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Abstract

In many countries, infrastructure plays a crucial role reducing losses during a cyclone. Bangladesh
is already extremely vulnerable to tropical cyclones, and its infrastructure is frequently damaged by such
events. However, climate change is expected to make the infrastructure itself, more vulnerable to cyclonic
events in the future. This paper assesses the risk to coastal infrastructure in Bangladesh under climate
change, from a multi-hazard perspective. A novel risk assessment matrix is proposed, examining the likely
future risk to the country’s key infrastructure elements from six prioritised hazards. The hazards stem from
changes to baseline climate, and from predictions of stronger cyclones as a result of climate change. We
show that Bangladeshi infrastructure is extremely at risk, suggesting rapid action and mitigation measures
are needed. Climate change will increase the vulnerability of infrastructure on its own, but higher storm
surges related to intensified cyclones pose the greatest risk, with catastrophic impacts on all types of
infrastructure. A number of recommendations to improve the infrastructure are made. Due to the severity
of the risks, alternative measures to protect Bangladesh and its population should be considered. These
may be natural defences, efficient evacuation procedures, integration of communities to the design and
construction process, or relocation of populations. These measures may be more sustainable in the long
term in a place with geophysical, geographical, social and financial contexts such as those found in
Bangladesh.

1. Introduction

Climate change is a long-term evolution in the state of the Earth’s climate, identifiable by changes
in values of climatic properties (IPCC, 2012). Although a changing climate has always been part of Earth’s
evolution, there is a growing body of evidence that recent evolutions in climate are anthropogenic changes
rather than natural occurrences, and that they will have unprecedented consequences on conditions of life
on Earth (Berlemann and Steinhardt, 2017).

A changing climate has the potential to affect various properties of tropical cyclones, and thus
intensify them (IPCC, 2012). It has even been suggested that the scale currently used to measure their
intensity might require the addition of an extra category (Albert, 2018). It is therefore essential to assess
how climate change will impact parameters of tropical cyclones, as such variations can have important
consequences.

Along with earthquakes, tropical cyclones are the largest geophysical cause of loss of life and
property (Emanuel, 1987). However, for a hazard like a cyclone to turn into a disaster, it has to take place
in a location with high vulnerability, meaning it is predisposed to be negatively affected (IPCC, 2012). In
addition to potentially affecting cyclones development, climate change affects the environment and society
in ways that can make them more vulnerable to cyclones. It is expected that vulnerability to cyclones is
going to increase because of global warming regardless of whether cyclonic intensities increase. Some
studies have even argued that any evolution in cyclone behaviour as a result of a warmer climate will have
an insignificant effect compared to climate-induced impacts on vulnerability (Pielke, 2005). Therefore,
looking at the impacts of climate change on vulnerability is as important as looking at its impacts on the
hazards. Vulnerability has different dimensions including socio-economic, environmental, and physical. It
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is the latter that will be the focus of this study, as we focus our assessment of the risks primarily on those
posed to physical infrastructure along the coastlines.

Not all countries are equal when it comes to cyclone occurrence. Bangladesh, bounded on the
south by the Bay of Bengal, the north-eastern part of the Indian Ocean, is exceptionally prone to cyclone
formation. It is the country where the two deadliest cyclones ever made landfall (Ali, 1996; Islam and
Peterson, 2009). To add to this hazardous climate, Bangladesh is also one of the countries most affected
by climate change consequences worldwide (Adams et al., 2011). This puts Bangladesh particularly at risk
from intense cyclone activity in the future.

In May 2020, the Category 5 Cyclone Amphan formed in the Bay of Bengal and later made landfall
in Bangladesh and India (Jenner, 2020). It was the strongest cyclone ever recorded in the Bay of Bengal,
followed only by the 1999 Odisha cyclone, which caused 10,000 casualties (Zargar, 2020a, 2020b). The
India Meteorological Department stated the cyclone wind speeds reached up to 240 km/h, with gusts as
high as 265 km/h, and they predicted storm surges 3 to 5 metres high (BBC News, 2020; Nandi and
Thakur, 2020).

In Bangladesh, the cyclone washed away 7.5 kms of coastal embankments and partially damaged
over 32 kms of them. The embankment failures enabled surge water to flood up to 15 kms inland, rendering
as much as 500,000 families homeless (Nagchoudhary and Paul, 2020; Sud and Rajaram, 2020). Kolkata,
the largest city in the cyclone path, received winds unprecedented in its history (Sud and Rajaram, 2020).
Additionally, 133 villages were inundated in coastal districts as a result of heavy precipitations and storm
surges (Roy et al., 2020). About 2 million Bangladeshi residents were evacuated to over 12,000 cyclone
shelters, with the added challenge of adhering to social distancing rules, as the cyclone hit in the midst of
the COVID-19 pandemic (Zargar, 2020a).

