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Abstract

Among the landslide types, debris flows represent a greater hazard to society due to their high
destruction potential. In Brazil, debris-flow studies are still incipient when compared to other
hydrogeomorphic processes and a good understanding of their dynamics is fundamental to
supporting hazard and risk assessment studies. In particular, determining the spatialization of
events and the extent of the impacts that the phenomenon represents in the country is crucial
to supporting targeted and more in-depth studies. In this context, the main objectives of this
thesis are to assess the societal impact of debris flows in Brazil and to propose a methodology
that aims at reducing the potential damage that future events can cause in susceptible regions.
A detailed post-event characterization of a debris-flow event is also conducted, as it is a
fundamental step to understanding the phenomenon’s dynamics and can further support the
proposal of the hazard assessment methodology. To determine the societal impact of debris
flows, a catalogue of events that have caused fatalities and/or economic losses between 1920
and 2021 was created, which supported the debris-flow Mortality Rate (MR) calculation and
the application of the so-called F-N Curves (Frequency of events vs. Number of Fatalities). In
total, 45 debris-flow events were documented in the considered period, having caused more
than 5,773 fatalities and 5.4 billion USD in economic losses. The city of Cubatao (state of Sao
Paulo) shows the highest number of recorded events in the considered period (9), consolidating
the status as the most debris-flow prone region in the country. A multi-step hazard assessment
is, then, proposed using Cubatdo as the test-site, based on the combination of Logistic
Regression (LR) analysis, numerical simulation and rainfall back-analysis. The LR results
highlight that rainfall is the main influencing factor in debris-flow initiation in the region and
indicate the catchments more susceptible to the phenomenon. The simulation results,
performed in the catchments indicated by the LR, show that the average runout distance in the
region is 470 m, with an average peak flow height of 5 m and a peak velocity of 23 m s,
according to the calibration based on two past debris-flow events. These results are comparable
to the debris-flow event of February 2017 that occurred in the Pedra Branca catchment
(Guaratuba, state of Parand), in which a detailed post-event geomorphological characterization
was conducted to estimate the event’s magnitude. The Guaratuba event was of a large-sized
stony debris flow, with a total magnitude of 120,195 m?, a peak flow heigh of 7 m and a peak
velocity of 26.5 m s™!. Debris-flow events both in Cubatdo and Guaratuba are generally
triggered by short duration (<48 h), high-intensity (>200 mm) precipitation, with return periods
that vary from 3 to 15 years. Five levels of hazard (very low to very high) are, then, proposed



in our hazard assessment method, based mainly on the 48-h accumulated rainfall, flow
properties (height, velocity) and the spatial analysis of the elements (infrastructures, houses,
etc.) at hazard. In Cubatdo, industrial and residential areas in the projected debris-flow route
generally exhibit the highest overall hazard levels, as many were developed in the depositional
area of the phenomenon and near fluvial courses, where associated floods and flash floods may
occur. As pointed out by recent studies, an increase in the frequency of extreme precipitation
events is projected in the Serra do Mar region and when the general short return period of the
debris-flow triggering rainfall is considered (< 20 years), large magnitude (>10° m?) events are
likely to occur in the next decade in the portions of the mountain range located in the states of
Sdo Paulo and Parand. This thesis, therefore, is a contribution to better understanding the

dynamics of debris flows in Brazil and is a step towards the prevention of future disasters.
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Zusammenfassung

Unter den Rutschungsarten stellen Murgéinge aufgrund ihres hohen Zerstdrungspotentials eine
groBBere Gefahr fiir die Gesellschaft dar. In Brasilien sind Murgangstudien im Vergleich zu
anderen hydrogeomorphen Prozessen noch am Anfang und ein gutes Verstdndnis ihrer
Dynamik ist essentiell fiir die Erstellung von Gefahren- und Risikobewertungsstudien.
Insbesondere ist die Bestimmung des Ausmales der Auswirkungen, die das Phdnomen in einer
Region oder einem Land darstellt, von wesentlicher Bedeutungfiir gezielte und eingehendere
Studien. In diesem Zusammenhang besteht das Hauptziel dieser Arbeit darin, die
gesellschaftlichen Auswirkungen von Murgingen in Brasilien zu bewerten und eine Methodik
vorzuschlagen, die darauf abzielt, den potenziellen Schaden zu verringern, den zukiinftige
Ereignisse in anfélligen Regionen verursachen konnen. Eine detaillierte Nachuntersuchung
eines Murgangereignisses wird ebenfalls durchgefiihrt, da dies ein grundlegender Schritt zum
Verstindnis der Dynamik des Phdnomens ist und den Vorschlag der
Gefahrenbewertungsmethodik weiter unterstiitzen kann. Um die gesellschaftlichen
Auswirkungen von Murgéingen zu bestimmen, wurde ein Katalog von Ereignissen erstellt, die
zwischen 1920 und 2021 Todesopfer und/oder wirtschaftliche Schidden verursacht haben, was
die Berechnung der Murgangmortalititsrate (MR) und die Anwendung der sogenannten F-N
unterstlitzten Kurven (H&iufigkeit von Ereignissen vs. Anzahl Todesfille) ermoglicht.
Insgesamt wurden im betrachteten Zeitraum 45 Murgangereignisse dokumentiert, die mehr als
5.773 Todesopfer und 5,4 Milliarden US-Dollar an wirtschaftlichen Schidden verursachten. Die
Stadt Cubatdo (Bundesstaat Sdo Paulo) weist die meisten Ereignisse auf und festigt damit ihren
Status als die am stérksten von Murgéngen bedrohte Region des Landes. Daher wird eine
mehrstufige Gefidhrdungsbeurteilung vorgeschlagen und am Beispiel von Cubatio getestet,
basierend auf einer Kombination von logistischer Regressionsanalyse (LR), numerischer
Simulation und Niederschlagsriickanalyse. Die LR-Ergebnisse verdeutlichen, dass
Niederschlag der Haupteinflussfaktor bei der Entstehung von Murgéngen in der Region ist und
zeigen die Einzugsgebiete, die fiir das Phdnomen in der Region anfilliger sind. Die
Simulationsergebnisse von zwei Murgangereignissen, die in diesen Einzugsgebieten
durchgefiihrt wurden, zeigen, dass die durchschnittliche Auslaufstrecke in der Region 470 m
betrdgt, mit einer durchschnittlichen FlieBhéhe von 5 m und einer Spitzengeschwindigkeit von
23 m s-1. Diese Ergebnisse sind vergleichbar mit dem Murgangereignis vom Februar 2017 im
Einzugsgebiet von Pedra Branca (Guaratuba, Bundesstaat Parand), bei dem eine detaillierte

