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Abstract. The aim of this paper is to provide a methodology to assess flooding risk associated to the combination of extreme
flooding levels driven by Tropical Cyclone (TCs) and relative sea level rise (RSLR). The approach is based on the risk
conceptual framework where the hazard, exposure, and vulnerability are defined and combined to address flooding
socioeconomic consequences in Port of Spain for present and future climate (RCP8.5 in 2050). Hazard and flooding impact
are assessed using a combination of statistical methods and dynamical simulations, together with a high resolution Digital
Elevation Model (DEM). Combining flooding maps, exposure databases and vulnerability damage functions we have evaluated
socioeconomic consequences in terms of affected population and economic damage. Besides, we have quantified the
uncertainty in the results coming from the sea level rise projections and vulnerability information. The application of the
methodology indicates increasing flooding threat for the future climate that could exacerbate economic losses in case of
inaction. The expected annual damage (EAD) in present climate is 12.24 MUSD while in 2050 it will reach 15.22 [14.88-
15.67] MUSD.

1 Introduction

Coastal flooding in TC prone areas is a threat of paramount interest for socioeconomic systems. Many of these areas are
characterized by low-lying coasts and high population density, factors of exposure and vulnerability that influence the risk of
flooding and hence the damage and consequences (Peduzzi et al. 2012). The effects of climate change, reflected in TCs activity
but mainly on RSLR which affects extreme flooding levels (Hunter et al. 2013, Woodruff et al. 2013), will aggravate coastal
flooding consequences. The aim of this paper is to present an integrative methodology to assess present and future flooding
risk (and its direct associated consequences) in socioeconomic systems of TC-likely areas accounting for climate change. The
approach focuses on extreme water levels associated to TCs and RSLR at local scale considering the mid-term horizon year
2050, providing useful information for medium-term planning, implementation and optimization of coastal risk adaptation and
management. The proposed approach has been applied to the case study of Port of Spain, capital city of Trinidad and Tobago.
Flood risk estimation is commonly determined by means of the product of hazard, exposure and vulnerability (e.g. Aerts et al.
2013, Lickley et al. 2014, Budiyono et al. 2015, Balaguru et al. 2016). However, different approximations are carried out

depending on the availability of data, the spatial scale resolution or impact models, resulting in different levels of uncertainty.
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Regarding the hazard, different methods are used to model TC surges which are the extreme water levels in combination with
RSLR. TC damage is very sensitive to not only TC intensity but also TC track. Therefore, a shortage of observation data is not
enough to consistently define return periods of the different flood levels and there is a need to increase the number of TCs. To
stochastically generate synthetic TC tracks two main approaches are found in the literature. Statistical approaches are based
on Monte Carlo methods that simulate synthetic TCs using historical TC statistics (Hall et al. 2013, Nakajo et al. 2014) whereas
the statistical-deterministic approach simulates TC environments statistically and generates TCs in the simulated environments
deterministically (Emanuel et al. 2006, Lin et al. 2012, Aerts et al. 2013, Neumann et al. 2015). Considering climate change
effects on TC in the near-term (up to 2035) there is low confidence of trends in TC frequency, due to several sources of
uncertainty, including the large influence of internal variability (Villarini et al. 2011, Villarini and Vecchi 2012). In the long-
term Knutson et al. (2010) reported a decrease or unchanged rate in the global frequency of occurrence of TCs and an increase
in the mean intensity. However, substantial increases in the frequency of the most intense cyclones are projected being likely
to vary by region with low confidence in region-specific projections (Emanuel et al. 2008, Bender et al. 2010, Yamada et al.
2010, Murakami et al. 2012).

During the present and upcoming centuries the sea level rise is expected to continue, with an acceleration at the mid-21st
century and projections for all Representative Concentration Pathway (RCP) scenarios being larger than in the AR4 (Church
et al. 2013). RSLR will vary from the global average due to regional distribution and non-climate components such as natural
or anthropogenic subsidence. A first, and widely used, approach to model the influence of RSLR on extreme sea levels
considers the independence (linear addition) between TC surge (obtained with hydrodynamic modelling) and RSLR (Hanson
et al. 2011, Pedrozo-Acufa et al. 2015) while more sophisticated techniques consider non-linearity between RSLR and storm
surge (Lin et al. 2012, Smith et al. 2010).

