The areas adjacent to the sea dikes had higher

probability of flooding due to breaching of dike for both PFMs. The areas inland had lower probability of flooding. Existing
land use indicates that the areas with lower probability of flooding are mostly rice fields (Figure 12Eigure42 and Figure
13Eigure13). Land use zoning and management using the PMF can reduce the vulnerably-and-if-used-properhyeaniead-te
cospoiie e b,

5. Conclusions

A 1D-2D coupled model was developed to investigate the inundation pattern inside due to breaching

by cyclone induced storm surges. Different scenarios were formulateddeveloped and simulated using a 1D-2D

coupled model. The results of these simulations were used to calculate the total flooded area and damage due to flooding.

Simulated results of three worst casetheresults-efthese scenarios S1, S2 and S3 were compared based on usingthe total flooded

area and estimated damage._The comparison ledEstimated-damage-and flood-extent-were-compared to identification of ¥ the

critical location of dike breaching during a cyclone. EThe flood risk map and probabilistic flood map were generated for the

dike breaching during a storm surge using the results of the developed scenarios to identify the areas at higher risk and higher

probability of flooding.

Flood linundation for the three worst case scenarios S1, S2 and S3 indicated that the maximum flooded area was obtained
corresponding to eeeurs-during-the breaching of central part of the sea facing dike. Mestflooded-area-had flood-depth-of 01+

to-0-5—mfor-al-three breachingloeations;. The highest flooded area was obtained corresponding to —witeh-scenario S2
when-breaching is- the central part)-havinshad-the-highest-depth.The —Ddamage for scenario S1 (breaching in theat

western part) and -S2 (breaching in theat central part) were equal.;-:

m-From these findings it can be concluded that the flood extents,

flood depth and damage éu%te—ﬂeed—n%&ef—breaelmg—ef—th&d—ﬂe&dependeds on_the breach location. Moreover, the
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comparison of the flood damages and flood extent led to identification of scenario S1 as the worst case scenario and the western

part of the sea facing dike as the critical location for breaching.

The scenarios considering the effect of climate change (sea level rise) indicated that the flood extent and damage due to flood

will increase with sea level rise.

Flood risk was calculated as the product of occurrence probability of flood event and negative consequences (damage). The

generated flood risk maps indicated that for all the Scenarios areas adjacent to the dike and canals inside the polder had higher
risk of flooding. For better access to the canals, for transportation and livelihood, development of infrastructure and households
nearby the canals consequently increases_the vulnerability. Similarly, developing land for infrastructure and household on the
country side of the dikes increases vulnerability. Combining effect of increased vulnerability and higher flood depth results in
elevated risk of flooding due to dike breach during a cyclone.

Inundation maps of all 72 scenarios were compared to generate the probabilistic flood map Prebabilistiec flood-maps-generated
by-eensidering-all-thes-which indicated that the areas with rice fields and-settlements-are the least and the settlements are the
most probable areas land-useto be flooded-respeetively. Although the inhabitants are mostly dependent on agriculture, the

flooding of settlements will cause most damage and forcee relocation.

Measured storm surge level for previous cyclones were unavailable. Therefore, for this research synthetic water level time
series wasere generated considering the storm surge height presented by Islam et al., 2013, for a cyclone of 25 year return
period. The probability of flooding in a protected area is complicated andFurthermere; it was assumed that the eyelone—will
abways—eause-breaching-whichresulted-inprobability of storm surge occurrence and breaching are the samehaving-the-same
probability-ef eceurrence. Due-to-limited field-observations:L.imited number of field observations were available to compare
the results of the 2D model. The limited calibration possibility of hydraulic modelswas-ealibrated-with-few-peints-enty—This

stresses the importance of field observations pre. post and during flood -events. As the future land use data were not available,

current landuse has been used for the future scenarios as well.