geomorphologische Charakterisierung nach dem Ereignis durchgefiihrt wurde, um das Ausmaf}
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des Ereignisses abzuschétzen. Bei dem Guaratuba-Ereignis handelte es sich um einen grofen
steinigen Schuttstrom mit einer Gesamtgrole von 120.195 m3, einem Spitzenabfluss von
2.146,7 m3 s-1 und einer Spitzengeschwindigkeit von 26,5 m s-1. Murgangereignisse in
Cubatao und Guaratuba wurden durch Niederschlidge von kurzer Dauer (< 48 h) und hoher
Intensitdt (> 200 mm) mit Wiederkehrperioden von 3 bis 15 Jahren ausgeldst. Fiinf
Gefahrenstufen (sehr gering bis sehr hoch) werden dann in  unserer
Gefahrenbewertungsmethode vorgeschlagen, die hauptsichlich auf den Niederschldgen iiber
48 Stunden und Stromungseigenschaften basiert. In Cubatdo weisen Industrie- und
Wohngebiete in der prognostizierten Murgangroute im Allgemeinen die hochsten
Gesamtgefahrenstufen auf, da diese sich liberwiegend im Ablagerungsgebiet des Phidnomens
und in der Nihe von Flussliufen befinden, wo damit verbundene Uberschwemmungen und
Sturzfluten auftreten konnen. Wie neuere Studien zeigen, wird in der Region Serra do Mar eine
Zunahme der Haufigkeit extremer Niederschlagsereignisse prognostiziert; unter
Beriicksichtigung der allgemein kurzen Wiederkehrperiode (< 20 Jahre) von Murgang
auslosenden Niederschldgen, konnen Ereignisse groen AusmaBes (> 105 m3) im néchsten
Jahrzehnt in Teilen der Bergkette in den Bundesstaaten Sao Paulo und Parand auftreten. Diese
Arbeit tragt daher zum besseren Verstdndnis der Dynamik von Murgéngen in Brasilien bei und

ist ein Schritt zur Vermeidung zukiinftiger Katastrophen.

Keywords: Erdrutsche, Geologische Gefahren, Multivariate Statistik, Naturkatastrophen.
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Resumo

Entre os tipos de movimentos de massa, os fluxos de detritos representam um risco maior a
sociedade devido ao seu alto potencial de destrui¢do. No Brasil, os estudos de fluxos de detritos
ainda sdo incipientes quando comparados a outros processos hidrogeomorfologicos e uma
melhor compreensdo da sua dindmica ¢ fundamental para subsidiar estudos de avaliagdo de
perigos e riscos. A estimativa da extensdo dos impactos que o fendmeno representa no pais €,
particularmente, fundamental para subsidiar estudos direcionados e mais aprofundados. Nesse
contexto, os principais objetivos desta tese sao de espacializar os eventos de fluxos de detritos
e avaliar o impacto socioeconomico do fendomeno no Brasil, além de propor uma metodologia
que tem como objetivo reduzir os danos potenciais que eventos futuros podem causar nas
regides mais suscetiveis. A caracterizagdo detalhada pods-evento de um fluxo de detritos
também ¢ conduzida, uma vez que ¢ um passo fundamental na compreensao da dindmica do
fenomeno e da suporte a proposta de metodologia de avaliacdo de perigo. Para determinar o
impacto socioeconomico dos fluxos de detritos, foi criado um banco de dados dos eventos que
causaram fatalidades e/ou perdas econdmicas entre 1920 e 2021, que serviu de base para o
calculo da Taxa de Mortalidade (TM) e a aplica¢dao de Curvas F-N (Frequéncia de eventos vs.
Numero de Fatalidades). No total, 45 eventos de fluxo de detritos foram documentados no
periodo considerado, causando mais de 5.773 mortes e USS$ 5,4 bilhdes em perdas econdmicas.
A cidade de Cubatao (SP) apresenta o maior numero de eventos, consolidando-se como a regido
mais propensa a fluxos de detritos no pais. Consequentemente, a proposta de uma metodologia
de avaliacdo de perigo a fluxos de detritos em varias etapas ¢ feita utilizando Cubatdo como
area piloto, que tem como base a combinacdo de andlise de Regressdo Logistica (LR),
simulagdo numérica e retro analise de eventos de chuva. Os resultados da LR destacam que a
chuva ¢ o principal fator de influéncia no inicio do fluxo de detritos na regido, além de também
indicarem as bacias mais suscetiveis ao fendmeno no local de estudo. Os resultados da
simulacdo de fluxos de detritos nas bacias indicadas pelo LR mostram que a distancia média
de runout na regido ¢ de 470 m, com altura média do pico do fluxo de 5 m e velocidade de pico
de 23 m s!. Esses resultados sdo comparaveis ao evento de fluxo de detritos de fevereiro de
2017 que ocorreu na bacia hidrografica de Pedra Branca (Guaratuba, estado do Parand), no
qual uma caracterizagdo geomorfoldgica pos-evento detalhada foi realizada com o objetivo de
estimar a magnitude do evento. O evento de Guaratuba foi um fluxo de detritos “rochoso”
(stony debris flow) de grande porte, com magnitude total de 120.195 m?, altura do pico de