The analysis of exposure depends on the scale of the problem and the modelling approach, and is mainly limited by the
availability of topographic and socioeconomic data. The topographic data will determine the uncertainty in the flooding extent
and depth, while the population and land-use datasets the accuracy in the flooding exposure (Hinkel et al. 2014). The flood
extent/depth is commonly determined using the bathtub model approach (e.g. Aerts et al. 2013), although at local scale, the
use of hydrodynamic models would produce more realistic values (e.g. Miller et al. 2015). While the exposure information on
topography and socioeconomic assets is worldwide available at more precise or rough resolution, data on vulnerability are
limited. A few studies use field data or specific stage-damage functions such as Aerts et al. (2013) and Budiyono et al. (2015)
while others apply generic depth-damage functions to represent vulnerability and obtain damage and consequences (Merz et
al. 2010, Mokrech et al. 2015).

The literature review for assessing flooding risk acknowledges the need for an integrated methodology dealing with
uncertainties, lack of data and different complexity of models. We present a multistep process based on: the integration of
statistical and numerical models, the capability of introducing future projections of climate drivers, vulnerability and exposure

and, finally, the treatment of uncertainty provides a robust framework for decision-making in Port of Spain.
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The paper is organized as follows: section 2 provides a description of the study site (Port of Spain), in section 3 the methods
and data used are defined, including a brief discussion about sources of uncertainty, in section 4 the results are shown and

section 5 gives some conclusion and discussion about the results of the paper.

2 Study site: Port of Spain

Port of Spain, the capital of Trinidad and Tobago, is a medium sized Caribbean city located on the northwest side of Trinidad
Island, facing to the Gulf of Paria. Although it is not completely located within the Atlantic hurricane belt, flooding impacts
associated with TC events have been suffered over the years. The climate change hazard in terms of sea level rise and TC
activity changes, together with an outdated and insufficient drainage system lead to the interest of stakeholders in obtaining
threat insight for the mid-term horizon year (2050) to support medium-term planning. This study is focused on the East Side
of the city, in the metropolitan area between Maraval River and St. Anns River, including the Port of Spain Waterfront to the
south, with a total of 1120.5 hectares (figure 1).

3 Methods and Data

A sketch of the methodology of risk applied for the analysis of flooding impact due to the combination of extreme levels
associated to TCs and RSLR in a socioeconomic system is shown in figure 2. The definition and combination of the hazard,
exposure and vulnerability, where historic and future scenarios can be considered, lead to the assessment of risk. The extreme
water levels are due to the combination of different dynamics: astronomical tide (AT), which is a deterministic phenomenon
forced by the gravitational attraction of the sun and moon, rainfall run off (RO), river discharge (RD), storm surge (SS) and
waves (W) associated to the passage of the TC, and relative sea level rise (RSLR) due to the effect of climate change and local
land movements. The RO and RD are dynamics that account for the rainfall linked to the TC and that contribute, mainly, to
the inland flooding. The AT, SS, W and RSLR are marine dynamics that contribute to the coastal flooding. Climate scenarios
are taken into account considering RSLR projections and the mid-term horizon year 2050. The exposure is defined through
the socioeconomic features: digital elevation model (DEM), population (POP) and economic assets (EA). The combination of
hazard and exposure using a hydraulic model leads to the flooding impact and exposed population and assets. Finally, the
vulnerability is taken into account throughout the information of damage functions (DFs), which describe the relation between
flood depth and potential damage. Applying the damage functions to the exposed assets, the flooding risk in terms of economic
damage can be determined.