Although the number of fatalities was significantly lower than for previous cyclones that made
landfall in Bangladesh — thanks to improvements in technology and governmental preparedness over the
last few decades — from a meteorological perspective, this cyclone was the most extreme ever recorded
in this region (Zargar, 2020a, 2020b). The Indian Institute of Tropical Meteorology stated that the Bay of
Bengal recorded sea surface temperatures of 32 to 34°C continually for the first half of May 2020 — a
record never seen before, and believed by scientists to have been the cause of this intense cyclone
(Chaitanya, 2020).

There has been extensive research on the impact of climate change on cyclones, and on the
impact of climate change and cyclones on Bangladeshi infrastructure. There seems to be little research
into how climate change will make the country’s coastal infrastructure more vulnerable to cyclones in the
future, be it through more vulnerable infrastructure as a result of known effects of climate change, or
because of potentially stronger cyclones, or both. There is strong evidence that cyclones in Bangladesh
have recently achieved record intensities, as shown by cyclone Amphan in May 2020, and further research
is essential to achieve resilience to future cyclonic events.

This paper reviews existing studies on the impact of climate change on tropical cyclone
development. Climate hazards are identified, prioritised and integrated in a risk assessment. The paper
further identifies five types of crucial physical infrastructure that are normally affected by cyclone activity
in Bangladesh along the coastlines: roads, cyclone shelters, coastal embankments, houses and polders.
We propose a risk framework to assess the impacts of identified climate hazards in the context of their
likelihood of occurrence in the future. This framework will be used to understand the overall risks to
Bangladeshi infrastructure and help prioritising specific interventions to improve resilience to tropical
cyclones.

2. Cyclones and climate change

Cyclones get their energy from latent heat, a result of high Sea Surface Temperatures (SSTs)
(Climate Council, 2017). Cyclone genesis benefits from a strong vertical temperature gradient which
maintains convection, therefore the greater the temperature difference between SSTs and upper
atmospheric levels, the higher the chances of cyclone formation. As global increases in atmospheric
temperatures have been observed, the difference in temperature between levels of the atmosphere is
reducing, which should lead to a decrease in the frequency of tropical cyclones (Gray, 2005). Nevertheless,
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the higher the temperatures, the more energy a cyclone can draw to fuel strong winds, storm surges and
heavy precipitations (Emanuel, 2000; Wing et al., 2007; Reed et al., 2010; Hughes et al., 2017). Therefore,
an increase in SSTs as a result of global warming can create potential for higher cyclone intensities.

Models produced by Knutson and Tuleya (2004) and Knutson et al. (2015), based on a 1% yearly
increase in CO2 concentrations, all showed a COz2-induced increase in cyclone wind intensity and
precipitation rates, a conclusion also adopted by the IPCC (2013). Moreover, Knutson et al. (2015) also
showed that, although the total number of cyclones is expected to decrease in a warmer climate, the
proportion of category 4 and 5 cyclones (on the Saffir—Simpson Hurricane wind Scale, SSHS thereafter)
from this number will increase. This suggests the frequency of occurrence of strong cyclones affecting
Bangladesh will increase in the future. In a paper by Unnikrishnan et al. (2006) researchers used a climate
model for the Bay of Bengal and compared results from a control run with CO2 concentrations fixed at the
1990 levels, and from a perturbed run with increased CO2 emissions. They found that intense cyclonic
events would increase in frequency and showed that this would also result in more frequent high surges
in the Bay.

When referring to a potential increase in intensity, experts are not always consistent on their
definition of intensity. Some, like Anthes et al. (2006) only look at wind velocities, whereas others like
Knutson et al. (2015) and Emanuel (2005a) also assess impact on precipitation rates. Webster et al.
(2005), on the other hand, discuss the frequency of hurricanes of different categories on the SSHS, which
is a function of wind speeds. However, Kantha (2013) pointed out that the SSHS can often lead to
complacency, and hurricanes like Ike or Sandy have demonstrated that damage done upon landfall is not
always a function of hurricane category. Other issues with the SSHS are brought up, such as the fact that
it saturates at its higher end, meaning that all hurricanes in Category 5 are considered equal. This could
prove especially relevant as cyclonic wind speeds are expected to increase in the future.

The influence of climate change on tropical cyclone genesis or evolution remains uncertain. The
punctual nature of cyclones and the timescales of other factors associated with their genesis make it
difficult to measure changes in parameters. Some climatic measurements have first been recorded less
than a century ago, hence natural multi-decadal or century-wide variations cannot be differentiated from
anthropogenic changes. Furthermore, when carrying out a risk assessment of the potential damage
caused by a cyclone, the hydrometeorological parameters are not always those that are of direct interest
to decision makers and coastal engineers in designing mitigation measures. Societal changes, including
migration to coastal areas, mean damages to coastal areas have a larger economic impact, and affect a
larger and denser population. However, it is undeniable that the climate is warming, and with the
expectation of more frequent and more intense cyclones, it is prudent to start early preparation to reduce
the risk to Bangladesh infrastructure and society.