vazdo de 7 m e pico de velocidade de 26,5 m s7!. Os eventos de fluxo de detritos em Cubatéo e

viii



Guaratuba s3o, de uma forma geral, desencadeados por precipitagdao de curta duracao (<48 h),
alta intensidade (>200 mm), com periodos de retorno que variam de 3 a 15 anos. Cinco niveis
de risco (muito baixo a muito alto) foram, entdo, propostos em nosso método de avaliacio de
perigo, baseado principalmente na chuva acumulada em 48 horas, propriedades cinemadticas do
fluxo (altura de vazdo, velocidade) e nos elementos no raio de perigo (infraestruturas, casas,
etc.). As areas industriais e residenciais na rota estimada de fluxo de detritos geralmente exibem
os mais altos niveis de perigo geral na éarea piloto, uma vez que se desenvolveram na area de
deposic¢do do fendmeno e perto de cursos fluviais, onde podem ocorrer inundagdes e enxurradas
associadas. Conforme apontado por estudos recentes, projeta-se um aumento na frequéncia de
eventos extremos de precipitagdo na regido da Serra do Mar e, quando se considera o curto
periodo geral de retorno das chuvas desencadeadoras do fendmeno (< 20 anos), eventos de
fluxos de detritos de alta magnitude (> 10° m*) podem ocorrer na proxima década nas areas
consideradas nesta tese, localizadas na regido da Serra do Mar paulista e paranaense. Esta tese,
portanto, contribui para a melhor compreensdo da dindmica dos fluxos de detritos no Brasil e

para a prevencao de futuros desastres.

Palavras-chave: Movimentos de Massa, Perigos geoldgicos, Estatistica multivariada,

Desastres naturais.
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1. Introduction

Debris flows represent great threat to humans and infrastructures in mountain regions
worldwide, due mainly to their sudden occurrence and high impact energy that can cause great
damage along their path (IVERSON, 2000; BEGUERIA et al., 2009; LUNA et al., 2012). The
phenomenon occurs when a mixture of earth material, water and air very rapidly surges down
steep drainage paths (VARNES, 1978; TAKAHASHI, 2006; HUNGR et al., 2014), with high-
intensity rainfall as the primary triggering factor (MILNE et al., 2008). The increasing
frequency of extreme rainfall events on a global scale (BENISTON 2009; GIORGI et al., 2011;
BORGA et al., 2014; WESTRA et al., 2014) has been associated to an observed increase in
the frequency and magnitude of debris-flow events (STOFFEL; HUGGEL, 2012; WINTER;
SHEARER, 2014; BORGA et al., 2014), which, combined with landslides, were responsible
for more than 32,000 fatalities between 2004 and 2010 worldwide (PETLEY, 2012; BORGA
etal., 2014).

In Brazil, debris flows are mainly initiated by rainfall-triggered landslides (WOLLE;
HACHICH, 1989; LACERDA, 2007) and the Serra do Mar Mountain Range is the main site
of occurrence, due to its steep slopes and high rainfall rates (VIEIRA et al., 2010; VIEIRA;
GRAMANI, 2015). Recent projections in the context of global warming have indicated that
the Serra do Mar region may experience a surge in the frequency and magnitude of
hydrogeomorphic processes, particularly in scenarios with a 2.0° C increase in Global Warming
Levels (GWLs) (MARENGO et al., 2021). More frequent debris-flow events can lead to
significant socioeconomic losses, especially in the Global South! where little investment is
made to prevent natural disasters (PETLEY, 2012; COROMINAS et al., 2013; MARENGO et
al.,2021).

According to Bastos et al. (2015), landslides and debris flows were responsible for
approximately 1,700 deaths in Brazil between 2000 and 2010, affecting almost 8 million people
and causing economic losses of 1.5 billion USD (United States Dollar). The increasing
urbanization towards mountain regions, especially in south and southeast Brazil, has been
highlighted by recent studies (GUERRA et al., 2007; PATEL; BURKE, 2009; LONDE et al.,
2018), which can further increase the humanitarian losses that the debris flows can cause, as

changes in society and economic development are the main driving forces that can magnify

associated damage (ANDRES; BADOUX, 2018).

