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Abstract
Climate change is presenting an ongoing and eminent threat to various regions, communities and infrastructure worldwide. In this study, the current and future
climate impacts faced by Viet Nam due to Tropical Cyclones (TCs), speci�cally wind and surge, are evaluated, and different adaptation measures to manage
this risk are appraised. The level of wind and storm surge risk was assessed focusing on three categories of assets: residential houses, agriculture, and
people. The expected damage to these assets was then evaluated based on their exposure to the hazard under current and future climate scenarios. Physical
adaptation measures such as mangroves, sea dykes, and gabions, and �nancial adaptation measures such as risk transfer via insurance were applied to the
expected future risk and evaluated based on a socio-economic cost-bene�t analysis. The output will give decision-makers the ability to make more informed
decisions, prioritize the most cost-effective adaptation measures and increase physical and �nancial resilience. The results indicated signi�cant TC exposure
in future climate scenarios due to economic development and climate change that almost doubles the current expected damage. Surge-related damage was
found to be many times higher than wind damage and houses had more exposure (value in total) than agriculture on a national scale. The physical
adaptation measures are successful in signi�cantly reducing the future wind and especially surge risk and would form a resilient strategy along with risk
transfer for managing TC risks in the region.

1. Introduction
Economic losses from natural catastrophes amounted to an estimated $232 billion globally in 2019. There has been a steady increase in these �gures over
the last 20 years (Aon 2019). Among those perils, Tropical Cyclones (TCs) cause signi�cant direct (economical) and indirect (social and demographic)
damage; second only to �ooding (Aon 2019; Takagi 2019). The combination of sea level rise and the economic development over coastal areas will also likely
increase the impact of TCs and its associated storm surge on coastal communities and infrastructures (Geiger et al. 2016; Jongman et. al. 2012), which are
expected to surpass a cost of $1 trillion on average per year by 2050 without any adaptation measures put in place (Hallegatte et. al. 2013; Kulp and Strauss
2019). In addition to direct damages, these factors negatively in�uence long-term development such as economic output, mortality and displacement. The
attribution to direct and indirect losses is particularly relevant for future projections of TC impacts given expected changes in population numbers and
patterns (Jones and O’Neill 2016), economic growth, climate change (Knutson et. al. 2019; Knutson et. al. 2020), and changes to vulnerabilities (Bakkensen
and Mendelsohn 2016; Geiger et al. 2017; Lien 2019).

Peduzzi et. al. (2012) projected that globally growth in coastal population and development will outpace any progress in adaptation measures against TC risk,
based on current trends in losses. Thus, improving resilience and adaptation is increasingly important in the face of climate change. There is consensus in the
scienti�c community that the intensity of TC wind speeds will likely increase. Consequently category four and �ve TCs will increase substantially in the
coming decades (Holland and Bruyère 2014; Villarini and Vecchi 2013; Collins et. al. 2019). This demands characterization of coastal and overland footprints
(affected regions) of severe TC risk events.

Viet Nam is amongst the most vulnerable countries to TC risks given its 3,444 km of coastline, its location in the tropics of the Eastern Sea, and an economy
highly dependent on agriculture in the vulnerable Mekong and Red River Delta regions. There are handful studies that study the impacts of TCs in the region
(Thuy et al. 2015; Anh et al. 2019; Vu et al. 2018; Thuy 2019). Despite signi�cant progress in quantifying the impact of climate-related hazards in Viet Nam
(Arouri et al. 2015; Ke� et al. 2018; Pham et al. 2018; Braese et al. 2020), there is a lack of research quantifying and comparing alternative adaptation
measures and their cost effectiveness on a national level, though available on global scale (Tamura et al. 2019). An assessment of the cost-effectiveness of
potential adaptation measures supports national, provincial and community disaster management authorities in making informed decisions and prioritizing
the most effective measures accordingly. Enhancing and rehabilitating natural coastal ecosystems are highly effective in reducing exposure to
hydrometeorological hazards (Chausson et al. 2020). However, there is a lack of studies on the effectiveness of nature-based adaptation measures for coastal
protection compared to engineered solutions and for low and lower middle-income countries. There is also scarce context-speci�c evidence to assess
effectiveness in the local context. This paper adds to existing literature on the economic effectiveness of using nature-based solutions, grey infrastructure and
risk transfer solutions to adapt to climate change.

In the current paper, the various forms of TC risk management in Viet Nam are presented based on principles of climate-based risk prevention, mitigation, and
transfer (popularly also referred to as Economics of Climate Adaptation – ECA). Probabilistic climate risk analytics is shown to signi�cantly support political
decision-making. The methodology followed responds to three main concerns:

1. What is the expected climate-related damage to assets (economic losses) and societies due to the identi�ed climate risks?;
2. What are the options among behavioral, physical and �nancial adaptation measures, for reducing these damages?;
3. What is the cost-bene�t of implementing such measures in the region?