3. Hydrometeorological Hazards in Bangladesh

Bangladesh is highly vulnerable to climate change due to its location, and some climate change
impacts are already being observed. These are expected to be permanent and long-term impacts severely
affecting coastal regions and infrastructure (M. A. Rahman and Rahman, 2015). Bangladesh is situated in
the delta of the Ganges, Brahmaputra and Meghna rivers (GBM thereafter), meaning that variability, timing
and location of flooding within the entire basin have consequences on Bangladesh (Adams et al., 2011).
Only 7% of precipitations in the GBM basin occur in Bangladesh, but the entire basin flow of 1,350 billion
m3 annually drains through the country, making Bangladesh prone to flooding and vulnerable to increases
in rainfall (ibid). Moreover, most land is very low-lying, having elevation lower than 10 meters above mean
sea level (Shamsuddin, 2008). Agrawala et al. (2003) highlighted that an increase in sea levels of just one
meter would flood 18% of the territory.

In addition to being highly vulnerable to climate change, Bangladesh is one of the countries most
affected by cyclones. Of the world’s cyclones, 7% form in the Northern Indian Ocean basin, of which 14%
hit Bangladesh, which is a small country (Ali, 1996). Latitudes favourable to severe cyclones formation are
within 20° - 30°, on both sides of the equator (Islam and Peterson, 2009). Bangladesh is within latitudes
20°34’ and 26°38’, making the country extremely prone to severe cyclones formation (ibid). Although the
frequency of cyclonic activity in the country has never been steady, recent data shows a small increase
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(Islam and Peterson, 2009). Moreover, Bangladesh has a 710 kms long coastline, and is therefore directly
affected by cyclones at landfall, when they are at their highest intensity (ibid).

Cyclones affecting Bangladesh form in the Northern Indian Ocean basin, where Vose et al. (2012)
showed that the SSTs have already increased from 1979 to 2010 by 0.1-0.2°C, which is consistent with
most other basins around the world (the measured increase in SSTs in the Bay of Bengal specifically is
slightly lower, at 0-0.1°C). Higher SSTs are associated with higher intensity cyclones. Before landfall, the
cyclones pass through the Bay of Bengal, where shallow waters lead to the formation of particularly high
storm surges, which are responsible for most cyclonic damage in Bangladesh (Ali, 1996; Agrawala et al.,
2003; Hossain et al., 2008).

In the Bay of Bengal, cyclones are most devastating when they hit Bangladesh or western India,
as these areas suffer from a flat and low terrain coupled with high population densities and weak houses
(Islam et al., 2011). In fact, Bangladesh is the country most affected worldwide by cyclone-related fatalities,
with more than 40% of cyclones with death tolls above 5,000 occurring in Bangladesh (Ali, 1996; M. A.
Rahman and Rahman, 2015). The world’s two deadliest cyclones even hit the country, with 300,000
casualties in 1970 and 140,000 in 1991 (Islam and Peterson, 2009).

In addition to the shallowness of the Bay of Bengal, these high casualties result from low
topography, from the triangular shape of the Bay of Bengal, and from the funnelling shape of the coastline,
which helps wind push sea water towards the coast and amplifies surge (Ali, 1979, 1999). Surge heights
for Bangladesh usually range between 1.5m and 9m, however, the time of landfall also plays a critical role
due to tide variations (IPCC, 2007). Bangladesh currently receives two-fifths of the world’s total impact
from storm surges, but the World Bank estimates that the coastal area exposed to surge-induced
inundation depths greater than 3 meters will rise by up to 69% by 2050 (Murty and El-Sabh, 1992; Huq et
al., 2010; Adams et al., 2011). Moreover, a risk assessment conducted by Hoque et al. (2019) showed
that, on the Eastern part of Bangladesh, over 60% of the ‘Moderate’ to ‘Very High’ hazard risk zones are
located on the coast — which is where storm surges are at their strongest.

We identify six prioritised hazards that will be used for this risk assessment as they appear to be
both most hazardous to Bangladesh and most likely to increase in frequency and/or severity.

Hoegh-Guldberg et al. (2018), Agrawala et al. (2003) and Gosling et al. (2011) estimated that
climate change will have the following impacts on the baseline climate of Bangladesh:

— Higher temperatures: 3 - 3.5°C increase over the entire country,

— Sealevel Rise (SLR thereafter) including sedimentation and subsidence effects: 0.3 - Tmincrease
by 2100

— Heavier precipitations: 5 to 20% increase in rainfall intensity, depending on the location.