! According to the definition of the United Nations Finance Center for South-South Cooperation (UN FCSSC, 2022)
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Despite this extensive history of damage and destruction related to debris flows,
quantitative studies about the phenomenon in Brazil are still scarce when compared to other
hydrogeomorphic processes. As a result, a reliable estimative of the damage that the
phenomenon represents to the society is not yet determined, mostly due to the poor monitoring
and documentation of events, which can further be linked to the irregular occurrence of debris
flows (KEAN et al., 2013; GREGORETTI et al., 2018; DESTRO et al., 2018). Moreover, the
difficult access to debris-flow prone catchments also represents a challenge for the acquisition
of good-quality data, which is a prerequisite for reliable risk and hazard studies, as well as for
understanding the dynamics and mechanisms of the phenomenon (ALVALA et al., 2019).

In Geosciences, hazard can be defined as a process or phenomenon that may cause
negative impacts to the society, such as loss of life, injuries, property damages, social and
economic disruption or environmental degradation (UNDRR, 2015). Hazard incorporates the
concepts of magnitude (the intensity), geographical location (the place the phenomenon
occurred) and time recurrence (temporal frequency) (GUZZETTI et al., 1999). Risk considers
the probability of the negative effects to occur, as a function of the hazard, exposure (human
assets in the hazard zone), vulnerability (the social, physical, economic and environmental
conditions) and capacity (resources to cope with the consequences) (UNDRR, 2015). Risk
assessment studies, therefore, require a more multidisciplinary approach.

The foundation of a hazard assessment that focuses on landslide-triggered debris flows
commonly relies on a comprehensive landslide inventory, knowledge of the main controlling
and triggering factors that influence their occurrence, as well as the consideration of the
elements at hazard (SOETERS; VAN WESTEN, 1996, VAN WESTEN et al., 2008;
COROMINAS et al., 2013). Landslide inventories are a critical first step, as they are applied
in the investigation of their distribution patterns in relation to environmental variables, as well
as in the validation of hazard scenarios (CARDINALI et al., 2002; VAN WESTEN et al., 2008;
BALTEANU et al., 2010; GUZZETTI et al., 2012; STEGER et al., 2021). The creation of
landslide inventories is often dependent on the availability of aerial imagery both prior and
after an event, which can represent a serious limiting factor in most regions of Brazil.

The influencing factors are associated to the triggering and controlling parameters that
lead to debris-flow occurrence, which can vary according to the characteristics of a region
(COROMINAS et al.; 2013; NIKOLOVA et al., 2020). Since the study of Melton (1958),
several attempts have been made at identifying the critical morphometric variables that control
debris-flow initiation in a catchment (e.g., ZHOU et al., 1991; LIN et al., 1993; CHEN; SHIEH,
1993; BOVIS; JAKOB, 1999; LIN et al., 2002; WILFORD et al., 2004; KOVANEN;
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SLAYMAKER, 2008; BERTRAND et al., 2013; MEYER et al., 2014; HEISER et al., 2015;
LAY et al., 2019; NIKOLOVA et al., 2020), including in Brazil (e.g., DIAS et al., 2016;
CERRI et al., 2018; GABELINI et al., 2019, CABRAL et al., 2019; among others).
Multivariate statistics analyses have traditionally been applied in this regard, due to their
objective evaluation of the relationship between a dependent variable (occurrence or not of an
event) and a series of independent variables (i.e., the influencing factors) (SUZEN; KAYA,
2011; COROMINAS et al., 2013; BUDIMIR et al., 2015).

More recently, numerical and physically-based models have been developed to support
hazard and risk analysis, due to their ability to represent important features of the debris-flow
dynamics (CROSTA et al., 2003; MEDINA et al. 2008; HUSSIN ef al., 2012; CASTELLI et
al., 2017). These models can predict runout path and distance, velocity, flow height and impact
pressure, as well as entrainment rate (FRANK et al., 2017), which are fundamental to
estimating hazard intensity and to supporting the dimensioning of protective structures and
measures (TAN et al., 2020). Some examples of dynamic models include DAN-3D (HUNGR;
MCDOUGALL, 2009; SALVATIClI et al., 2017), FLO-2D (MUIR et al., 2006; QUAN LUNA
etal.,2011) and RAMMS (FRANK et al., 2015; 2017).

Furthermore, direct field investigations are essential to better understanding the debris-
flow dynamics in a catchment (GAUME; BORGA, 2008; BORGA et al., 2014; LUCIA et al.,
2018). Field investigations can also provide a sound knowledge of the magnitude of a debris-
flow event (i.e., the total volume of transported debris), which is a prerequisite for quantifying
associated hazards (JAKOB, 2005a). Magnitude estimations are more commonly carried out
by statistical and empirical methods (e.g., TAKAHASHI, 1992; BIANCO; FRANZI, 2000;
MASSAD, 2002; TAKAHASHI, 2006; KANIJI et al., 2007; CHANG et al., 2011) or by post-
event (forensic) geomorphological investigation of the debris-flow route in a catchment (e.g.,
MARCHI; D’AGOSTINO, 2004; LIU et al., 2009; GREGORETTI et al., 2018).

Geomorphology-based estimations are considered one of the most accurate, since they
are based on direct field evidences (LIU et al., 2009; GREGORETTI et al., 2018) and do not
necessarily require information about previous events (MARCHI; D’AGOSTINO, 2004),
which can be especially rare in Brazil. By estimating the magnitude, important kinematic
parameters such as peak discharge and flow velocity can also be obtained (RICKENMANN,
1999; PAK; LEE, 2008; SANTI et al., 2008; REID et al., 2016), which can greatly support
debris-flow hazard assessments (KANJI et al., 2007; SANTI, 2014; GREGORETTI et al.,
2018).