The paper is divided into �ve sections: Introduction; Methodology in which the region and model setup is described; Results; Future Outlook and Conclusion.
All economic monetary values are presented (and converted from other currencies) in USD with $ symbol throughout the paper and are considered as current
value.

2. Methodology

2.1 Study Area and temporal coverage
Viet Nam is the easternmost country on the Indochinese peninsula between 8-24o N and 102-110o E longitude and latitude respectively. It covers a total area of
331,212 Km 2 with a 3,444 km-long coastline, and is particularly exposed to TC hazard, which poses an increasing threat to people, property and habitats.
Considered one of the most vulnerable countries to disasters and climate change, Viet Nam has been hit by disasters causing more than 13,000 deaths and
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property damage in excess of $6.4 billion over the past two decades (World Bank 2010). According to the Inform Risk Index it ranks among the top 10
countries for climate-related and natural hazard exposure (JRC 2020). We have evaluated the study results in the current and near future climate scenarios of
2050 with RCP 4.5 and RCP8.5 for future projections, further detailed in section 2.2.1 below. The near future scenario is choice is motivated by the time
horizon that is common in the political process of international climate change negotiations and its implications on national climate change policies. With the
time horizon of 2050 as long term reference year for the national policy vision set in Viet Nam´s Intended National Determined Contribution (INDC) submitted
to the United Nations Framework Convention on Climate Change, 2050 that represents an essential reference date for Viet Nam´s national climate change
strategy and adaptation policy (UNFCCC 2011). The study intends to spark debate about, not only the risk and damages but also the adaptation measures
that requires political discourse and will on the host country/municipality end and thus we intended to present the immediate threat at the current period and
the increase it will have in the very near future scenario (2050). Additionally it is in common knowledge among climate community that the uncertainties in the
climate scenarios are rather low (with more models agreeing with the GHG pathways) in the near future scenarios than at the end of century.

2.2 Model Setup
The TC wind and surge modules of probabilistic modelling platform CLIMADA (Aznar-Siguan and Bresch 2019; Bresch and Aznar-Siguan 2020) were used to
simulate TCs in current and future scenarios in order to evaluate damage to assets. CLIMADA is used to estimate the expected current socio-economic
damage as well as the incremental increase due to economic and population growth, as well as climate change over the next decades.

2.2.1 Hazard
TCs are among the most harmful natural disasters worldwide causing on average $29 billion in losses and affecting 22 million people each year (Guha-Sapir
2017). TCs are very prevalent in the Western Paci�c basin and hit Viet Nam at least annually. A TC hazard dataset for wind and surge was created for 1980-
2020. The wind hazard dataset is based on the global International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp et al. 2010) which includes
269-recorded events making landfall in the domain. Figure 1 represents the mean wind intensity and storm surge within the Western Paci�c basin for 100-year
return period TC events making landfall in Viet Nam. Although the historical event set is 40 years but with resampling within CLIMADA we can access the 100
year return period (Aznar-Siguan and Bresch 2019).

Holland 2008 elaborates the internal methodologies of CLIMADA for wind �eld and the surge hazard dataset (�ood depth) is derived from wind intensity with
a linear relationship that modi�es the water level according to the local elevation and distance to the coastal line (Liming 2010). The hazard dataset is created
on an irregular grid with: 30 arcsecond (~1km²) resolution along the coastline and going 50km inland as well as over major population centres, which cover
more than 95 percentile of the population; and a coarser resolution of 150 arcsecond for the rest of the country. To account for uncertainties and model
sensitivity, each historic TC is resampled 100 times creating a large sample of stochastic events (a representative set of simulated events and process is
detailed in Aznar-Siguan and Bresch 2019). For simulating surge, Climate Central's proprietary, high-accuracy Digital Elevation Model (DEM) known as
CoastalDEM (Kulp and Strauss 2018) was used at a resolution of 90 arcsecond. It reduces median errors in NASA's SRTM3 DEM to near zero and thus allows
a better understanding of coastal risk. High accuracy DEMs from airborne lidar are unavailable.

The future hazard dataset is created with two future Representative Concentration Pathways (RCPs), RCP4.5 and RCP8.5, selected to represent the medium
scenario and the worse-case scenario respectively in terms of climate change. While the current climate risk is simulated through CLIMADA’s TC module using
IBTrACS from 1980-2020, the future climate scenarios are also simulated through CLIMADA’s TC module but based on assumptions from Knutson et. al. 2015,
which stipulate increased intensity and reduced frequency of TCs in the Eastern Paci�c basin for both RCP4.5 and RCP8.5 scenarios by 2050. In order to
perform a sensitivity analysis of the model, an alternative set of assumptions is used to simulate the future climate risk: increased intensity (Knutson et. al.
2015; Lap 2019) and no change in frequency of TC compared to today (Table 1B). Choi et al. (2019) concluded that East Asian coastal areas will be affected
by fewer TC landfalls but number of stronger TC landfalls may increase in the near future (2016–2030) compared to the present-day period (2002–2015).
Thus this alternative scenario is a plausible future as the intensity and frequency of TC is expected to increase under thermodynamic climate change in most
other sub-basins globally (Guan et al. 201; Bruyère et. al. 2019; Collins et. al. 2019). Further sea level rise was accommodated within the future scenarios with
20 and 30 cm rise in North-western Paci�c basin according to sea level project tool published by NASA.