The primary objective of the research was to present a methodology for generating FRM and PFM for the breaching of dike

during a cyclone. Due to the lack of data on the existing condition and previous history of breaching of the dike, the probability

of the dike breaching could not be determined. Comprehensive survey should be conducted to determine the physical condition

of the existing embankments and their breach history. Using this data, a join probability of flooding due to storm surges and

breaching mayshould be considered infer future studies. As the sea beach outside the dike on the sea side was not included in

the 2D model, the effect of mangrove forest could not be determined. A Ssingle breach location was considered for all the

developed scenarios. The probability of multiple dike breaching for a polder should be studies as well. Moreover, due to lack

of data, the storm surge height for the present scenarios was used for future scenarios as well. As the sea surface temperature

will change in the future due to climate change-€€. the height and the-intensity of the storm surges will be effected as well.

Research on the change of storm surge height and intensity due to €€ climate change should be conducted in the future.

Bathymetric data with course grid resolution from GEBCO was used Aas the measured bathymetric data for the sea was not

. Furthermore, the study relied on the previous
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literatures for developing depth damage curves. Conducting field survey to generate these curves will provide more reliable

damages due to flood. The developed and simulated model depended on the field measurements and logical assumptions which
might be the source of errors. For damages, only direct damages were included. Inclusion of indirect damages will provide

more realistic estimates.

Bangladesh is a hazard prone country and cyclone induced storm surge is one of many natural disasters experienced by the

coast of Bangladesh. The storm surges cause severe damage to the earthen embankment/dikes protecting the coastal polders

and-flood-the-area-inside-the-coastal pelders. The methodology presented in this paper to develop the 1D-2D inundation model,
PFM, risk maps and to identify the critical location for breaching can assist in better preparedness against flooding and help in

by—}mpiﬁeved—ﬂeed—ﬂsk—assessmeﬂt—,damage reduction by land use zoning and management—impreved—monitoring—and

floodfreezone-forfuture-developmentandreloeation- At present, the PFM and FRM due to storm surges and breaching of the

dikes are not available for the coastal polders.

Climate change will likely cause increase in the frequency and intensity of the cyclone around the world. This will call for

large investments for the improvement of existing or new protection works for the deltas. Identification and prioritising

maintenance of critical locations of dike breaching can potentially prevent a disaster. Non-structural tools such as land use

zoning with the help of flood risk maps and probabilistic flood maps have the potential to reduce the risk and the damage due

to dike breaching. The method presented in this research can potentially be utilized for the deltas around the world to reduce

vulnerability and flood risk due to dike breach caused by cyclone induced storm surges.

6. Acknowledgements

The support of Institute of Water Modelling (IWM), Dhaka, Bangladesh, in providing the surveyed data is gratefully
acknowledged.

References

Ahamed, S., Rahman, MM. and Faisa, M.A.: Reducing Cyclone Impacts in the Coastal
Areas of Bangladesh: A Case Study of Kalapara Upazila. Journal of Bangladesh Institute of Planners ISSN, 2075, 9363,
2012.

30



10

15

20

25

30

Alamgir, M., Furuya, J., Kobayashi, S., Binte, M. And Salam, M.: Farmers’ Net Income Distribution and Regional
Vulnerability to Climate Change: An Empirical Study of Bangladesh. Climate, 6(3), 65., 2018.

Alfonso, L., Mukolwe, M.M. and Di Baldasssarre, G.: Probabilistic Flood Maps To
Support Decision-Making: Mapping the Value of Information. Water Resources Research, 52 (2), 1026-1043, 2016.

Azam, M.H., Samad, M.A. and Mahboob-Ul-Kabir.: Effect of Cyclone Track And Landfall Angle on The Magnitude of Storm
Surges Along the Coast of Bangladesh in the Northern Bay of Bengal. Coastal Engineering J., 46(3), 269-290, 2004.

Bangladesh Bureau of Statistics (BBS).: Population Census 2011. Available online
at: http://www.bbs.gov.bd/Census2011/Khulna/Khulna/Khulna_CO01 [Accessed 25 February 2016], 2012.