The IPCC (2007) assesses that climate change will lead to an increase in cyclone intensities in
Bangladesh. We follow this assessment, and assume the following parameters of cyclone activity in our
analysis (Ali, 1999; Lavell et al., 2012; Dastagir, 2015):

— Stronger winds, with peak wind velocities increasing by 10 - 22%;

— Higher storm surge (13 - 49% increase in height).

— Widespread rapid flooding (20% increase in flooded area, as a result of significantly heavier
precipitations during cyclones);
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The six prioritised hazards are summarised in Table 1 under two categories, baseline climate and
increased cyclone activity. They will be subjected to a qualitative risk analysis to assess their impact on
Bangladeshi infrastructure.

Baseline Climate-Change Hazards
Stemming from changes to the baseline climate

Higher temperatures

Sea level rise

Heavier precipitations

Cyclone Hazards
Specifically stemming from the higher intensity cyclones predicted under climate change

Stronger winds

Higher storm surges

Widespread rapid flooding

Table 1: The six prioritised hazards selected for this assessment.
4. Bangladeshi Infrastructure at risk

Exposure is the inventory of elements in an area where a hazard may occur (Cardona et al., 2012).
Not all infrastructure in Bangladesh is exposed to the impacts from cyclones, the intensity of the hazards
varies across the territory. To integrate different factors of exposure to cyclones and obtain exposure
maps, several studies including those of by Quader et al. (2017) have used combinations of various
parameters such as land cover, population density, distance to sea and river and elevation to assess
overall exposure. Although these factors are often poorly correlated together, and their relative importance
is undefined, such assessments show that the area of Bangladesh exposed to cyclones remains largely
on the coast. It is however expected this area will extend further inland as climate changes, as has already
been observed with the recent event of Cyclone Amphan in May 2020, where surge water penetrated up
to 15 km inland. Therefore, the quantity of infrastructure exposed to hazards from stronger cyclones is
likely to increase compared to what historical studies have shown.

In the coastal areas of Bangladesh, the six prioritised hazards outlined in Table 1 will have
significant effects on infrastructure. There are various types of infrastructure present in these coastal
regions, and each is affected in a unique way by climate change and cyclones. To facilitate interventions
and decisions aimed at improving the resilience of Bangladesh to cyclones, it is necessary to identify the
types of infrastructure that receive most of the impacts from these hazards. The IPCC (2007) outlined the
various impacts of ‘baseline’ climate change on infrastructure in the country. Their report highlighted these
impacts would damage existing infrastructure through material expansion in cyclones shelters, houses and
roads; softening of road surfaces; and increased embankment wear-down. The World Bank published
another report highlighting that higher temperatures and heavier rainfall in Bangladesh would also increase
congestion or waterlogging in polders (Adams et al., 2011).

Adams et al., (2011) also analysed the consequences of stronger cyclones on infrastructure and
highlighted that an increase in storm surges height would result in stimulated coastal embankment erosion
and also contribute to more frequent polders and embankment overtopping. Mallick et al. (2011) further
confirmed this while also emphasising the risk of faster road inundation as a result of enhanced
precipitation and the risk of cyclone shelters failure as a result of higher storm surges. They also highlighted
that faster road inundation will prevent locals from finding shelter. Furthermore, the government of
Bangladesh also estimated that stronger cyclonic winds could lead to partial or complete structural failure
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of the very infrastructure currently offering shelter during cyclones: houses and cyclone shelters (Wazed,
2012).

It appears that five types of infrastructure along the coasts are particularly vulnerable to climate
change induced hazards: roads, cyclone shelters, coastal embankment, roads, and polders. Some of them
— such as embankments, polders, and cyclone shelters — were designed and built specifically to offer
protection from cyclones. Coastal embankments are the first barrier against storm surges as they contain
water and lead to surge energy dissipation, which can significantly reduce damages and fatalities (Mallick
etal., 2011; Islam and Miah, 2012). The term ‘embankment’ also refers to rail and road embankments, but
within this publication, this word will be used to refer to coastal embankments only. Current embankment
capacity in Bangladesh offers protection to 35 million people (Islam and Miah, 2012) . However, most
existing embankments have not been designed for appropriate surge heights and suffer from poor drainage
(Agrawala et al., 2003). Their important role in defence against storm surges — the main source of damage
during a cyclone in Bangladesh, and the one feature of cyclones that only embankments can offer
prevention against — inevitably means that embankment failure would be disastrous.

The Bangladesh coastal area consists of over 100 polders, which are man-made low-lying tracts
of land surrounded by embankments, designed to limit damages related to seasonal or cyclone-induced
flooding (Pukinskis, 2018). However, their protective action has already been found to be fading as a result
of climatic changes that occurred since they were designed (ibid). Studies show that a large proportion of
polders is vulnerable to overtopping, which is a particularly worrying issue as development around the
polders has been predominant since they tend to be considered safe areas (Adams et al., 2011).