2.2.2 Exposure
Physical risk is modelled as the direct economic impact of disasters and ideally represents the spatial distribution of physical asset stock. Aggregate
estimates of asset values available through open-source data at national or sub-national level are used in this study for spatial distribution of asset values
across the country and are re-distributed through CLIMADA using the LitPop distribution. Estimates of total asset values are derived from gross domestic
product (GDP) given their strong correlation (Kuhn and Ríos-Rull 2016). Human presence and activity measured through exponentially scaled night light
intensity from satellite imagery is used for downscaling GDP based on geographical population data as detailed in Eberenz et al. 2019. This process is also
known as LitPop distribution. The three assets in focus for this study, houses, agriculture and population, have been modelled with a universal resolution of 30
arcsecond.

To understand how climate change will impact future exposure, a holistic view is needed on the economic development paths, population growth, and value at
risk in the coming decades. Table 1A presents the total aggregated exposure value, currently and in 2050, for houses, agriculture and the population that are
considered in the current study based on speci�c estimates.

For the future scenario, total population growth is assumed to be 13% from 2020 to 2050 (United Nations 2019). Average economic growth is assumed to be
2.5% annually until 2050. This rather conservative growth path is calculated in line with the target stated in the Viet Nam Government’s latest national Socio-
Economic Development Plan 2016-2020 (GOV 2016) to “become a modern-oriented industrialized country”. In order for this to be achieved, Viet Nam would
need to graduate from a lower middle-income to an upper middle-income country, according to World Bank classi�cation (World Bank, 2020b). This would
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imply that the national gross national income (GNI) per capita estimated at $2,540 in 2019 (World Bank 2020a) would need to grow to at least $4,715 by
2050. Considering the 13% population growth, the economic growth necessary to achieve this would be 2.5% per year or a doubling of GDP or exposure by
2050.

A conservative growth path was chosen to avoid exaggerating potential future economic losses. This growth assumption is also applied for the expected
development of Vietnam´s agricultural sector. The decision to follow the expected national growth rates for the agricultural sector is based on the �ndings of
Vietnam Development Report (World Bank 2016) that outlines expected annual average growth rate of agricultural sector of 3.0-3.5 % until 2030. As the study
analyses the impact of climate risks until 2050, the conservative approach was also chosen with regard to the agricultural sector with the sectoral growth rate
following the overall national GDP growth rate.

However, higher growth assumptions would lead to an increase in expected damages and thus even more signi�cant bene�ts of the adaptation measures
analysed. The discount rate, a representative assessment of today's value for future bene�ts/costs, is herein accounted at 6%. This provides transformed
bene�ts of today´s value and thus ensures comparison of real value of said bene�t. The chosen rate accounts for the average in�ation rate as measured by
the Consumer Price Index (CPI) Index over the last 10 years (WDI 2020).

A.  Houses – The Assessment Report on Disaster Risk Reduction (GAR 2015) (UNISDR 2015) provides baseline information for distribution of exposure. This
dataset includes a statistical assessment of exposure of residential houses given �xed socioeconomic conditions. The baseline statistics from GAR-15 give
an estimate of $111.3 billion in total housing exposure in Viet Nam in 2015 which increases to $125.9 billion in 2020 applying the 2.5% annual economic
growth assumption (Table 1A). This was downscaled to 30 arcsecond (approximately 1 km resolution) with LitPop. For future exposure, housing stock is
assumed to double by 2050 to $251.8 billion (in line with 2.5% annual growth). This estimate was then downscaled with LitPop distribution. Figure 2
represents the current and future distribution of housing value exposure.
B.  Agriculture - NASA has two programmes, Making Earth System Data Records for Use in Research Environments (MEaSUREs) and Global Food Security-
support Analysis Data (GFSAD), which provide cropland extent data over Southeast and Northeast Asia for the year 2015 at 30 m resolution (GFSAD30SEACE)
(Oliphant et. al 2017). The GFSAD30SEACE data uses the pixel-based supervised classi�ers, Random Forest (RF), to retrieve cropland extent from a
combination of Landsat 8 Operational Land Imager (OLI), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and elevation derived from the Shuttle Radar
Topography Mission (SRTM) Version 3 data products. The National Statistics Bureau provides agriculture production values for Viet Nam for 2010 (at
provincial level and cumulative for all crop types) which were extrapolated through linear regression to reach $38.6 million in 2020 and $77.2 million in 2050
as shown in Table 1A (National Statistics Bureau 2010). To assess the current and future agriculture exposure in Viet Nam, the GFSAD30SEACE cropland
extent dataset was converted to agriculture production using these values as shown in Figure 2.

