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Abstract. The measurement and mapping of transportation network vulnerability constitute subjects of global interest. Dur-
ing a flood, some elements of a transportation network can be reached, causing damages directly (to people, vehicles and
roads/streets) and indirect damages (services) with great economic impacts. The Complex Networks approach may offer a
valuable perspective considering one type of vulnerability especially related to Disaster Risk Reduction on critical infrastruc-
tures: the topological vulnerability. The topological vulnerability index associated to an element in a graph is defined as the
damage (variation) on the network’s average efficiency due to the removal of that element. We have performed a topological
vulnerability analysis to the highways in the state of Santa Catarina (Brazil), and produced a risk map considering that index

and the flood susceptible areas. Our results can represent an important tool for stakeholders from the transportation sector.

1 Introduction

In a scenario of global change, extreme weather and climatic events are expected to increase in frequency and intensity and
cause more social and economic impacts in several sectors, such as Critical Infrastructures, like transportation system and
urban mobility. The assessment of the impacts of extreme weather conditions on transport systems shows high costs in several
countries around the world (Pregnolato et al. (2017), Doll et al. (2014), Eidsvig et al. (2017)).

The Sendai Framework for Disaster Risk Reduction 2015-2030 is one of the most important documents in the Disaster Risk
Reduction (DRR) guidelines. Among the seven global targets presented in this document, one refers to “Substantially reduce
disaster damage to critical infrastructure and disruption of basic services”.

For the Disaster Risk Reduction scientific community, vulnerability is a key concept. There are several types and meanings
for vulnerability. According to Wisner (1994), vulnerability is "the characteristics of a person or group and their situation that
influence their capacity to anticipate, cope with, resist and recover from the impact of a natural hazard (an extreme natural
event or process)" (Wisner et al. (1994)).

For transportation literature, there are also different meanings for vulnerability (Schlogl et al. (2019)). Berdica (2002, p.

119) suggested that network vulnerability should be understood as "susceptibility to incidents that can result in considerable
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reductions in road network serviceability" (Berdica (2002)). Taylor et al. (2006) understood network vulnerability as a concept
close to network weakness and thus as the consequence of failure to provide sufficient capacity for the original purpose of the
system (Taylor (2006)).

In this paper, we consider a topological meaning for vulnerability, under a Complex Network approach, as presented in (Yin
& Xu (2010); Santos et al. (2019)). Interfaces between Complex Systems Science and Disaster Science were discussed in
(Arosio et al. (2018)), however, the vulnerability index was not presented.

According to Pregnolato et al. (2016), network models are typically aspatial, the emphasis has been on topological interac-
tions rather than considering the geography of the hazard and infrastructure (Pregnolato et al. (2016)).

Here, we use the concept of (geo)graph, a graph in a geographical space (Santos et al. (2017)), representing a set of
highways as a graph, calculating the topological vulnerability of its elements and showing them on a map. We highlight the
spacial location of the most vulnerable element, in order to combine those information with also the location of the most
susceptible areas for flooding.

The development of a vulnerability mapping associated to floods and impacts on infrastructures is aligned with the 2030
Agenda for Sustainable Development, particularly with the Sustainable Development Goals (SDGs).

When natural hazards, such as flash floods or landslides, strike vulnerable areas, it is likely that local communities will
struggle for coping with their effects. The lack of insurance, savings and loans, relief aid, and also inefficient government
and slow decision making may reduce the potential for recovery for those communities (Chang & Falit-Baiamonte (2002)).
Moreover, those affected communities with difficulties in the recovery process are likely to be more vulnerable to the next
hazard, which intensifies economic and social problems ( (Fothergill & Peek, 2004), Cannon (1994), Carmo & Anazawa
(2014)).

2 Material and Methods
2.1 Study area

Brazil is currently among the ten countries most affected by weather-related disasters in the last 20 years (UNISDR (2017)).

Santa Catarina state is located in the Brazilian South Region. There are 295 municipalities which are grouped in six regions:
North, Itajai valley, Floriandpolis metropolitan area, South, Hills and West. The state population was 6.248.436 according to
the last census track (2010). The State HDI - Human Development Index - is 0,774 and it is the third in the Brazilian HDI
ranking IBGE (2010)).