Bangladesh Water Development Board (BWDB).: Technical Feasibility Studies and Detailed Design for Coastal Embankment
Improvement Programme (CEIP) (Main Report), Ministry of Water Resources, Government of the People’s Republic of
Bangladesh. Available online at: http://bwdb.gov.bd/archive/pdf/364.pdf, 2013.

Barredo, J.I. and Engelen, G.: Land use scenario modeling for flood risk mitigation. Sustainability, 2(5), 1327-1344, 2010.

Brown, S. and Nicholls, R.J., 2015. Subsidence and human influences in mega deltas: the case of the Ganges—Brahmaputra—
Meghna. Science of the Total Environment, 527, 362-374.

Burby, R.J. ed.: Cooperating ~ with  Nature: Confronting  Natural — Hazards  with  Land-Use
Planning for Sustainable Communities. Joseph Henry Press, 1998.

Biichele, B., Kreibich, H., Kron, A., Thieken, A., Thringer, J., Oberle, P., Merz, B. and
Nestmann, F.:  Flood-Risk ~ Mapping:  Contributions = Towards an  Enhanced  Assessment  of
Extreme Events and Associated Risks. Natural Hazards and Earth System Sciences, 6(4), 485-503, 2006.

Center for Research on the Epidemiology of Disaster. EMDAT- The International
Disaster Database. [ONLINE] Available at: http://www.emdat.be/database. [Accessed 16 May 2016], 2009.

Chau, V.N,, Cassells, SM. and Holland, J.: Measuring Direct Losses to Rice Production
From Extreme Flood Events in Quang Nam Province, Vietnam. In 2014 Conference (58th), February 4-7, 2014, Port
Magquarie, Australia (No. 165813). Australian Agricultural and Resource Economics Society, 2014.

Climate-Data. Climate: Kuakata. Available online at: http://en.climatedata.org/location/969757/ [Accessed 11 March 2016],
2016.

CSPS (Cyclone Shelter Preparatory Study): Mathematical Modelling of Cyclone Surge and Related Flooding, Cyclone Risk
Area Development Project, vol. I., Bangladesh Disaster Preparedness Center, 1998.

Dasgupta, S., Huq, M., Khan, ZH. Ahmed, M.M.Z., Mukherjee, N., Khan, M.F. and Pandey,
K. Cyclones in A Changing Climate: The Case of  Bangladesh. Climate and
Development, 6(2), 96-110, 2014.

Domeneghetti, A., Vorogushyn, S., Castellarin, A., Merz, B. and Brath, A.: Probabilistic Flood Hazard Mapping: Effects of
Uncertain Boundary Conditions. Hydrology and Earth System Sc., 17(8), 3127-3140, 2013.

31



10

15

20

25

30

Ericson, J.P., C.J. Vorosmarty, S.L. Dingman, L.G. Ward, and M. Meybeck.: Effective
Sea-Level Rise and Deltas: Causes of Change and Human Dimension Implications. Global
Planetary Change 50, 63-82, 2005.

Fatema, K., Miah, T.H, Mia, M. and Akteruzzaman, M.: Rice Versus Shrimp Farming
in Khulna District of Bangladesh: Interpretations of Field-Level Data. Bangladesh J. — of
Agri. Economics, 34(1-2),2011.

Flather, R.A.: A storm surge prediction model for the Northern Bay of Bengal with application to the cyclone disaster in April
1991. Journal of Physical Oceanography 24.1, 172-190, 1994.

Fromm, J.E.: Lagrangian Difference Approximations for Fluid Dynamics (No. LA-2535). Los Alamos National Lab Nm,
1961.

Government of Bangladesh (GOB).: Damage, Loss and Needs Assessment for Disaster Recovery and Reconstruction, Cyclone
Sidr, Bangladesh. Government of Bangladesh, 21, 27-28, 2008.

Hall, J.W., Tarantola, S.,  Bates, P.D. and  Horritt, M.S.: Distributed  Sensitivity ~ Analysis
of Flood Inundation Model Calibration. J. of Hyd. Engg, 131(2), 117-126.
Harrington, B.W., 2005. Hazard Classification & Danger Reach Studies for Dams, 2005.