C.  People – In this study, population is considered to be indirectly affected by natural disaster and is not considered a direct economic loss. Impacted
population is the total number of people affected through displacement or loss of life due to TCs. To assess current population density, the total population
estimate of 97.33 million people (United Nations, 2019) in 2020 was distributed using LitPop method but the power of night light intensity was set to 0,
meaning only the population distribution is used. The population was projected to 109.68 million people by 2050 using the 13% growth rate assumption,
which was similarly distributed through LitPop. Figure 2c represents the current and future distribution of population density.

2.2.3 Impact Functions
An impact function parametrises the extent to which exposure will be affected by a speci�c hazard. In this study, six impact functions were created to assess
the impact of wind and surge risk on the three exposure classes based on previous research and adjusted to the South East Asia context. For population, the
impact functions were created by the authors in consultation with experts in the �eld (Figure 3).

The effect of wind on houses is not observed until wind intensity reaches 30 m/s, rising to just 10% damage at 40 m/s and rising linearly to 80% damage at
80 m/s. Damage to agriculture is negligible until wind speeds of 30 m/s are reached, increasing to 98% damage at 120 m/s. People are not affected until wind
speeds of 50 m/s are reached after which it is estimated that 100% of the population is affected in the impacted zone (Geiger et. al. 2018). For storm surge,
houses are increasingly damaged up to 100% at a depth of 6m following a power-shaped curve. Agriculture starts to be impacted from a water depth of 1m
and peaks at 100% damage at 5m (sigmoidal shape) whereas all people are considered affected at 1m water depth. It should be noted that the impact to
agriculture does not include the damages from changes in soil salinity but is direct impacts due to �ood height on the agriculture lands.

2.2.4 Adaptation Measures
Effective adaptation requires knowledge of risk drivers from an economic perspective including economic development and climate change (James et. al.
2014). Nature-based or green infrastructure, which use natural features of ecosystems for coastal protection, are a cost-effective option to reduce storm surge,
wind and wave impact (Temmerman et. al. 2013). While there is strong support for the effectiveness of green infrastructure for coastal defense (Cheong et. al.
2013; Spalding et. al. 2014; Kumano et al. 2018), the optimum solution will likely be a diverse portfolio of adaptation measures including green (e.g.
mangroves), grey (e.g. seawalls, and dykes) and risk transfer solutions (e.g., insurance) (Cooper and Pile 2014).

Given its signi�cant exposure to natural disasters the Government of Viet Nam (GOV) has made considerable efforts to address climate change over the last
decade. In 2009, it developed a National Action Plan to Respond to Climate Change and de�ned implementation plans to coordinate climate actions at the
national, provincial and community level (GOV 2009), introducing policies and developing implementation plans for high-risk areas to develop natural disaster
risk reduction (prevention) and response preparedness plans. In 2011 the GOV adopted a comprehensive National Strategy on Climate Change (GOV 2011),
which forms an essential basis for the Socio-Economic Development Plan (SEDP) 2016–2020 (GOV 2016), proposing climate change response, disaster
prevention, resource management, and environmental protection to be mainstreamed into development planning at all governance levels. A Special Report on
Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX) of the Intergovernmental Panel on Climate Change
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(IPCC) in 2015 (IMHEM and UNDP 2015) recommends different measures to improve management of climate and disaster risks in Viet Nam, stressing the
bene�ts of ecosystem-based solutions and complementary climate risk transfer mechanisms, like climate risk insurance solutions.

Based on the adaptation measures de�ned in the National Strategy on Climate Change and the recommendations given in the SREX, three physical adaptation
measures were selected for this study: building and rehabilitation of sea-dykes; construction of gabions to strengthen dykes; and plantation and rehabilitation
of mangroves. Risk transfer was also applied to complement the adaptation measures. As climate and disaster risk management is advanced in Viet Nam, all
of these physical measures have already been implemented in certain regions. There is however little public information on the current extent of these
measures; their implementation standard/safety levels; nor their geographical location. Table 2 outlines the estimates used for each adaptation measure. Viet
Nam has an extensive 2,659 km dyke system along its 3,444 km-long coast, focused mainly on the Red River and Mekong River Deltas, which protect coastal
provinces against TCs and �oods caused by storm surge. However, a recent World Bank study by Van Ledden (2020), showed that safety standards of most
coastal protection infrastructure are relatively low with more than 80% only built to sustain 10–30 year events. Table 2 therefore includes both new and the
rebuilding of existing structures. The bene�ts of these adaptation measures in reducing risk are incorporated into the modelling by decreasing the hazard
directly in CLIMADA’s TC module.

3. Results
Results are presented for the current and future impact of wind and surge risk incorporating climate change and economic growth assumptions for 2050; and
a cost-bene�t analysis of the three physical adaptation measures applied to the future scenarios.