Cyclone shelters are a key feature of disaster risk reduction as they are the most efficient
structures capable of protecting populations from strong winds and precipitation (Dasgupta et al., 2014).
As they are designed specifically for strong winds and high inundation levels, their resilience is therefore
normally higher than other types of infrastructure (Hossain et al., 2008). However, their protective role
during cyclones means that the impact of a shelter failing or becoming unfit for purpose is very high (IPCC,
2007; Mallick et al., 2011). Estimates from the IPCC and World Bank state that, to ensure adequate
protection for the population from 2050 climate predictions, 5,700 additional cyclone shelters will be
required (IPCC, 2007; Adams et al., 2011).

Although houses and roads are not primarily designed to offer protection during cyclones, their
role in coping with hydrometeorological hazard events is key and their resilience can have an impact on
damages and loss of lives during a cyclone. Houses can also provide protection for residents where access
to cyclone shelters is limited. However, the lack of regulations regarding housing development in
Bangladesh means construction standards are rarely sufficient to resist cyclones, even more so in the
climate change scenario. Moreover, many government-built houses were constructed following disasters,
which means construction was rushed and unregulated (Kabir, 2009). This means that dedicated cyclone
shelters are still crucial in order to save lives during a cyclone event.

Roads are key for proper evacuation to cyclone shelters or higher elevations during a cyclone,
therefore road failure would have important indirect consequences, such as preventing proper evacuation
to safer areas. The coastal area of Bangladesh has a road network length of 1000km, which represents
22% of the total national and regional network (Ali et al., 2002). This means that over one fifth of the
country’s road network is located in areas exposed to cyclones (IDC3, 1999).

Coastal areas in Bangladesh contain other types of infrastructure, including but not limited to water
supply, sewage, telecommunications, railways, and others. These types of infrastructure, when located on
coastal areas, where cyclones hit at their highest intensities, are also damaged. However, in order to help
prioritise mitigation interventions, it is necessary to assess which types of infrastructure are most critical
during cyclones. During our review of literature, it is the five types of infrastructures previously mentioned
— coastal embankments, polders, cyclones shelters, houses and roads — that appeared as most crucial
due to their critical defensive role during a cyclone, be it through shelter or evacuation. These will therefore
be the focus of this assessment, and other types of infrastructure remain out of the scope of this research.
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5. Risk framework

Risk severity matrices are frequently used to assess risk in a variety of settings. They enable
stakeholders to allocate a likelihood and an impact severity to each hazard, which can be combined
together to assess the level of risk. This in turn enables various qualitative risks to be compared and ranked
to establish priority levels and help decision-making. Risk matrices can be adapted from standards
available in the literature in order to adjust likelihood, impact and risk for each specific scenario (see eg
WHO, 2012; Australian Institute for Disaster Resilience, 2020). Following from the literature, we propose,
a risk severity matrix as outlined in Table 2 below. This matrix enables risk to be categorised for each type
of infrastructure, for each of the six prioritised hazards, in consideration of the likelihood of these hazards
occurring in the future, based on climate change predictions. The matrix is designed to go one step further
than current risk maps, considering not only current risk, which is based on the current severity of the
hazards, but also future risk.

5 - Almost certain
Already happening, evidence
that frequency will increase

4 - Very likely
Has happened frequently,
evidence it will happen more
frequently again

3 - Likely
Has happened occasionally,
evidence it will happen again
more frequently

LIKELIHOOD
of the hazard occuring

2 - Medium evidence
Has happened in the past,
evidence it will happen again

1 - Low evidence
Has not happened yet, low
evidence it will happen

1 - Negligible 2 - Minor 3 - Moderate 4 - Maior 5 - Catastrophic
IMPACT SEVERITY Minimal damage | Minor loss but Considerable - ] Extensive
. . .. Significant loss,
if the hazard occurs or long-term little overall loss, injury or |. . damage and long
injury or damage
effect effect damage term effects

Table 2: Risk severity matrix.

Following the hazards in Table 1 we analyse the future likelihood of each prioritised hazard below.
The IPCC (2012) stated that it is “virtually certain” that the frequency and magnitude of warm daily
temperatures extremes will increase. Gosling et al. (2011) further quantified this increase at 3-3.5 °C for
the country of Bangladesh. The IPCC (2012) also assessed an upward trend in sea-level rise as “very
likely”, and Hoegh-Guldberg et al. (2018) and Agrawala et al. (2003) estimated it would be within the range
of 0.3 to 1m depending on the increase in global temperatures. Finally, the IPCC (2012) assessed the
probability of an increase in heavy precipitations is “likely’, and is estimated at 5-20% increase for
Bangladesh (Gosling et al., 2011).