The methodology introduces a series of building blocks such as the probabilistic modelling of TC impact, exploring climate
change using the RCP scenarios (Van Vuuren, 2011), hydrodynamic modelling of flooding or the probability assessment of

risk in terms of damage, as well as, taking into account all possible sources of uncertainty.
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3.1 Hazard modelling

Land falling TCs generate a flooding impact that is associated to several dynamics: the tidal range and storm timing to the tidal
phase, the increase in water level owing to the presence and local behavior of shoaling and breaking waves, and rainfall-driven
runoff. Besides, the effects of climate change on TCs intensity and frequency and, especially, RSLR will increase future
extreme flood elevations (Woodruff et al. 2013). In this study coastal and inland flooding are considered including each
component in the hazard analysis. The coastal flooding penetrating during the passage of a TC is characterized by the total
water level (TWL) that integrates the coastal dynamics as TWL=0.043 VHs -LO+SS+AT, where 0.043 VHs ‘L0 is an empirical
estimate of wave run-up/set up on dissipative beaches (Stockdon et al., 2006, being Hs the significant wave height and L0 the
wave length in deep water) and SS is the storm surge, both dynamics, wind set-up generated by the wind and inverse barometer
effect due to sea level pressure (SLP) associated to the TC; and AT corresponds to the astronomical tide, which is reproduced
using the harmonic components extracted from the tidal series of the tidal gauge of Port of Spain (GLOSS network).

Regarding climate change we consider the Representative Concentration Pathways (Moss et al. 2010) selecting the RCP8.5,
which corresponds to the pathway with the highest greenhouse gas emission resulting from the exclusion of any specific
climate mitigation target (Riahi et al. 2011). Foreseeably it may be the one with more visible changes in the near-term and

could provide the worst case scenario in terms of climatic hazard.

3.1.1 Tropical cyclone dynamics

Between 1851 and 2014, 87 TCs crossed Trinidad and Tobago. According to the Saffir-Simpson scale, from the 87 events, 5
tropical storms and 3 hurricanes made landfall in the islands, being Flora (1963) and lvan (2004) hurricanes the most
catastrophic events reported with estimated losses of 30 MUSD (1963 USD) and 4.9 MUSD (2004 USD), respectively.

Historical observations of TCs constitute a shortage database that does not provide enough information for a proper statistical
characterization of TC flooding distribution. Therefore, a methodology based on synthetic TC tracks and statistical and
dynamical modelling of the physical mechanisms controlling the flood levels is proposed to characterize present and future
inundation. Synthetic TC tracks generation aims to increase the historical population of TCs with the same statistical behaviour
than those existing in the record (Nakajo et al., 2014) considering all possible storms consistent with basin climatology. The
synthetic TC population allows to improve the historical characterization, but implies a high computational cost when
dynamically modelling waves and sea levels associated with the passage of each TC. In order to reduce computational demands
we have selected a modest number of storms from which the waves, sea levels, rainfall and flooding are dynamically modelled.
The selection is based on a set of TC parameters defined for those TC that reach a circle of influence of 3°-radius centred in
Port of Spain. As flood levels are related to the local behaviour of the TC in the influence area, the parameters chosen are:
translation speed, angle of approach, minimum pressure inside the area of influence, pressure when entering the area of
influences and pressure when leaving the area of influence. Using the maximum dissimilarity algorithm (Camus et al. 2011)

we have selected 300 events that cover the entire storm parameter space through optimal parameter selection. From the 300-
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dynamical simulations one can interpolate to obtain an estimate of the waves, surge or flooding at any intermediate point by
weighting with the distance of the three most similar modelled events. The wind and rainfall fields associated with the passage
of TCs are modelled using state-of-the-art analytic models such as the Hydromet-Rankine VVortex model (Holland 1980) and
Rainfall Climatology and Persistence (R-Clipper model, Tuleya et al. 2007). The R-Clipper model, which is appropriated to
model larger spatial scales without taking into account local orography, is used due to the lack of data in Port of Spain,
providing a first estimation of rainfall. Waves and surges are modelled using numerical models: the wave propagation model
Simulating WAves Nearshore (SWAN, Booij et al., 1999) for waves and the two-dimensional hydrodynamic model H2D
(Castanedo, 2000) solving wind set-up and the inverse barometer effect.