The Brazilian South Region - especially the states Santa Catarina and Rio Grande do Sul - is highly affected by disasters.
Fash floods and floods correspond to 36,57% of these events in Brazil between 1991 and 2010 (CEPED UFSC (2012)). Indeed,
Santa Catarina is the state with most decrees of emergency in its municipalities from 1991 to 2010 (CEPED UFSC (2012)).

Despite the high socio-economical indicators for municipalities from Santa Catarina, due to characteristics of occupation
there are many communities at risk in those places (Londe et al. (2014)). The mountainous relief in the east side determined

the human occupation in the fluvial plains, which are areas naturally prone to floods, and in the hills, which are areas prone to
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landslides. Moreover, the industrialization and economic growth attracted more people to the regions and induced interventions
in the environment, such as deforestation, landfill and non-regular constructions (SANTOS, 2012).

Herrmann et al. (2014) pointed that there were registrations of disasters in every month from 1980 to 2010 in Santa Catarina.
He highlights 741 occurrences in January, 719 in May and 844 in July. There are high numbers of registers in summer and
spring, associated to severe storms (Herrmann (2014)).

There is an annual mean of 64 registers of damages triggered by hydrological processes in Santa Catarina municipalities
(Universidade Federal de Santa Catarina (2016)). The maximum value was achieved in 2008, when the material losses summed
4.9 billions of Reais (Universidade Federal de Santa Catarina (2016)).Between 1995 and 2014, the municipalities produced
2704 official documents to report damages and/or losses due to disasters in the State. The documents are often related to

rainfall, especially flash floods (907 occurrences) (Universidade Federal de Santa Catarina (2016)).
2.2 Topological vulnerability

Critical Infrastructures, such as a network-type structure, can be represented (modeled) using a complex network approach. One
complex network’s measurement is particularly interesting in the context of critical infrastructures: the topological vulnerability
(Santos et al. (2019)).

The shortest path length d;; between two nodes ¢ and j is the smallest number of links from ¢ to j, among all the possible
paths between ¢ and j.

The efficiency e;; in the communication between nodes ¢ and j is inversely proportional to their shortest path length, i.e.,
ei; ~1/d;;. Let E be the average efficiency of G, and let Vj, be the vulnerability associated with a node (or edge) k of a graph
G.

The vulnerability associated to element k of graph G, V4, is given by

_E-5

Vi i

6]

where F; is the efficiency of the graph considering the removal of element k.

3 Results and Discussion

In Figure 1 is shown the vulnerability map for all highways in the study area.

As presented in Santos et al. (2019), the vulnerability associated to an element on a graph can be understood as the way
a system reacts under a concrete threat on this element. Although it is a measurement associated to the element, assuming a
possible value for each element, the vulnerability on complex networks brings information about the dynamics throughout the
whole network.

In Figure 1 there are several element with low topological vulnerability, but there is some elements with vulnerability approx.

3% and an element with vulnerability approx. 5%, so, a flood enabling the traffic on this highway’s element can reduce the
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Figure 1. Vulnerability map for all highways in the study area. The green color is associated with the least vulnerable segments and the red

color with the most vulnerable ones.

efficiency of this transportation network in 5%. It is important to highlight that in this region there is a heavy flow of people
and goods, with some important national and international ports and airports.

In Figure 2 is shown the vulnerability map for a subset of the highways in the study area. Also, it is shown the areas most
susceptible to floods and a digital image of the terrain. In this subset it is possible to see that there are some elements with
intermediate vulnerability close to urban flood areas.

To make a better urban planning and lessen the risk of disasters, the mapping of risk areas is an indispensable step. This
mapping can be used to create a risk reduction plan, to define priority areas for attention in the municipalities, to make recom-
mendations for works on infrastructure and to prepare municipal master plans.