Regarding the impact of climate change on different hydrometeorological features of cyclones in
Bangladesh, the IPCC (2012) stated that an increase in cyclone maximum wind speed is likely, in the
range of 10 to 22% (Ali, 1999). No statements were made regarding the likelihood of an increase in storm
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surge height, however, research by Ali (1996, 1999) showed a correlation between stronger winds and
higher storm surges, with winds assumed to contribute to around 90% of surge formation — the remaining
10% being due to cyclonic atmospheric pressure changes. Therefore, the same likelihood was assumed
for higher storm surges. Ali (1999) then further quantified this increase in storm surge height from 13 to
49% depending on the extent of sea-level rise. Finally, the IPCC (2012) also mentioned “medium evidence”
that flooding in some regions will increase as a result of heavier precipitations during climate extremes.
With global warming, the area prone to flooding in Bangladesh is expected to increase by 20% (Dastagir,
2015).

Based on the evidence presented above from the literature, we assign a likelihood of occurrence
to each of the six prioritised hazards under climate change, as shown in Table 3 below. The table shows
that the likelihood of hazards stemming from the baseline climate change is higher overall, than that of
hazards stemming from stronger cyclones, which is due to the extreme nature of cyclones and the difficulty
associated with their prediction.

Higher .
L (2]
Z L g @ temperatures Almost certain (5)
i g Z< Sea-level rise Very likely (4)
23N Heavi

o0 eavier .
@ + precipitations Likely (3)

w o St ind Likely (3

u a ronger winds ikely (3)

g ﬁ Higher storm surges Likely (3)

B % Rapid flooding Medium evidence (2)

Table 3: Likelihood of various hazards occurring under predicted climate change.

Next, we expand on the analysis of section 4 to assess further the impact severity on each type of
infrastructure, for each of the hazards. A review of the literature was carried out to qualitatively assess in
detail the impact each hazard could have on each infrastructure type, and an impact severity was then
attributed accordingly. The analysis can be found in Table 4 for baseline climate change hazards, and in
Table 5 for hazards relating to stronger cyclones.
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BASELINE CLIMATE CHANGE

inundation from
seasonal monsoon will
increase (Dasgupta et
al., 2014); Vertical
displacement of road
embankments
increased with higher
ground-water levels
(McKenna et al.,
2021).

(]
< In“é'r'yaosﬁ MINOR MINOR
© MINOR 9 Material Increased influx
& || . temperatures . . .
9 | Increased softening as might cause expansion might of sediments
S a result of material material NEGLIGIBLE affect structural | from the melting
% expansion (IPCC, expansion and stability of Himalayans
o 2007). P houses (IPCC, | glaciers (Adams
5 weaken concrete 2007) et al., 2011)
T structures (IPCC, ’ ” ’
2007).
MAJOR
Higher sea levels MODERATE
will stimulate .
o) Polders will be
£ embankment more vulnerable
= erosion (Mallick et to flooding if
% NEGLIGIBLE NEGLIGIBLE al., 2011); NEGLIGIBLE embankmgnts
& Embankments will ;
o be unable to are not high
@ enough (Islam
protect zones due etal, 2011)
to increased sea ” ’
levels (Islam et al.,
2011).
MODERATE
Brick surfaced or
unsurfaced roads
unable to withstand
static flood conditions
(Amin et al., 2020);
Enhanced
precipitations will
cause more frequent
and intense damage MINOR
2 to road surfaces MINOR . Enhanced MINOR
o MINOR Wear down will be oo
= (IPCC, 2007); : . monsoon Water logging in
o ! More intense emphasised as a . : .
= Problem of saline X flooding will polders will
=g . . o monsoon flooding result of more .
9 | intrusion will increase S increase house become a
o will increase frequent S
a as a result of erosion of lower recioitation wear down and growing issue
ko) enhanced flooding shelter levels (FI)PCC? 2007: stimulate saline due to heavier
& | (Mallick et al., 2011); (IPCC, 2007) Mallicl% of a/‘ intrusion rainfall (Adams
@ Proportion of network ’ ’ v (Mallick et al., etal., 2011).
T 2011)
vulnerable to 2011).

Table 4: Impact severity for each type of infrastructure, for each hazard stemming from baseline climate change.
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STRONGER CYCLONES

CATASTROPHIC
More flying debris
and falling trees

Roads become
impassable after

et al., 2011).
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Table 5: Impact severity for each type of infrastructure, for each hazard stemming from stronger cyclones.
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By multiplying the likelihood of each hazard occurring and the impact severity of each hazard on
various types of infrastructure, as per Table 2, we obtain a value of risk which categorises each risk from
controlled to extreme. Table 6 below shows the results of this analysis. The risks are assigned colours as
per Table 2.