3.1. Impact - Current and future
The economic direct impact of wind and surge hazards to houses and agriculture is measured in terms of Average Annual Loss (AAL) which is the cost of
damage expected on average every year. The indirect impact on population is measured as the number of people impacted on average per year. Figure 4
presents the AAL and average number of people impacted per square kilometre due to wind and storm surge risk under current as well as RCP4.5 and RCP8.5
climate scenarios in 2050. The future scenarios assume increased intensity of TCs but no change in frequency relative to today. Results based on the
alternative assumption of increased intensity and decreased frequency of TCs by 2050 are discussed below however visuals are only included in the
supplementary material. The aggregate national-level �gures for AAL and average number of people affected by wind and surge across all scenarios are
compiled in Figure 5 (also in tabular form in supplementary material Table 1).

3.1.1. Impact due to wind
Relative to storm surge, the impact of wind risk is much more widespread across the country for houses, agriculture and people. However, surge causes
signi�cantly more damage resulting in a higher AAL, especially for houses, and affects more people where it does occur (Figure 5). Wind damage to houses in
the current scenario causes an estimated AAL of $345 million mainly concentrated on urban population centres and high exposure areas. In the future climate
scenarios, the spatial distribution of wind damage is consistent with the current scenario but the magnitude is higher with total AAL of $445 and 517 million
for RCP4.5 and RCP8.5 respectively. Under the alternative assumption of increased intensity but decreased frequency of TCs in future, the AAL for wind
damage to houses is projected to be $364 and 363 million for RCP4.5 and RCP8.5 respectively with identical spatial distribution.

Wind damage to agriculture is relatively uniform within each province as underlying agriculture exposure was based on provincial level data. In the current and
future RCP4.5 and RCP8.5 climate scenarios, the AAL is estimated to reach $168, 216 and 250 million respectively. However, under the alternative assumption
of decreased TC frequency, AAL reduces to $177 and 175 million for RCP4.5 and RCP8.5 respectively. Spatially wind damage to agriculture is higher in coastal
regions than inland. Although RCP 8.5 is the higher greenhouse gas emission scenario, the assumption to signi�cantly decrease TC frequency reduces the
damage estimates below that of RCP4.5 although these estimates remain higher than the current scenario. The wide range in future scenario damage
estimates under different TC frequency assumptions contributes to the sensitivity analysis of the model.

The average annual number of people currently affected by wind damage is estimated at 315,000 with the majority impacted along the coast and in major
population centres. This rises to 443,000 and 539,000 people affected under RCP4.5 and RCP8.5 respectively assuming no change in TC frequency and
decreases to 374,000 and 398,000 people respectively under RCP4.5 and RCP8.5 assuming a decreased TC frequency.

3.1.2. Impact due to surge
Storm surge causes more damage than wind across all assets. The impact functions show that all assets are very sensitive to water depth with catastrophic
damage in terms of cost and number of people affected caused at a relatively moderate water level. Surge currently causes an AAL of $2.65 billion to houses,
which increases to $2.93 and 3.08 billion by 2050 for RCP4.5 and RCP8.5 respectively, assuming no change in TC frequency. Most of the signi�cant damage
occurs in coastal and low-lying areas such as the Mekong Delta. Inland �ooding is not prominent except in the Mekong and Red River Delta that accounts for
most surge damage to houses in the southern and northern territories respectively. Assuming a decrease in TC frequency, the AAL for surge damage to houses
decreases to $2.3 and 2.01 billion for RCP4.5 and RCP8.5 respectively. It should be noted that under the alternative assumption of decreased TC frequency, TC
intensity is still projected to increase. This implies that the proportion of strong and most destructive TCs is increasing even if the overall number of TCs is
decreasing.

Unlike for houses, the impact of surge on agriculture is not very different to that of wind. This is due to the surge impact function for agriculture being �atter
for a given water depth than for houses, meaning agriculture is assumed less vulnerable to surge than houses. It is also due to the much more homogenous
distribution of agricultural lands in terms of value across the country relative to houses which are concentrated in certain zones. Like houses, surge impact on
agriculture is mostly concentrated in the southern and northern regions; Mekong Delta and Red River Delta respectively. Surge currently causes an AAL of $307
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million that increases to $410 and 465 million in 2050 under RCP4.5 and RCP8.5 respectively assuming no change in TC frequency. In case of decreased TC
frequency, there is a slight increase in AAL to $325 million for RCP4.5 and remains at the current $307 million for RCP8.5.