The mapping of risk areas for Santa Catarina comprises:

— Elaboration of preliminary maps of susceptibility to hydrological events
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Figure 2. TEXT
— Grouping by sectors of high and very high risk for each municipality, with detailed maps for areas where there is already
arisk
— Mapping of hazards, according to methodological aspects from GIDES Project (GIDES (2014))
— Elaboration of final maps of susceptibility to hydrological events for the monitored municipalities.

5 Santa Catarina follows the guidelines established from GIDES Project, which is a partnership between Brazil and Japan
to strengthen the National Strategy for integrated Management of Risks and Disasters. The project’s goal is to reduce risks
of disasters through non-structural preventive actions. The mains results are the improvement of assessment systems and risk

mapping, warnings and urban planing for disaster prevention.
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4 Conclusions

From the Disaster Risk Reduction point of view, the vulnerability index can be a good proxy of potential impacts, by showing
the elements that, if removed, could cause the biggest impacts on the efficiency of the network.

In this paper, we modeled the set of highways from our study area as a graph and calculated some topological index, as the
topological vulnerability one. Using the (geo)graph approach (Santos et al. (2017)), it was possible to represent the results in
a Geographical Information System.

It was possible to see that there are some elements with vulnerability of approx. 5%, so, a flood enabling the traffic on
this highway’s element can reduce the efficiency of this transportation network in 5%. Also, there are some elements with
intermediate vulnerability close to urban flood areas. In the study area, the State of Santa Catarina, in Brazil, there is a heavy
flow of people and goods, with some important national and international ports and airports.

In the broader context, this work could support the “inclusive and sustainable development” pillar of the 2016 Country
Partnership Framework established by the World Bank for Brazil by identifying areas of deprivation and making vulnerability
to disasters an important consideration in the targeting of socioeconomic development.

A possible extension for this investigation is to draft risk scenarios considering other components, such as the dynamic

exposure (daily traffic on each highway) and other kinds of vulnerability, for example, one based on the road pavement.

Author contributions. These authors contributed equally to this work.

Competing interests. No competing interests are present

Acknowledgements. Funding: Sdo Paulo Research Foundation (FAPESP), Grant Number 2015/50122-0 and DFG-IRTG Grant Number
1740/2; FAPESP Grant Number 2018/06205-7; CNPq Grant Number 420338/2018-7



10

15

20

25

30

35

https://doi.org/10.5194/nhess-2019-199
Preprint. Discussion started: 4 July 2019
(© Author(s) 2019. CC BY 4.0 License.

References

Pregnolato, M., Ford, A., Wilkinson, S. M., Dawson, R. J. The impact of flooding on road transport: A depth disruption function, Transport.
Res. D-Tr. E., 55, 67-81, 2017

Doll, C., Trinks, C., Sedlacek, N., Pelikan, V., Comes, T., Schultmann, F. Adapting rail and road networks to weather extremes: case studies
for southern Germany and Austria, Nat. Hazards, 72, 63-85,2014

Eidsvig, U. M. K., Kristensen, K., and Vangelsten, B. V. Assessing the risk posed by natural hazards to infrastructures, Nat. Hazards Earth
Syst. Sci., 17, 481-504, 2017

Wisner, B., Blaikie, P, Cannon, T., Davis, I. At risk: natural hazards, people’s vulnerability and disasters. 1st edition.
10.4324/9780203428764, 1994

Schlogl, M., Richter, R., Avian, M., Thaler, T., Heiss, G., Lenz, G., Fuchs, S. On the nexus between landslide susceptibility and transport
infrastructure — an agent-based approach. Nat. Hazards Earth Syst. Sci., 19, 201-219, 2019

Berdica, K. An introduction to road vulnerability: what has been done, is done and should be done. Transport Policy, 9, 117-127, 2002

Taylor, M. A. P, Sekhar, S. V. C., and D’Este, G. M. Application of Accessibility Based Methods for Vulnerability Analysis of Strategic
Road Networks, Netw. Spat. Econ., 6, 267-291, 2006