As can be seen below, all of the risks identified in this table are classified as serious, disruptive,
or severe. The total risk is summarised for each hazard and for each type of infrastructure. The maximum
total risk value possible for each hazard is 125, and for each type of infrastructure it is 150. The overall risk
is also calculated for the main sources of hazard: namely baseline climate change hazards and cyclone
hazards, to a maximum total of 375.

Type of infrastructure affected Total Total
(per (per
H h
Source azard Roads (SN0 Embankments | Houses | Polders azard, | source,
Shelters out of | outof
125) 375)
Higher 45
% E w| temperatures
= o . B
m S 2| Sealevel 4 4 40 118
n = rise
< - I :
m© © Heavier 9
precipitations
Stronger
ﬁ W winds 3 o o4
© & | Higher storm 167
8 o surges
= > i
e Rap.ld 6 38
flooding
Total (per type of
infrastructure, out of 58
150)

Table 6: Final risk value for each hazard and each type of infrastructure.

Serious risks require active monitoring under the form of regular assessments of the evolution of
infrastructure functionality for relevant hazards (Achillopoulou et al., 2020). Disruptive risks require an
investigation, and severe risks require rapid action. Although the absence of extreme risks from this table
could be seen as positive, the lack of controlled risks and the abundance of severe risks suggests rapid
action is needed. The quantitative value associated with each risk helps with prioritising risks from the
same risk category, and highlights which hazards have the most severe impact, and which infrastructure
type is most vulnerable. Looking at cumulative risk values for each type of infrastructure, embankments
and houses present the highest risks, followed by polders, cyclone shelters, and roads, respectively.
However, the combined scores do not vary by much between each type, suggesting they are all at risk
overall from the various changes anticipated due to climate change. Although the hazards stemming from
baseline climate change were identified as more likely on Table 3, their combined risk value for all types
of infrastructures is lower than that of hazards stemming from stronger cyclones. This is because although
hazards from stronger cyclones are less likely to occur, their potential impacts are so severe that they
present a bigger risk.
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6. Discussion and recommendations

The aim of the framework presented here is to help transition from the understanding of current
risks to an understanding of future risks in the climate change scenario, in order to identify which hazards
will have the biggest impact, and which types of infrastructure will be most affected and should be given
priority in policymaking. At the time of publication, to the best of the authors’ knowledge, no study has been
conducted looking specifically at the evolution of these hazards as a result of climate change and the
increase in risk posed to infrastructure as a result of this.

Our assessment shows that stronger winds and higher storms surges are the two hazards
presenting the highest risk, with storm surges presenting a catastrophic impact in all five categories of
infrastructure. This result is in accordance with what is known of storm surge impact in Bangladesh from
present day and historic cyclones, and highlights the need of improving coastal defences to fight the effects
of climate change. In terms of infrastructure, embankments and houses are most at risk, and hence should
be given particular attention by policymakers. However, as mentioned, all types of infrastructure are highly
at risk, as even roads, which have the lowest cumulative risk, still fall within the ‘severe’ risk category for 3
types of hazards, meaning rapid action is needed to protect them. These results are consistent with Adams
et al. (2011) who found that, in 2050, 44 to 59 polders will have been overtopped as a result of intensified
storm surges. Our results also show that hazards from baseline climate change result in several severe
risks, even in the absence of stronger cyclones. Regardless of how cyclones evolve as a result of global
warming, it appears that climate change on its own will hence make Bangladeshi infrastructure more
vulnerable to all cyclones.

Nevertheless, a risk framework doesn't tell the whole story. This assessment adds the individual
risks per hazard to obtain a total value of risk for each infrastructure element. The cumulative effect of
several hazards acting together on one type of infrastructure might however not always be represented by
a simple addition, as one hazard might exacerbate the impact of another. Moreover, only the impact on
infrastructure structural integrity is considered whereas, as previously discussed, vulnerability affects many
dimensions. Socio-economic or eco-environmental vulnerability, for example, are outside of the scope of
this analysis. The framework used here does not consider other factors affected by cyclones, such as
population or the natural environment. For example, as polders have long been seen as safe areas,
development around them has been predominant. Partial polder damage could therefore lead to more
casualties than complete house failure, due to the number of lives affected by each. Damage to
infrastructure is only one part of the narrative and, although loss of lives can be correlated with
infrastructure damage, more assessments of exposure are required to be able to draft efficient policies to
protect Bangladesh and its population from a warming climate.

The spatial distribution of the hazard intensity has not been considered within the scope of this
analysis. The height and impact speed of storm surges, the wind velocities, and the rain intensities vary
across the territory of Bangladesh during a cyclone. Analysis performed by Hoque et al. (2019) included
the development of a risk map for the eastern coastal region of Bangladesh while considering several
factors including storm surge height, precipitation intensity, and cyclone wind speed. This analysis focuses
only on the current state of the hazards, without accounting for their evolution in a changing climate.
Moreover, further research is needed to assess the spatial distribution of different infrastructure types in
these at-risk areas. For instance, The World Bank (2015) conducted a multi-criteria analysis to prioritise
polders in need of improvement. They surveyed the country’s 139 polders and selected 17 to be included
as part of their priority group based on their physical condition, as well as the local social, economic and
environmental conditions. This is important work, which could be extended for the six types of infrastructure
identified here.