The number of people affected by surge has a similar spatial distribution to houses and agriculture damage from surge. There are however signi�cantly more
people affected by surge than by wind. Currently 1.94 million people are estimated to be impacted by storm surge along the coastline and in low-lying areas,
increasing to 2.08 and 2.16 million people under RCP4.5 and RCP8.5 respectively assuming no change in TC frequency. In the case of decreased TC
frequency, the number of affected people decreases to 1.6 and 1.41 million for RCP 4.5 and RCP8.5 respectively. The damage to agriculture and housing along
with number of affected people is considerably higher for surge (with most damage limited to coastal areas) than damage from wind (that affects inland
areas as well) but due to lack of any observational dataset we can’t compare these to any events in historical period. However this can be attributed and
explained by the fact that the asset and people exposure is higher in coastal regions, Figure 2 (with less value assets and populations distributed inland),
secondly most of the Mekong delta region (that accounts for most of the surge damage) is topologically rather �at thus coastal water inundation could reach
further inland (Figure 4), and lastly the damage function i.e. the probability of damage to certain event is higher for surge than wind (where category 1 ad 2
storms would have no to very low damage to assets) and they reach 100% impact rather sharply compared to wind damage functions (Figure 3).

3.2. Adaptation Measures and Cost-bene�t Analysis
Decision and policy makers need to understand potential weather and climate-related damages to be expected in the coming decades, and identify and
evaluate measures to mitigate these risks ideally using evidence-based decision-making tools that assess the bene�ts versus the costs of such measures.
CLIMADA provides such an economic framework that integrates risk and reward perspectives of different stakeholders (Bresch 2016). Figure 6 presents the
quanti�ed effects of the three considered adaptation measures by comparing the impact to each exposure class for each severity level of the wind and surge
event (measured in probability of that event occurring or the return period) with and without the adaptation measures, the bene�ts from adaptation measures
are treated separately and no co-bene�ts from three adaptation measures are considered herein. The results show that while climate change poses a major
threat, the main ampli�er across all scenarios is economic growth, which leads to higher exposure and higher impact estimates. Fortunately, the adaptation
measures are able to decrease the impact of both wind and surge to a greater extent.

Figure 6 shows that across all exposures wind damage grows steadily as wind speed increases (higher return periods) whereas surge impact rises very rapidly
before �attening out. This means that signi�cant damage is caused by surge from relatively weak TCs which are linearly related to surge depth. For all
scenarios, the adaptation measures reduce impact at all return periods however the measures are much more effective in reducing surge impact than wind
especially in the case of agriculture. The same patterns can be observed when assuming the future climate scenario with decreased TC frequency.

The level of risk averted through speci�c adaptation measures was evaluated for events at three different levels of severity: 1 in 10, 25, and 100 year events.
This bene�t is net of the cost of implementing the measure, with results presented in Figure 7A. As outlined in Table 2, mangroves are the only adaptation
measure that reduces wind impact and are supplemented by sea-dykes and gabions for reducing surge-related impacts and damages. The bar for each return
period represents the estimated total damage from wind or surge for that particular type of event (1 in 10 year represents less severe, more frequent events
while 1 in 100 years are much more severe and rare events). The coloured-area of the bar represents the risk reduction bene�t (less the cost) of the speci�c
adaptation measure for that type of event. For the 1 in 10, 25 and 100-year events, mangroves are estimated to provide around 50% wind risk reduction
considering the costs involved in planting and maintaining the mangrove forests for the foreseen periods. However, the combined system of mangroves,
gabions and sea-dykes provides a comprehensive coverage of most and in some cases all surge risk, which is a substantial part of total damage. For
agriculture, surge damage is completely averted by the three adaptation measures even for severe 1-in-100 year events. For houses, surge damage is totally
averted for moderate 10 year events, almost completely averted for more severe 1 in 25 year events and reduced by a third for severe 1 in 100 year events. The
measures reduce the number of people affected by surge by around 80% in both moderate 10 year and more severe 25 year events and by around 70% for
severe 100 year events. Residual risk is de�ned as the remainder of loss and damage that cannot be reduced through the combined system of physical
adaptation measures. There are however a number of �nancing tools available to address this risk as discussed below.

3.3 Risk transfer
Viet Nam has adopted an increasingly proactive stance in managing disaster risk in recent years. The national government has made signi�cant strides on
disaster risk prevention and preparedness; along with response and reconstruction efforts. The national strategy identi�es “proactive prevention” as a guiding
principle to direct government’s responsibility to anticipate, reduce, and prepare for potential disaster events and address needs of the people affected
(Vietnam NDC, 2020). This guides their underlined role and response to natural disasters. The current study provides a range of physical adaptation measures
that can reduce the impact of those events on various assets; along with the likelihood and cost of future disaster events. The remaining risk, or residual risk,
from a disaster shall be dealt in part through the government budget at the national and provincial level (ACT Alliance, 2020). There are a variety of disaster
risk �nancing tools available to address residual risk including risk transfer via insurance, which is most �nancially e�cient in covering low frequency, high
severity events.