In this brief context, the following questions arise:
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e What are the societal consequences of debris flows in Brazil?

e What are the most affected regions in the country?

e What are the main characteristics of debris flows in Brazilian catchments and in
what way their kinematic parameters influence hazard levels?

e What are the differences and similarities between the dynamics and mechanisms
of the phenomenon in different Brazilian catchments?

e What methods can more successfully be applied to mitigate and prevent new
losses in the most affected areas?

Three papers have been developed during this research, in the attempt to answering
these questions and which results are integrated and discussed in this thesis. Paper I, entitled
“The consequences of debris flows in Brazil: a historical analysis based on recorded events in
the last 100 years”, provides an overview of the damage and losses that the phenomenon has
caused so far, based on a comprehensive compilation of recorded events between 1920 and
2021. Paper I also highlights the areas in Brazil where debris flows are more common and have
historically caused more negative consequences.

A detailed characterization of a debris-flow event is conducted in Paper II, entitled
“Characterization of a landslide-triggered debris flow at a rainforest-covered mountain range
in Brazil”, to describe the dynamics of the phenomenon in a Brazilian catchment and to
contribute to better understanding the hazard that debris flows can represent to the society. A
more in-depth analysis and comparison of debris-flow dynamics in different Brazilian
catchments is conducted in this thesis.

Furthermore, Paper 111 proposes a “multi-step hazard assessment for debris-flow prone
areas influenced by hydroclimatic events”, which is also the title of the study, based on the
combination of Logistic Regression analysis, numerical simulation and rainfall back-analysis.
The method was developed mainly for tropical and subtropical areas and the region of Cubatao
(Sao Paulo State) is chosen as test site for the study, as it is identified by Paper I as one of the
regions most affected by debris flows in Brazil. The results of Paper II are also compared and
incorporated in the development of the hazard assessment presented in Paper III. The three

papers are available in Appendix A.
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2. Objectives

The main objectives are to assess the societal impact of debris flows in Brazil and to

propose a methodology that aims at reducing the potential damage that future events can cause

in susceptible regions. Another objective is to conduct a detailed post-event characterization of

a debris flow, as it is a fundamental step to understanding the phenomenon and can further

support the proposal of the hazard assessment methodology. As for the specific objectives, they

include:

To create a comprehensive catalogue of debris-flow events that have caused
fatalities and/or economic losses in the last 100 years in Brazil,

To quantify the social and economic consequences that the phenomenon represents
in the country;

To identify the main factors that influence debris-flow initiation in a catchment;
To conduct a rainfall back-analysis aimed at identifying precipitation patterns that
lead to the phenomenon,;

To correlate rainfall with the magnitude and consequences of a debris-flow event;
To characterize the dynamics and to estimate the magnitude of a recent debris-flow
event, to better comprehend the development of the phenomenon in a Brazilian
catchment, which can also further aid the implementation of preventive measures
and support hazard assessments;

To propose a hazard zonation matrix that can be applied in hazard assessment

studies of debris-flow prone areas.

The thesis contributes to the effort of better understanding the dynamics of debris flows

in Brazil and is a step towards the prevention of future disasters.
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3. Results and discussions

3.1. The impact of debris flows in Brazil

According to the catalogue compiled in our research and presented in Paper I, 45 debris-
flow events have occurred in Brazil between 1920 and 2021, which have caused fatalities
and/or economic losses. Figure 3.1 shows the spatial distribution of these events, responsible
for at least 5.5 billion USD in direct economic losses and over 5,771 fatalities (Table 3.1).
According to our estimates, the average fatality rate per event is around 128 (total number of
deaths/total number of debris-flow events) and the average economic loss per event is of ca.
122 million USD (total sum of economic losses/total number of debris-flow events).

In total, 64.5% of the recorded debris-flow events occur at the Serra do Mar Mountain
range, followed by Serra da Mantiqueira (13.3%) and Serra Geral (13.3%). Southeast Brazil is
the most affected region by the phenomenon, both in terms of number of events and
socioeconomic losses. This can be related to the highest population density in the southeast
(especially in the states of Rio de Janeiro and Sao Paulo), the intense urbanization of the coast,

where the mountain ranges “Serra do Mar” is located.

Table 3-1: Analysis of debris-flow related damages according to state. Fatalities include missing people. Avg. =
average, N/A = not available.

State Number of Economic losses Fatalities Avg. Avg. Economic loss/event
events (USD) Fatality/event (USD)
Bahia (BA) 2 34,884,425 173 87 17,442,212
Ceara (CE) 1 N/A 91 91 N/A
Minas Gerais (MG) 3 718,275 286 95 359,138
Parana (PR) 2 76,095,510 4 2 38,047,755
Rio de Janeiro (RJ) 13 3,517,256,731 4,353 335 270,558,210
Sao Paulo (SP) 18 168,802,604 621 35 9,377,922
Santa Catarina (SC) 5 1,693,749,577 243 49 338,749,915
Rio Gre(l}r{(ée) do Sul 1 24,683,356 0 0 24,683,356
Total: 45 5,516,190,478 5,771 128 122,582,011

Sao Paulo is the state with the highest number of reported debris-flow events, followed
by Rio de Janeiro and Santa Catarina (Table 3.1). The state of Rio de Janeiro is, by far, the
most impacted by the phenomenon, with 4,353 fatalities in the last 100 years and ca. 3.5 billion
USD in economic losses, which corresponds to approximately 75% of all reported fatalities
and 64% of the economic losses reported in the whole country. Among the cities most affected
by debris flows, Cubatio (Sao Paulo) and Petropolis (Rio de Janeiro) stand out with the highest

numbers of events in the considered period (9 and 6 events, respectively).
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Figure 3-1.Geographic distribution of reported debris-flow events in Brazil. The reported events are more often
associated to the mountain ranges of Serra do Mar, Serra da Mantiqueira and Serra Geral. The underlying Digital
Elevation Model (DEM) is created using GTOPO30 data retrieved from Earth Explorer (USGS, 2021).