One question arising from this assessment is whether or not infrastructure is the right solution to
protect populations from cyclones. It appears the resilience of infrastructure will be reduced by climate
change, but, in Bangladesh, resilience of infrastructure to tropical cyclones has always been poor. This is
caused by various factors such as lack of governance, financial limitations, geophysical features of the
country, and frequency of extreme events, and raises the questions of whether Bangladesh should turn to
a different approach when it comes to tropical cyclones.
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Some types of infrastructure, such as roads and houses, are not built specifically to offer protection
from cyclones, but serve a different purpose. Therefore, it is essential to ensure they are resilient, as they
cannot be replaced. Various engineering solutions have been researched to increase the resilience of such
types of infrastructure, such as the use of stronger materials, or the increase in infrastructure elevation.
Yet, achieving full structural stability in such high-risk zones is not a realistic target, especially with limited
resources and in a warming climate. However, the resilience of communities to cyclones goes beyond
resilience of their infrastructure; socio-economic resilience can be achieved by other means. Inclusion and
empowerment of communities can be a solution in a context where full structural resilience cannot be
achieved due to costs, uncertainty of climate evolution, and engineering limitations.

As far as cyclone shelters are concerned, they will always remain a key feature of disaster risk
reduction as they are the most efficient type of structure to protect populations from winds and precipitation.
Moreover, their role is expected to grow in the future as embankments might not be able to prevent inland
penetration of surges anymore. Although the structural integrity of cyclone shelters appears at risk, it is
likely that the main issues with cyclone shelters that will be faced by the people of Bangladesh concern
access to shelters and shelter availability, and these should therefore become the focus of disaster
mitigation policies.

When it comes to embankments and polders, their primary purpose is to offer protection from
storm surges. They often are the main focus of improvement projects like those of The World Bank (2015).
However, with a changing, uncertain climate bringing about higher sea levels and storm surges, the local
authorities might need to rethink their main line of defence against cyclones, especially since research by
Adnan et al. (2019) and Hui et al. (2012) showed that embankments and polders can exacerbate flooding
during more extreme events. Hybrid solutions combining traditional engineered structures and green
elements have been shown to be efficient to protect coastlines from tsunamis, and could therefore
represent a viable solution for the coastline of Bangladesh. If other means of protection are developed,
upgrading current polders and embankments might not be necessary.

Design and construction standards in Bangladesh could be updated to improve resilience to future
effects of climate change, but full structural stability is unlikely to be achieved. Alternative solutions should
be prioritised, such as the use of nature to offer protection, the implementation of better evacuation
procedures, the integration of communities to the building process, and the relocation of populations to
less exposed areas, as these will most likely be the most resilient, sustainable, and financially viable
solutions. Finally, monitoring should be adopted as an essential tool to collect feedback on current
mitigation measures and accelerate the decision-making process, as highlighted in Achillopoulou et al.
(2020). Adopting these various measures will help local authorities estimate which disaster mitigation
measures to implement in their area.

7. Conclusion

Estimating how cyclones will evolve with climate change remains an inexact science. This makes
any attempt to assess future resilience of infrastructure to cyclones particularly challenging, and in turn
may prevent the development of adequate climate adaptation policies. Climate change predictions come
with a lot of uncertainty, but one thing that is certain is that infrastructure in Bangladesh is not resilient
enough to withstand current climate and current cyclonic intensities, meaning its resilience will only worsen
with global warming.

In this project, a risk framework was developed to assess the risk severity of various climate
change induced hazards impacting on six types of infrastructure in Bangladesh. The outcomes show that
all risks are serious, disruptive, or severe, suggesting that rapid action is needed by local authorities to
improve the resilience of infrastructure. However, in addition to strengthening the resilience of some types
of infrastructure that are essential and cannot be replaced, Bangladesh should consider the use of
alternative solutions that might be better suited to the country’s unique geophysical, geographical, social
and financial contexts. Additionally, we recommend further research and work to enable the detailed
mapping of future hazard and infrastructure spatial distributions, in order to prioritise areas where rapid
interventions should be initiated.
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Climate change will have immeasurable costs for all countries, even in the best-case scenarios.
However, it is likely that most of the infrastructure that will be in place by 2050 — when consequences from
climate change are expected to be much greater than they are now — has not yet been built today. This
implies that resilience of future infrastructure is still a matter of choice rather than adaptation.

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
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