Regarding climate change effects in TCs, for the mid-term the Intergovernmental Panel on Climate Change (IPCC) gives low
confidence level to the TC projections. This is because the few studies tackling the near-term projections are no conclusive,
with, for example, a decrease in the frequency projected by Knutson et al. (2013) or non-significant changes obtained by
Villarini and Vecchi (2012). Besides, the changes estimated for Couple Model Intercomparison Project Phase 5 (CMIP5) are
smaller than the uncertainty estimated by the Global Circulation Models (GCMs), being the natural climate variability the
main source of uncertainty. Because of this and the fact that the integrated methodology proposed in this study concatenates
different sources of uncertainty foreseeably greater than the own projected changes in TC, we have consider no changes in the
TC activity for the 2050. This agrees with Bender et al. (2010) that estimates that the time scale of emergence of projected

changes in TCs exceeds 60 years.

3.1.2 Sea Level Rise

The average value for the global mean sea level rise for 2046-2065 (relative to the period 1986-2005) under RCP8.5 is projected
to be 0.29 m with a 5-95% range of 0.22-0.38 m (Wong et al., 2014). However, sea level is not rising at the same rate
everywhere due to different ocean and land mechanisms (Yin et al., 2009, Mitrovica et al., 2011, Farrell and Clark, 1976,
Miller et al., 2013). Consequently the regional variability and local effects are to be accounted for in impact studies.

We have taken as starting point the database of mean sea level projections of Slangen et al. (2014), which takes into account
effects of atmospheric loading, plus land ice, GIA and terrestrial water sources. However it only provides projections for the
end of the century. Thus, following the same pattern of regional variability we have interpolated the global mean sea level rise
for 2046-2065.

The complex tectonic plate boundary where Trinidad Island lies on, with three major faults extending East-West, makes
especially important the vertical land movement contribution. Miller et al. (2005) determined that the rate of sea level rise in
South West Trinidad is about four times than in the North West due to the subsidence of South West Trinidad into the pull-
apart basin of the Gulf of Paria. Using GPS observations they stated that there is less relative vertical displacement of land
masses between North Trinidad and mainland South America, that North Trinidad and the region of Point Fortin in the Gulf
of Paria, where the displacement is localized. The sea level rise found in the tide gauge of Port of Spain during the period

1984-1992 was 1 mm/year, which is closely to the sea level rise observations in the area. Therefore, since the subsidence

5
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process is localized in the South-West of the island we have not included any vertical land movement contribution and we
have considered a RSLR of 0.25 m [0.18, 0.33] in Port of Spain in 2050. In this work we include a new additional term in the
TWL in order to account for the RSLR: TWL=0.043 VHs -LO+SS+AT+RSLR.

3.2 Exposure and vulnerability information
3.2.1 Physical and socioeconomic characterization

One of the most critical dataset required to accurately characterize the flooding impact is the topographic information. In this
study, we have used a high-resolution DEM covering the area of interest (108 km2), which has been produced in the context
of the project "Probabilistic Hazard and Vulnerability Assessment Report based on Climate Change Projections” developed
by the Inter-American Development Bank (IDB). The elevation data is referred to the datum WGS84. The horizontal resolution
is 4 m that allows the modelling of flooding impacts considering coastal defences, increasing the accuracy of the simulation
and allowing a better assessment of the exposed assets.

We use demographic data from WorldPop (Geodata Institute World Population Grid, http://www.worldpop.org.uk/) spatial
datasets that provides a 100 m grid database with historical data and projections. From the population grid in Trinidad and
Tobago in 2015 we have extract the data corresponding to the area of interest, where a total population of 39639 is located.
The projections of population for 2020 show a decrease in the population. Taking into account this prognosis we have decided
not to use projections and consider present population in 2050 as a worst case scenario.

For economic asset exposure we have focused on the built capital at a 5 km grid provided by the GAR 2015 UNEP Database
(Global Assessment Report on Disaster Risk Reduction 2015,
http://www.preventionweb.net/english/hyogo/gar/2015/en/home/data.php?iso=ESP). The total built capital of the society is
measured as an accumulated value for net investments done in the past (capital stock) previously disclosing, subject to annual
depreciation, the land value as a non-depreciable asset.