To assess the impact that debris-flows have caused in Brazil in the considered period,
we calculated the Mortality Rate (MR) of the phenomenon and we applied the relationship
between the frequency of events and their consequences, using the so-called F-N plots.
Calculating the MR is a direct method of estimating the debris-flow impact in a country and is
expressed as the number of deaths by debris flows per a specified population size in a defined
period of time, e.g., a specific year (GUZZETTI, 2000). Here, the MR is calculated per 100,000
people. F-N plots provide the likelihood of multiple fatalities due to a debris-flow event, by
plotting the cumulative frequency of events that have cause N or more fatalities (F) with the

number of fatalities (N), in a log-log scale (FELL; HARTFORD, 1997).
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Table 3-2: Analysis of debris-flow related damages according to municipality. Fatalities include reported cases
of dead and missing people. N/A = not available.

Municipality/Region Number of events Economic losses (USD) Fatalities Material losses (unit)
Além Paraiba (MGgee:;gr?/olta Grande (MG) 1 N/A 250 63
Antonina, Morretes (PR) 1 76,095,510 25 223
Bom repouso (MG) 1 718,275 0 11
Campos do Jordao (SP) 2 N/A 27 381
Caraguatatuba (SP) 1 63,449,964 436 400
Contagem (MG) 1 N/A 36 300
Cubatio (SP) 9 73,332,253 11 40
Guaratuba (PR) 1 N/A 0 1
Ilha Grande (RJ) 1 180,668,819 31 8
Itadca (SP) 1 5,578,975 23 123
Lavrinhas (SP) 2 2,329,412 11 N/A
Maranguape (CE) 1 N/A 91 N/A
Niter6i (RJ) 1 146,587,2770 269 62
Nova Friburgo (RJ) 1 1,932,584,390* 392%* N/A
Petrépolis (RJ) 6 13’33’24’ ;2’42"3‘; o 428%* 1,929
Rio de Janeiro (RJ) 4 1,010,547,344 804 > 1,500
Rolante (RS) 1 24,683,356 0 400
Salvador (BA) 2 34,884,425 173 1,401
Santos (SP) 2 24,112,000 102 67
Serra das Araras — Pirai (RJ) 1 N/A 1700 > 100
Teresopolis (RJ) 1 1,932,584,390* 429%* N/A
Timbé do Sul (SC) 1 71,311,286 16 N/A
Tubardo (SC) 1 666,840,081 40 N/A
Ubatuba (SP) 1 N/A 11 30
Vale do Itajai region (SC) 3 946,442,920 187 5158

* Economic losses associated to the 2011 debris flow event, undistinguished between cities
** +300 missing people, undistinguished between cities

Figure 3.2a shows the average Mortality Rate (MR) of debris flows per 100,000
habitants in Brazil for every decade between 1920 and 2020, whereas the average national MR
(combining all death causes) is shown in Figure 3.2b, plotted against the population growth.
The results indicate that while the average national MR has been going down since 1920, the
national MR of debris flows has been fairly steady through the decades. The comparison
between the declining average national MR with the steady debris-flow MR suggests that while
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there have been several advances in public health and public security policies in Brazil since

1920, the same is not observed for debris-flow prevention and mitigation measures.
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Figure 3-2. Mortality rate (MR) and demographic analysis. A) Average national debris-flow MR (red bar) through
the decades, compared to the debris-flow MR of the Southeastern (blue), Northeastern (green), and Southern
(yellow) region. B) Populational growth of Brazil according to census year, compared to the average mortality
rate through the decades comprising all death causes (dark red bar). The number of people living in urban areas
has been steadly increasing since 1960. The Demographic and average MR data for Brazil is retrieved from IBGE
(2019; 2021).

Southeast Brazil exhibits the highest debris-flow MR, with debris-flow related fatalities
reported in all decades since 1920, except for the 1930s (Figure 3.2a). The average MR in the
Southeast ranged from 0.06 in 1920s to 0.76 in the 1960s, decreasing in the 1970s (0.004) and
increasing again in the last decade (0.15). In South Brazil, debris-flow related fatalities are
recorded every decade since the 1970s, with the highest average debris-flow MR in the 2000s

(0.06), due to the debris-flow event in the Itajai river basin in 2008. In Northeast Brazil, only
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in the 1970s and 1980s the region reported debris-flow related deaths, with the highest debris-
flow MR in the 1970s (0.05).

The debris-flow MR in the country compared to the MR of other diseases and human-
induced causes is shown in Figure 3.3, considering the average MR values for the last decade
(2011-2020) according to the Global Burden of Diseases (VOS et al., 2020). Fatalities related
to debris flows are rather rare in Brazil when compared to other death causes, with
approximately 127 deaths per year during the last decade, while homicides and drowning cause
each year approximately 61,000 and 6,380 deaths per year, respectively (Figure 3.3). The
primary cause of death in Brazil are diseases, followed by public violence, with COVID-19
related deaths representing the leading cause of fatalities between 2020-2021.