Hasan, M., Billah, MM. and Roy, T.K.: Tourism and Fishing Community of Kuakata: A
Remote Coastal Area of Bangladesh, Part-1. Support for University Fisheries Education and Research Project,
Department for International Development, UK, 2004.

Hasegawa, K.: Features of Super Cyclone Sidr to Hit Bangladesh in Nov 07 and Measures for Disaster from Results of JSCE
Investigation. In Proceedings of the WFEO-JFES-JSCE joint international symposium on disaster risk management.
Sendai, Japan, 2008.

Heitzman, J. and Worden, R.L.: Bangladesh, A  Country Study, Washington @ GPO (U.S.
Government Publishing Office), 1989.

Helm, P.: Integrated risk management for natural and technological disasters. Tephra, 15(1), 4-13, 1996

Hoque, M.A.A., Phinn, S., Roelfsema, C. and Childs, 1. Assessing Tropical Cyclone Damage
Using Moderate Spatial Resolution Satellite Imagery: Cyclone Sidr, Bangladesh, Proceedings of the 36th Asian
Conference of Remote Sensing, 2007,

Islam, M., Khan, M., Alam, R., Khan, M. and Nur-A-Jahan, I: Adequacy Check
of Existing Crest Level of Sea Facing Coastal Polders by the Extreme Value Analysis Method. IOSR J. of Mechanical
and Civil Engg., 8(1), 89-96, 2013.

Institute of Water Modelling (IWM): Impact assessment of climate change on the coastal zone of Bangladesh. Final Report,
Institute of Water Modelling, Dhaka, Bangladesh, 37, 2005.

Karim, M.F. and Mimura, N.: Impacts of Climate Change and Sea-Level Rise on Cyclonic Storm Surge Floods in Bangladesh.
Global Environmental Change, 18(3), 490-500, 2008.

32



10

15

20

25

30

Khan, A.E., Ireson, A., Kovats, S., Mojumder, S.K., Khusru, A., Rahman, A. and Vineis, P.: Drinking water salinity and
maternal health in coastal Bangladesh: implications of climate change, Environmental health perspectives, 119(9), 1328,
2011.

Klijn, F.: Flood risk assessment and flood risk management; an introduction and guidance based on experiences and findings
of FLOODsite (an EU-funded integrated project). Deltares, 2009.

Knutson, T.R., McBride, J.L., Chan, J., Emanuel, K., Holland, G., Landsea, C., Held, I., Kossin, J.P., Srivastava, A.K. and
Sugi, M.: Tropical Cyclones and Climate Change. Nature Geoscience, 3(3), 157, 2010.

Madsen, H., Jakobsen, F.: Cyclone induced storm surge and flood forecasting in the northern Bay of Bengal. Coastal
Engineering 51 (4), 277-296, 2004.

Mendelsohn, R., Dinar, A. and Williams, L.: The Distributional Impact of Climate Change on Rich and Poor
Countries. Environment and Development Economics, 11(2), 159-178, 2006.

Mendelsohn, R., Emanuel, K., Chonabayashi, S. and Bakkensen, L.: The Impact of Climate Change on Global Tropical
Cyclone Damage. Nature climate change, 2(3), 205, 2012.

Water Development and Flood Control (MIWF): Comparison of Elevation Data from BWOB and FINNMAP, Flood Action
Plan (FAP) 19, Ministry of Irrigation, Bangladesh, 1993.

Muktadir, M.A. and Hasan, D.M.: Traditional house form in rural Bangladesh: a case study for regionalism in architecture,
Regional seminar on Architecture and the Role of Architects in Southern Asia, 19-23, 1985.

Nasreen, M. and Azad, M.AK.: Climate Change and Livelihood in Bangladesh:
Experiences of People Living in Coastal Regions. Proc. of Int. Conf. on Building Resilience, 1-25, 2013.