3.2.2 Vulnerability definition

The expected flooding impact damage analysis is based on specific Damage Functions (DFs) built for synthetic urban areas.
The estimation of the DFs representative of the flooded area of Port of Spain is as follows. First, the pure asset DF
representative of each one of the typical assets is selected (residential buildings, industrial buildings green areas...). Second,
we need to obtain a joint damage function that summarizes the consequences of the flooding on the set of diverse assets existing
in each specific spatial unit. Due to the lack of accurate information about the urban fabric we have decided to consider DFs
representative of minimum, maximum and mean damage. The use of minimum and maximum DFs implies absolute
homogeneity of the spatial unit assets, considering them very invulnerable and very susceptible, respectively. However, as this

theoretical approach is very unlikely under a real situation, a sensitivity analysis is carried out combining the proposed DFs.
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For the first step, we have used the DFs from Hazards US, HAZUS, (FEMA 2003), that introduce the proportion of damage
suffered for each asset as a function of the flood level. The functions that best represent our assets typology have been selected.
We compute the envelope of the selected representative curves for the existing set both with maximum and minimum damage
for each depth level, and finally, a mean damage. For the second step, the spatial average DF, we have used the methodology
proposed by Hallegate et al. (2013) and Huizinga (2007) that essentially proposed a linear combination of asset representative
DFs. For the combination weights we have introduced those proposed by the EU-RAMSES project that have been calibrated
for coastal urban areas. In order to account for uncertainty in the maximum damage estimates we combine the three DFs
defined (De Moel and Aerts, 2011).

3.3 Flood impact
3.3.1 Flood modelling and validation

Flooding maps are obtained using the Rapid Flood Spreading Diffusion Method-wave Explicit With Acceleration term
(RFSM-EDA) which is a two-dimensional hydraulic model based on the method of storage cells that responds to a diffusive
approximation of the SWE (Gouldby et al. 2008). The computational grid is based on the 4 m-resolution DEM. The model
domain receives the volumes of water flooding from two independent sources during the hydraulic simulation: coastal and
inland boundaries. The coastal flooding penetrating during the passage of a TC is implemented through the reconstruction of
the time series of TWL in a set of points at the nearshore. The inland source of inundation comes from rainfall run-off, which
is introduced in the model as an internal boundary condition, using the simulated rain fields from the R-Clipper model. We
have decided to model the river discharges of St Ann’s and Maraval rivers including their basins in the computational grid
instead of providing the river flow as a boundary condition. A vertical datum correction is applied in order to set the marine
dynamics and topographic information in the same reference level. The offset between local mean sea level and WGS84 geoid
is up to 35 cm in Port of Spain, due to the dynamic sea surface of the ocean (Schaeffer et al., 2012). To convert the vertical
datum of marine dynamics from mean sea level to the WGS84 geoid we use the absolute dynamic topography, which is the
sum of the sea level anomaly and the mean dynamic topography (being the dynamic topography the difference between the
mean sea surface and the geoid).

Different tests of flooding have been taken into account in order to calibrate the parameters of the model and validate the
results. The historical hurricane Flora in 1963 and tropical storms from November 2008, August 2009, March 2012 and August
2012 have been used to conduct the tests including the simulation of flooding due to rainfall, due to coastal dynamics and due
to the combined effect of both dynamics. The run-off coefficient (0.68), and Manning coefficient (0.15) (Mattocks and Forbes,
2008) have been calibrated from these tests and the validation of the flooding extent was made comparing the results with
graphic documents of historical floods for all events except Flora. The tests computed for different dynamics show that the
flooding impact in Port of Spain is mainly due to rainfall hazard associated to TCs. As an example, Figure 3 shows the

maximum flooding depth during hurricane Flora. The flooding extent has an accurate definition, matching the riverbeds and
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some roads such as Wrightson Rd or the South Quay, where the main problems were detected. The colour bar has been limited
to 2 min order to better identify the flooding depth in the areas of interest: downtown and waterfront. Higher values of flooding
are obtained in the river channels (in purple).

3.3.2 Historical and future characterization of flooding levels

The statistical characterization of flooding is computed from the simulation of the 300 representative TCs selected and the
reconstruction of flooding for the synthetic and historic population.