However, when we analyze the plots that considers the Frequency of Events with N or
more fatalities (F) and the number fatalities (N) (Figure 3.4), we can observe the high
probability of fatal events in the country, which can be directly related to the lack of
preparedness and preventive programs to natural disasters. For instance, a debris-flow event
with a fatality number of 1,200 or more, such as the one in 2011 in Rio de Janeiro (we refer
Paper I, annex A), has a probability of occurring every 50 years, if no preventive measures are
adopted, and one with 10 or more fatalities has a probability of occurring every 3 years.

When the fatal consequences of debris flows in Brazil is compared to other countries,
the country stands out showing a higher societal impact than in China (TTANCHI et al., 1989),
Japan (CASCINI et al., 2008), and Hong Kong (HO; KO, 2009), and a similar societal impact
to that of Italy (GUZZETTI, 2000) (Figure 3.4). It is important to point out, however, that our
analysis focuses only on debris-flow events, which tend to cause higher number of fatalities
and are less frequent than localized fatal landslides (COROMINAS et al., 2013), which is also
considered in the other international studies and can potentially impact the slope of the F-N
curve. Moreover, Japan, Italy and Hong Kong are much smaller in territorial area than Brazil,
which can also potentially affect the probability of fatal events due to scale effect.

F-N plots are commonly applied in landslide studies worldwide (e.g., MACCIOTTA et
al., 2015; KELLER, 2017; ZHANG et al., 2019; STROUTH; MCDOUGALL, 2021; among
others), even though they are not universally acknowledged as a good indicator of risk
(EVANS; VERLANDER, 1997; STROUTH; MCDOUGALL, 2021). F-N plots have also been
applied in the establishment of thresholds of what is deemed as an acceptable risk by society
for different types of natural hazards, including specifically for landslides (MALONE, 2005;
STROUTH; MCDOUGALL, 2021). Hong Kong, through the country’s Geotechnical
Engineering Office (GEO), established landslide risk thresholds (ERM, 1998) (Figure 3.6),
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which have been adopted by some countries (e.g., Australia, AGS, 2007; Western Canada,
PORTER; MORGENSTERN, 2013), though, as pointed out by Strouth and McDougall (2021),

to no great success taking Canada as an example.

CAUSES OF DEATH IN BRAZIL

1in 151 people die each year in the country,
according to the average mortality rate (MR) between 2011 and 2020 (690 per 100,000)
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In a population of 213,460,230 (2020), this is approximately 1.4 million deaths each year.

The causes of death vary:

COVID-19 2 in every 5 deaths between 2020/2021 (MR =276.5)
Heart diseases 1in4 (MR=181.9)
w
o
g
o Cancer 1in6 (MR =114.7)
o
7
b4 Homicide 1in 22 (MR =28.22)
&
T
= Drowning 1in 200 (MR = 2.99)
z L

Debrisflows 1in 10,000 (MR = 0.06)

Figure 3-3. Mortality Rate (MR) per 100,000 people per year of different death causes in Brazil. The average
mortality rates for the last decade (2011-2020) are based on data from the Global Burden of Diseases (VOS et al.,
2020). The MR of coronavirus in Brazil is based on data from data from the Brazilian Health Ministry (BRASIL,
2021c). The figure is based on Strouth and McDougall (2021).

F-N curves can potentially be applied in risk analysis studies at cities with extensive
historical incidence of debris-flow events in Brazil, such as Petrépolis and Cubatio, providing

a good estimation of the probability of fatal events occurrence, which can later support
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decisions about preventive measures. While F-N curves can be useful, the adoption of risk
thresholds, such as the one from GEO (ERM, 1998), can be more challenging. Despite similar
climate and hydrogeomorphic process dynamics (HO; KO, 2009; LACERDA, 2007),
especially in the southeast region of Brazil (sub-tropical climate), economic and cultural
differences about the perception of landslide and debris-flow risk are some of the factors that

are not easily transferable (STROUTH; MCDOUGALL, 2021).
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Figure 3-4. F-N curves of debris-flow events in Brazil compared to other countries. Debris flows represent a
higher societal risk than landslide events (also comprising debris flows) in China (TTANCHI et al., 1989), Japan
(CASCINI et al., 2008), Hong Kong (HO; KO, 2009), and Italy (GUZZETTTI, 2000).
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For instance, between 2016 and 2017, The Hong Kong Government budget for disaster
prevention and preparedness was approximately 396 million USD, with 165 million USD for
landslide preventive measures (SIM et al., 2018). In Brazil, the National Center of Monitoring
and Early Warning of Natural Disasters (Centro Nacional de Monitoramento e Alertas de
Desastres Naturais - CEMADEN), responsible for hazard management and monitoring for the
whole country, had an annual budget upon its creation of 14 million USD in 2012-2013, which
has been successively slashed through the years, reaching approximately 3.7 million USD in
2019-2020 (BRASIL, 2021b).

In addition to very different budgets implemented for natural disasters prevention, there
are scale effects in the creation of risk thresholds over F-N plots that should be considered, as
the x-axis (N) is affected by the size of the population affected, and the y-axis (F) by the return
period of the phenomenon (STROUTH; MCDOUGALL, 2021). Comparing the probability of
fatal debris-flow events in Brazil with other countries using F-N plots is also subjected to the

scale effect, as already pointed out.
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Figure 3-5. Societal risk thresholds adopted by Hong Kong, which commissioned the creation of the criterions
specifically for landslides (ERM 1998).