The previous section analysed the bene�ts of physical adaptation measures focusing on events of three levels of severity of return periods 1, 25 and 100
years. Another perspective is to analyse the risk reduction bene�t on an average annual basis (Aznar-Siguan and Bresch 2019). Figure 7B (also in tabular form
in supplementary material Table 2) shows that incorporating the three adaptation measures reduces the AAL for storm surge risk across houses and
agriculture by a signi�cant 95-98% while that of wind risk reduces to a lesser extent by around 43%. The remaining damage sustained on average per year
(residual risk) is $584 million for houses due to wind and $299 million due to surge and $284 million for agriculture due to wind and just $12,3 million due to
surge.

Insurance can be applied to this residual risk for houses with an attachment point (where the insurance starts paying) of 1 in 10 years loss and an exhaustion
point (where the insurance stops paying) of 1 in 100 years loss. This means that the insurance would start paying once wind and surge damage to houses
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reached $1024 million and $255.9 million respectively (10 year event) and would stop paying when damage reached a total of $11.11 billion and $10.79
billion respectively (100 year event). The insurance coverage would be $10.1 billion for wind damage and $10.5 billion for surge damage.

The residual risk for agriculture could also bene�t from risk transfer with insurance starting to pay when wind and surge damage reached $387.9 million and
$4.398 million respectively (1 in 5 year event) and stop paying when damage totalled $2949 million and $317.7 million (1 in 100 year event), respectively for
wind and surge. The insurance coverage for agriculture would be $2.6 billion for wind damage and $0.3 billion for surge damage.

These attachment and exhaustion points for the housing insurance cover were selected to align with similar TC sovereign insurance programmes in other
countries (Cebotari et al, 2020) while the agriculture insurance attachment point was reduced to a 5 year event to take into account the sector’s higher
sensitivity to TC risk. With such an insurance structure in place, around half of the residual risk would be transferred to insurers. The remaining risk would be
at a level that is signi�cantly more manageable by the national and provincial level governments than the original risk without adaptation measures nor
insurance.

Reducing the risk as much as is �nancially e�cient through adaptation measures allows insurance to be applied only to the residual risk which is critical in
reducing the insurance costs to feasible levels. If no adaptation measures were put in place and insurance was applied to the larger original risk, the wind-
caused AAL transferred to insurers would be 56.6% larger and the transferred damage of surge on agriculture would be more than 58 times larger which is
considerable. As a result, the insurance costs would increase by the same order of magnitude compared to only transferring residual risk.

4. Future Outlook
Observational economic and displacement data due to TC events in the region is scarce, leading to a signi�cant limitation in the current study with respect to
model calibration for historical TC events. While EM-DAT and DesInventar do provide some observational data for historic events, the estimates are not
comprehensive for the three selected asset classes. The authors refrained from modifying these observations on loss and people affected in order to compare
them to CLIMADA output, as any assumptions used in the modi�cations would introduce uncertainty in the observational dataset. Thus there is increasing
need of research in the direction wherein we could use event based observation to calibrate and compare the historical loss and damages to various asset
categories from various natural hazards.

It would have been preferable to use a multi-hazard model representing TC hazard as a combination of wind, surge and rain-induced �ood and landslide
events as concluded from Eberenz et al. 2019 however, CLIMADA does not yet have modelling capabilities for rain-induced �ood and landslide. To note that
the existing surge module used in the study did incorporate some advancements. Re�ned surge depths and in turn better impact assessment of surge damage
was possible thanks to the improved CoastalDEM dataset used instead of SRTM3 data. Both datasets were analysed and it was found that the resolution was
better resolved and represented in CoastalDEM for impact analysis of TCs.

Finally, the cost and bene�ts of the adaptation measures currently are taken from various published and unpublished literature, along with communications
from experts in the region, and would vary from year to year and region to region. Thus a comprehensive evaluation of the cost-bene�t would be possible in a
localised study wherein the cost and bene�ts would be rather de�ned and would not be subjected to the sensitivity from geographical and temporal scales.
Sensitivity analysis of cost and bene�t of these adaptation measures would provide an interesting insight and should be studied in detail for better
understanding of the issue.

5. Conclusion
The creation of an economic framework for policy and decision makers to understand the bene�ts in risk reduction and costs involved in developing
adaptation strategies is key to addressing climate risk. In this paper, the impact of TC wind and surge risk was evaluated across Viet Nam focusing on three
key assets - houses, agriculture, and people - in current and future scenarios which incorporate economic growth and various climate change scenarios. Wind
and surge risk was shown to signi�cantly increase under most of the future scenarios.

The impact functions used in the study were adopted from previous research in the �eld and region. Wind impact estimates are spatially concentrated in larger
population centres across the country and face incremental damage in future scenarios. Surge impact is most concentrated in the Mekong and Red River
Deltas and causes damage that is four times greater than wind damage for all scenarios. Based on the authors’ observations, it is recommended to consider
spatial differences in vulnerability for the speci�c asset and implement an adaptation and resilience strategy accordingly.