For the historical period, we have simulated the flooding for each selected TC using RFSM-EDA and obtained 300 different
maps of maximum flooding depth. In each inundated cell of the DEM we have reconstructed the synthetic + historic events of
flooding by weighting with the distance the most similar modelled events. Using this set of flooding events we can perform
the extreme analysis obtaining flooding levels, maps and inundation regime in the area for different exceedance probabilities.
For the horizon year 2050, we have simulated the flooding for the 300 events considering the RSLR and its 5-95% range
introduced in the TWL boundary conditions. Thus, a total of 900 events have been simulated for the climate change scenario.
Combining this dynamical information and the stochastic population of TCs we obtain a probabilistic assessment of flooding

levels in future scenarios.

3.4 Exposure to coastal flooding and damage evaluation

In this study, we consider the exposure to coastal flooding as the measure of the population and the assets that would be
affected by a flood in absence of flood protection (Hallegate et al. 2011). It has been calculated based on the area of land
inundated (for the historical conditions and for the RSLR in 2050) and on the population and asset distribution. In order to
give representative numbers of exposure to coastal flooding in the city of Port of Spain we have aggregated the spatial results
into total affected population and total assets exposed. Following the same process described in section 3.1.1 we compute a
probabilistic assessment obtaining the exposed population and assets associated by interpolating from the 300 simulations in
present and future climate.

The economic damage associated to coastal flooding is estimated using the DFs described in section 3.2.2. In each cell of the
different flooding maps (in the historic and future scenarios), the flooding depth and the DFs are taken into account to estimate
the effective damage over the assets exposed. After that, the economic damage associated to a particular event is obtained
aggregating the cell damages to the area of analysis. Working with these effective damages we follow the same reconstruction
process and the probabilistic assessment described previously to estimate future economic damage and obtain damage-
probability of occurrence curves (using the transformation R=(1/v)-[1/(1-p)], where R is the return period, v is the frequency
of inundation due to TC events and p is the probability of occurrence, we can obtained curves of damage-return period). From
the historical damage curves we obtain the Expected Annual Damage (EAD), which often refers to as “risk” and obtained by

calculating the area under the damage-probability of occurrence curves.
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In order to tackle with uncertainty coming from vulnerability a sensitivity analysis is carried out combining the mean with the
minimum DFs and the mean with the maximum DFs. The linear combination proposed is o-DFmin/max+(1-a)-DFmean.. As

a result we test the evolution of the damage when vulnerability is reduce or increase.

3.5 Sources of uncertainty

The assessment of risk in a climate change context implies a special focus on uncertainties associated. Decision-makers require
future information about risk including uncertainties involved (Hallegatte and Mach, 2016) which will be associated to global
climate policies but also to a cascade effect in the integration of several and complex models, data and methods to estimate
risk.

The uncertainty related to global climate policies is manifested through the scenarios based on RCPs. The selection of any of
them implies the assumption of the first degree of uncertainty. Besides, the representative pathways are used for climate
modelling using GCMs, which is a second source of uncertainty, underlying Earth-system processes (such as climate
mechanisms that we do and do not understand) or the inherent variability of the climate system. In this work, we consider sea
level rise projections for RCP8.5. The number and models considered as well as the ensemble itself introduce uncertainty in
the process.

The different methods used (from simple to more sophisticated) to model the hazard and impact come with an inherent
uncertainty. While a statistical approach is used for modelling TC activity and future projections, a hybrid methodology is
applied to model the dynamics associated and the flooding impact, with models of different degree of uncertainty and
complexity (dynamic simulating for waves, storm surge and flooding, and parametric models for wind and rainfall).

Another important source of uncertainty are the data, which sometimes are scarce and/or hardly available. The different source,
nature, spatial resolution and temporal spanning may condition the results of the risk assessment. In this work, we could make
an accurate modelling of the flooding impact thanks to the use of a hydraulic model and high-resolution topographic data.
However, the lack of high-resolution data for population, assets or damage functions and, therefore, the use of global data
bases may introduce another set of uncertainty at this step of the process. Finally, extreme events and resulting damages lie in
the tails of probability distributions that are inherently difficult to quantify or even characterize qualitatively (Hallegatte and
Mach, 2016).