Yin, H., Xu, L. J. Shanghai Jiaotong Univ. (Sci.) v. 15, p. 736, 2010

Santos, L. B. L., Londe, L. R., Carvalho, T., Menasche, D. S., Vega-Oliveros, D. A. About Interfaces Between Machine Learning, Complex
Networks, Survivability Analysis, and Disaster Risk Reduction. In Towards Mathematics, Computers and Environment: A Disasters
Perspective, eISBN 978-3-030-21205-6, Springer-Nature, 2019

Herrmann, M. L. P. (2014). Atlas de Desastres Naturais do Estado de Santa Catarina: Periodo de 1980 a 2010. 2%ed. Florianépolis: IFGSC.
Cadernos Geograficos. 2014. Disponivel em: https://www.researchgate.net/profile/Daniel_Borini_Alves/publication/282668265_Sintese_
dos_desastres_naturais_de_1980_a_2010/links/5617ba9108ae353151bb10d5/Sintese-dos-desastres-naturais-de-1980-a-2010.pdf

Arosio, M., Martina, M. L. V., Figueiredo, R. Natural hazard risk of complex systems - the whole is more than the sum of its parts: I. A
holistic modelling approach based on Graph Theory. Natural Hazards and Earth System Sciences Discussions, p. 1-23, 2018

Pregnolato, M., Ford, A., Robson, C., Glenis, V., Barr, S., Dawson, R. (2016). Assessing urban strategies for reducing the impacts of extreme
weather on infrastructure networks. R. Soc. open sci. 3: 160023

Universidade Federal de Santa Catarina. Centro Universitario de Estudos e Pesquisas sobre Desastres. Relatério dos danos materiais e
prejuizos decorrentes de desastres naturais em Santa Catarina: 1995 - 2014/ Centro Universitdrio de Estudos e Pesquisas sobre Desastres
[Organizagio Rafael Schadeck]- Florianépolis: CEPED UFSC, 2016.

Santos, L. B. L., Jorge, A. A. S., Rossato, M., Santos, J. D., Candido, O. A., Seron, W., Santana, C. N. (Geo) graphs-Complex Networks as
a shapefile of nodes and a shapefile of edges for different applications. arXiv preprint arXiv:1711.05879, 2017

Chang, S. E., Falit-Baiamonte, A. Disaster vulnerability of businesses in the 2001 Nisqually earthquake. Global Environmental Change Part
B: Environmental Hazards 4(2-3):59-71, 2002

Fothergill A, Peek LA (2004) Poverty and disasters in the united states: A review of recent sociological findings. Natural Hazards 32(1):89-
110

Cannon T (1994) Vulnerability analysis and the explanation of ‘natural’ disasters. Disasters, development and environment pp 13-30

Carmo RLD, Anazawa TM (2014) Mortality due to disasters in Brazil: What the data reveals. Ciéncia Saude Coletiva 19(9):3669-3681



https://doi.org/10.5194/nhess-2019-199
Preprint. Discussion started: 4 July 2019
(© Author(s) 2019. CC BY 4.0 License.

UNISDR (2017) Global assessment report on disaster risk reduction atlas: unveiling global disaster risk. Report, https://www.unisdr.org/we/
inform/publications/53086

IBGE — INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATISTICA. Cidades. Disponivel em https://cidades.ibge.gov.br/brasil/sc/
panorama>

5 CEPED UFSC - Atlas brasileiro de desastres naturais 1991 a 2012. Vol. Brasil. 2* ed. Centro de Estudos e Pesquisas em Engenharia e Defesa

Civil (CEPED/UFSC). Florianépolis/SC. 2012.

Herrmann, M. L. P. (Org.). Atlas de desastres naturais do Estado de Santa Catarina. Florianépolis: IOESC, 2005

Londe, L. R., Coutinho, M. P., Gregorio, L. T., Santos, L. B. L., Soriano, E. Water-related disasters in Brazil: perspectives and recommenda-
tions. Ambiente & Sociedade, v. 17, n. 4, p. 133-152, 2014

10 GIDES project, https://www.jica.go.jp/english/publications/j-world/c8hOvmO0000bwsOt4-att/1801_02.pdf, accessed June 22, 2019