Physical adaptation measures - mangroves, gabions and sea-dykes - were presented that could avert the economic and social impacts of TCs. These
measures were applied to the TC wind and surge risk estimated for future scenarios. It is very evident that the adaptation measures presented substantially
reduce risk/impact to the assets and are very cost e�cient especially against damage due to surges, where future average annual loss of houses and
agriculture is reduced by 95.2% and 98.6% respectively. Although the adaptation measures are able to reduce signi�cant amounts of the wind and surge risk,
there is still residual risk remaining especially for very severe events. A risk transfer solution through insurance was presented that would allow this residual
risk to be halved on average. However, adaptation measures were seen as critical in order to keep insurance costs at feasible levels.

In terms of future research, observational data limitations of the current study demand further analysis in order to have a reasonable comparison to the model
output. There is equally a need for multi-hazard analysis using CLIMADA. Improvements in DEM are notable and have helped in improving the analysis of
surge in this data-scarce region.
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Tables
Table 1. A provides the estimated national exposure in 2020 and 2050 for each of the assets in scope including underlying assumptions.
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Table 1. B provides the factor by which the intensity and frequency of each TC category (strength) are estimated to change by 2100, based on
Knutson et. al. 2015 for the Western Pacific Basin. This shows that intensity is projected to increase while frequency to decrease. For 2050,
these factors are reduced by 0.75 and 1.22 for RCP4.5 and RCP8.5 in CLIMADA (Bresch and Aznar-Siguan 2020) respectively, following the
method used Knutson et. al. 2015 (wherein they project it to 2100). The TC hazard under future climate scenarios is modelled in the CLIMADA
TC module using these updated multiples for 2050.

 

   
Table 2. The geographical coverage, cost, and benefit estimates of each adaptation measure reviewed in the study is presented. Estimates are
in nearest US $ value and based on a literature review and expert statements.

Figures
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Figure 1

Spatial distribution of wind hazard based on IBTrACS dataset over 1980-2020. Figure 1A and 1B presents wind intensity and storm surge level at the 1 in 100
year return period. The hazard dataset is used to simulate TC-related wind and surge damages in the historical period.

Figure 2

Spatial distribution of exposure for the three assets considered in the study. The total aggregated exposure for the current year 2020 as outlined in Table 1 is
distributed below at a resolution of 1kmx1km for all the assets.
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Figure 3

Impact functions for TC-induced wind and surge damage were developed for the three asset categories based on impact functions collected through a
literature review and then regionalised for Viet Nam. The reference used for each impact function is notedbelow each �gure. (MDD- Mean Damage Degree ;
PAA- Percentage of Affected Asset; MDR- Mean Damage Ratio)
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Figure 4

Average annual loss/average annual number of people affected per square kilometre due to TC-induced wind and surge risk for each asset in the current 2020
scenario and additional damage (future-current) in the future 2050 scenarios under RCP4.5 and RCP8.5. The future scenarios take into account economic
growth and climate change with sea level rise and assume increased TC intensity and no change in TC frequency (+I/0F) relative to current levels
(conservative assumption).

Figure 5

The average annual loss (AAL) per asset. The AAL is calculated for the current and future scenarios. The latter take into account two climate change
scenarios, RCP4.5 and RCP8.5, and economic growth. For each future scenario two sets of assumptions were used: increased intensity and decreased
frequency of TCs (+I/-F) as per Knutson et. al. 2015 and increased intensity and no change in frequency (+I/0F) relative to current levels.
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Figure 6

Damage caused/number of people affected by wind and surge across each asset and for different severity levels (return period). The damage/number of
people impacted is calculated under current and future 2050 climate scenarios (RCP4.5 and RCP8.5) assuming TC intensity increases with no change in TC
frequency (+I/0F). The impact of economic growth and adaptation measures are also modelled under both future climate scenarios assuming (+I/0F).
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Figure 7

A - Each bar represents the estimated total damage caused/number of people affected by wind/surge for the particular asset at three different severity levels
(1 in 10 year; 1 in 25 year and 1 in 100 year events) as modelled in 2050 under climate scenario RCP8.5 assuming increased TC intensity and no change in
frequency and taking in account economic growth. The coloured portion of the bar represents the reduction in damage/number of people affected due to an
adaptation measure (Green: Mangroves; Grey: Gabions; Yellow: Sea-dykes) which are treated separately for bene�ts and no co-bene�ts from three adaptation
measures are considered herein. This reduction in damage already takes into account the cost of putting the adaptation measure in place. B - Annual average
loss for houses and agriculture (in $ million) under future scenario RCP 8.5 assuming increased TC intensity and no change in frequency (+I/0F) and taking
into account economic growth without adaptation measures compared to the same scenario with adaptation measures in place. Insurance is applied to the
residual risk remaining after adaptation measures: the AAL transferred is the portion of TC losses that insurers will bear on average every year. The AAL that
remains after adaptation measures and risk transfer is the annual losses on average to be borne by the government, population and private sector.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryMaterialFinalR1.docx

https://assets.researchsquare.com/files/rs-1050224/v1/b1a21a3f6a1c02d7446d4051.docx