4 Results
4.1 Flooding maps

Figure 4 shows the differences in flooding extent in Port of Spain for a 1/100 flooding event (exceedance probability p=0.01)
in the present climate (in blue) and in year 2050 under scenario RCP8.5 for a RSLR of 25 ¢cm (in red). A problem of flooding
can already be identified under present climate conditions, mainly due to rainfall dynamics and an out-of-date drainage system.

Wrightson Rd and the area of South Quay, Independence Square and Beetham Hwy are the most problematic areas reaching

9
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maximum flooding depths of 1.8 m in present climate. The total area flooded is 236.6 hectares, which represents 21.12 % of
the total area selected.

The effect of RSLR in 2050 is reflected in the inundation of new areas at the coastline, especially in low-lying areas of the
waterfront reclaimed to the sea, South Quay and Independence Square, where the flooding extent is considerably larger, with
depths reaching 2.1 m. In the low area of Maraval River the flooding extent is larger, covering almost the whole area south of
South Quay. The total extension of flooding is 275.47 hectares, representing 24.6 % of the total area of study.

Figure 5 displays the annual exceedance probability of the flood extent in Port of Spain. Blue dots show the curve for the
historical period while black dots shows the flooding area in 2050 for a RSLR of 25 cm. The grey strip displays the uncertainty
in the estimation of the flooded area considering the 5-95 % range of RSLR projections. For the 1/100 low-probability the
increase in the flooded area for 2050 is 38.87 Ha with a range of uncertainty that varies between 35.66 Ha and 57.91 Ha. RSLR
introduce changes in the frequency of inundation, which alters the return period corresponding to a low-probability event. As
an example, the 1/100 probability event correspond to a 210-year return period in the present climate being reduce to a 146-
year return period in 2050.

4.2 Affected population

The population affected under present climate conditions is 8953 in the downtown area for the 1/100 flooding event, which
represents 22.59 % of the total population in the East Side. According to the population grid and the flooding map the most
affected area in terms of population is Wrightson Rd and its surroundings. In the mid-term, considering no changes in the
socio-economic scenario, which means constant population and the same spatial distribution, the population affected in the
East Side area in 2050 under climate scenario RCP8.5 is 10142 [9922-10363] (an increase on 3 % of affected population) for
the same probability event.

4.3 Assets exposed

Exposure of capital stock provides an upper bound of damage (total loss of the assets). The total value of capital stock in the
area of study is 1495 MUSD (millions of 2015 United States Dollars). Under present climate, for the 100-year return period,
assets exposed are estimated in 311.22 MUSD (20.82 % of present total assets) whereas, under the RCP8.5 scenario, by 2050
the increase in assets exposed with respect to present climate is 3.9 %, up to 369.48 MUSD affected (with a 5-95% range of
364.64-380.57 MUSD).

4.4 Economic damage

In Figure 6, left panel, we present the mean economic damage (black line) due to flooding for different return periods and a
set of curves obtained as a linear combination of mean and minimum damage (dark to blue lines) and mean and maximum
damage (dark to red lines). One can see that the increase or decrease in the vulnerability level of the assets does not lead to

symmetric results. Considering the 200-year flooding event, an increase of 50 % in the most vulnerable assets yields to an
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increase of damage of 68.75 % (from 32 MUSD to 54 MUSD) while a reduction in 50 % of the vulnerability leads to a 50 %
decrease of damage (from 32 to 16 MUSD).

On the right panel, the economic damage (using the DF selected for mean damage) for different return periods for historical
(black line) and future climate (RCP8.5 in 2050, red line) is shown. The uncertainty in the results for the future climate is
represented by the red dash lines. The thickest lines refer to the uncertainty due to RSLR 5-95% ranges, while the thinner lines
are an evolving of the results taking into account uncertainty coming from RSLR and from vulnerability information (using
the minimum and maximum DFs). The EAD is 12.24 MUSD in present climate while in 2050 it reaches 15.22 MUSD. For
the 100-year return period the historical economic damage is 29 MUSD whereas in 2050 it reaches 35.48 MUSD.