National Oceanic and Atmospheric Administration (NOAA).: The Worst Natural Disasters by Death Toll. Available online at:
http://docs.lib.noaa.gov/noaa_documents/NOAA related docs/death toll natural disaster.pdf [Accessed 08 March
2016], 2008.

Neumann, B., Vafeidis, AT, Zimmermann, 1. and Nicholls, R.J.: Future Coastal
Population Growth and Exposure to Sea-Level Rise and Coastal Flooding-A Global Assessment. PloS one, 10(3), 2015.

Oumeraci, H., Breaching of Coastal Dikes: State of the Art. TU Braunschweig, 2006.

Parry, M., Canziani, O. and Palutikof, J. eds.: Climate change 2007: impacts, adaptation and vulnerability (Vol. 4). Cambridge:
Cambridge University Press, 2007.

Purvis, M.J., Bates, P.D. and Hayes, C.M.: A Probabilistic Methodology to Estimate Future Coastal Flood Risk Due to Sea
Level Rise. Coastal engineering, 55(12), 1062-1073, 2008.

Rahman, M.M.: Country report: Bangladesh, ADBI-APO workshop on climate change and its impact on agriculture, Seoul,
Republic of Korea, 13-16, 2011.

Reese, S. and Ramsay, D. RiskScape: Flood fragility methodology. Wellington, New
Zealand. National Institute of Water and Atmospheric Research, 42, 2010.

Ritter, S.K., Global Warming and Climate Change. Chem. Eng. News, 12(21), 11-21, 2009.

33



10

15

20

25

30

Samuels, P.G.: Backwater Lengths in Rivers. Proc. of the Inst. of Civil
Engineers, 87(4), 571-582, 1989.

Sarraf, M., Dasgupta, S. and Adams, N.: The cost of adapting to extreme weather events in a changing climate. Bangladesh
development series paper, 28, 2011.

Sarwar, M.G.M.: Impacts of Sea Level Rise on the Coastal Zone of Bangladesh. Available online at: http.//static. weadapt.
org/placemarks/files/225/golam_sarwar. pdf (Accessed: 25th May, 2016), 2005.

Shahid, S.: Probable impacts of climate change on public health in Bangladesh. Asia Pacific Journal of Public Health, 22(3),
310-319, 2010.

Simple Action for the Environment (SAFE), Case Study: Construction of Improved Rural House in Dinajpur, Bangladesh.
Housing and Hazards: Simple Action for the Environment (SAFE), 2011.

Smith, W.H. and  Sandwell, D.T.: Global sea  floor topography  from  satellite altimetry
and ship depth soundings. Science, 277(5334), 1956-1962, 1997.

Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K. and Boschung, J.: Climate
Change 2013: The Physical Science Basis. Working Group 1 (WGI1) Contribution to the
Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report (ARS). Cambridge, United Kingdom and
New York, NY, 2013.

TANGO International.: An Assessment of Livelihood Recovery. DAP Emergency
Program (Cyclone Sidr Response). Save the Children Bangladesh, 2010.

Van Manen, S.E. and Brinkhuis, M.: Quantitative Flood Risk Assessment for
Polders. Reliability engineering & system safety, 90(2), 229-237, 2005.

Woodruff, J.D., Irish, J.L. and Camargo, S.J.: Coastal Flooding by Tropical Cyclones and Sea-Level Rise. Nature, 504(7478),
44, 2013.

World Bank.: “Vulnerable Twenty” Ministers Call for More Action and Investment in Climate Resiliency and Low-Emissions
Development. Available online at: http://www.worldbank.org/en/news/feature/2015/10/08/vulnerable-twenty-ministers-
moreaction-investment-climate-resilience-low-emissions-development. [ Accessed 22 February 16], 2015.

World Bank.: Data.worldbank.org. (2018). Bangladesh Data. [online] Available at:
https://data.worldbank.org/country/bangladesh [Accessed 30 Jul. 2018].

34