5 Conclusions and discussion

A methodology for assessing flooding risk due to the combination of TC extreme water levels and RSLR is proposed and
applied to Port of Spain (Trinidad and Tobago). The methodology, based on the hazard-exposure-vulnerability-consequences
approach, has an integrative nature with the aim of providing useful information to the policymakers, regarding their needs
and available data and resources. The application to Port of Spain arises the main strengths, related to the integration of state-
of-the-art methods and models, but also the main drawbacks, related to the lack of data and introduce of uncertainties at the
different steps of the methodology.

We propose a hybrid methodology combining statistical and numerical simulations to characterize the flooding impact in Port
of Spain (for present and future climate). The use of statistical methods such as synthetic generation of TC tracks allows to
cover a wide range of possible storms and outline climate change scenarios and horizon years of analysis. Besides, the hybrid
approach combining numerical simulations with statistical reconstruction is used to obtain efficiently impact exposure and
socioeconomic consequences. From a representative set of TCs we model the hazard (waves, surges and rainfall), impact
(flooding) and risk/consequences (affected population and economic damage) accounting for uncertainty that could be bounded
with high-resolution socioeconomic data and specific damage functions. Note that the inclusion of the vulnerability component
converts the assets exposed to economic damage, changing the estimation of economic consequences in Port of Spain in the
present climate of 91 % for the 100-year flooding event (from 311.22 to 28 MUSD).

The application of the methodology to Port of Spain points out the rainfall as the main driver of present inland flooding and
RSLR as the aggravating hazard in the coastal area in 2050. In addition to increasing the flooding extent, RSLR changes the
frequency of inundation, reducing the 1/100 probability event from 210-year return period in the present climate to a 146-year

return period in 2050.
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Figure 1: View of Port of Spain with the main features of the city identified.
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Figure 2: Sketch of the methodology of risk used for assessing flooding consequences in Port of Spain due to the combination of
extreme levels associated to TCs and RSLR.
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Figure 3: Inundation map of the simulation of hurricane Flora 1963.

21



Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-150, 2017 Natural Hazards
Manuscript under review for journal Nat. Hazards Earth Syst. Sci. and Earth System
Discussion started: 3 May 2017 Sciences
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

10.65

Latitude (°)

10.64

10.63

-61.54 -61.53 -61.52 -61.51
Longitude (°)

Figure 4: Comparison between the flooding extents for the 100-year return period flooding event for present climate (blue colour)
and scenario RCP8.5 in 2050 (red colour).

22



Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-150, 2017
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.
Discussion started: 3 May 2017

(© Author(s) 2017. CC-BY 3.0 License.

400 T T T T T T T T
Historical
[C_1RSLR 5-95% range RCP8.5 2050
350 | - RSLR=25 cm RCP8.5 2050 .

300

250

200

Flooded Area (Ha)

150

100

50 7

0 1 1 1 1 1 1 1 1 1
0 0.05 0.1 015 0.2 0.25 03 035 04 0.45 0.5

Probability of exceedance

Figure 5: Curve of the annual exceedance probability-flooded area in Port of Spain for the present climate (blue dots) and year 2050
under scenario RCP8.5 (black dots for a RSLR of 25 cm and grey strip for the 5-95 % RSLR range).

23



10

Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-150, 2017

Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 3 May 2017

(© Author(s) 2017. CC-BY 3.0 License.

100

80

Economic damage (MUSD)

2 5 10
Return Period (years)

Figure 6: Sensitivity to vulnerability hypothesis and relative sea level rise uncertainty. Left panel: set of curves of economic damage-
return period for present climate: black line represents the mean damage, dark to red lines represent the linear combination of
mean and maximum DFs and dark to blue lines represent the linear combination of mean and minimum DFs, each curve represent
an increase of 0.1 in the a coefficient. Right panel: curves of economic damage-return period for present climate (black line), future
climate change scenario RCP8.5 in 2050 (red solid line), uncertainty due to 5-95% range of RSLR (dashed bold line) and uncertainty

due to vulnerability information.
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