Nonetheless, the use of the F-N plot provides a good indication of the impact that the
phenomenon represents in Brazil and the steady debris-flow MR through the decades further
shows that little has been made to reduce and prevent their negative impacts in the last 100
years. The temporal and spatial distribution of debris-flow events is a primordial step to
understanding the impact of a phenomenon in a country and provides useful information for

the definition of areas where mitigative measures must be implemented. Considering that
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Brazil’s population growth is most concentrated at coastal cities in the southeast (LONDE et
al. ,2018), which are also the “hotspots” for debris-flow events, disaster prevention measures
can and should be implemented in the region, such as local-scale risk analysis, development of
early warning systems and installation of retention structures.

The outlook, however, is not promising. The results of the consistent underfunding of
CEMADEN and the discontinuation of important disaster-prevention programs have been
recently seen in the floods and landslides that struck Petropolis in February 2022. No warning
was issued prior to the catastrophe, causing hundreds of fatalities, despite extensive hazard and

risk monitoring programs theoretically present in the municipality.

3.2. The main factors that initiate a debris flow in a catchment

Cubatao in the state of Sdo Paulo is the city where the highest number of debris-flow
events were recorded in the last 100 years, as pointed out in the analysis of the phenomenon’s
impact in Brazil. Cubatdo is the largest petrochemical site in Latin America and, during the
1980s, it represented 2.5% of the Brazilian GDP (COSTA-RIBEIRO; MELLO-AWAZU,
1988) and was considered the most polluted city in the world, with very high rates of air and
water pollution (COSTA-RIBEIRO; MELLO-AWAZU, 1988; HOGAN, 1988). Since the
1990s, however, the city and the state of Sdo Paulo have implemented environmental
monitoring and recuperation programs that have helped to restore acceptable levels of air and
water quality in the region (VIEIRA-FILHO et al., 2015; LONDE et al., 2018).

Considering the high environmental and socioeconomic vulnerability of the city, the
extensive history of debris-flow events, as well as the availability of high-resolution data, a
more detailed analysis is conducted in Cubatdo. The city is the test-site in our analysis of the
factors that influence debris-flow initiation in a catchment, as well as in our proposal of a
hazard assessment methodology presented in Paper III. Even though several landslide and
debris-flow events have occurred in the region, the ones from 1985 and 1994 were the most
notoriously widespread throughout the hillslopes and catchments of the city and are the events
used in our analysis. Figure 3.6 shows the location of the catchments that are our study site.

The selection of the factors that influence debris-flow initiation is based on past studies
worldwide and at Serra do Mar (e.g., WILFORD et al., 2004; DIAS et al., 2016; WU et al.,
2018; NIKOLOVA et al., 2020), as well as on the factors that are assumed to be critical in the
study area based on past events. Two assumptions were made in their selection: (1) new debris

flows will occur in similar conditions as past ones and (2) the analyzed factors will not change
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for a long period of time. The influencing factors are catchment slope, catchment relief, slope
aspect, Stream Power Index (SPI), Topographic Wetness Index (TWI), lithology, soil cover,
vegetation and 48-h accumulated rainfall (Table 3.3).
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Figure 3-6. Location of the study area, where the hazard assessment is conducted, as well as the analysis of the
factors that influence debris-flow initiation in a catchment. A) The study area (Cubatio, Sao Paulo State), located
in the Serra do Mar Mountain Range, Brazil. B) Overview of the analyzed catchments (numbers in white circles),
located at the central and northeastern hillslopes of Cubatio (2022).

A reclassification was conducted to standardize the scale of all the factors and facilitate
the statistical evaluation. Frequency ratio was applied in the standardization and the statistical
evaluation is conducted using Logistic Regression (LR) analysis, which predicts the probability
of debris-flow initiation based on the dependent variable (occurrence or not of an event) and a
number of independent variables (i.e., influencing factors) that are available in a spatially
continuous manner across the region. The independent variables are assessed to establish the

LR equation, which can be applied in susceptibility studies.
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Table 3-3. Influencing factors analyzed in this study.

Factors Symbol Unit Description
Catchment relief H km The difference between the highest and the lowest elevation point
Catchment slope S1 % Slope of the catchment
Slope aspect Sa - The compass direction the slope surface faces
Strem Power Index (SPI) SPI - The erosive power of flowing water
Topographic Wetness Index (TWI) TWI - Terrain-driven variation in soil moisture
Lithology Lit - Geology of the catchment’s bedrock
Soil So - The soil cover of the catchment
Vegetation F - The type of vegetation cover of the catchment
48-h accumulated rainfall P mm 48-h accumulated rainfall prior to the debris flow

Since the influencing factors can potentially show a high to low correlation with each
other, a factor combination was made to determine their degree of contribution to debris-flow
initiation. In the first round of the LR, the influencing parameters were added one by one,
independently, creating a one-factor model. The factor that showed a more positive effect in
the model was retained and added in the following round of LR analysis — creating, then, a
two-factor model. The process was repeated until all the influencing factors were combined.
The performance validation of our LR analysis was based on a Receiver Operator
Characteristics (ROC) analysis, following Fawcett (2006).

Based on the optimal model-fitting results obtained through the LR and on the priority
of factors added to the model, the following sequence was established that indicates the order
of the factors that most impact debris-flow initiation: (1) Rainfall, (2) Soil cover, (3) Basin
slope, (4) SPI, (5) TWI, (6) Forest cover, (7) Lithology, (8) Slope aspect, and (9) Basin relief
(Table 3.4).

Several studies at Serra do Mar highlight that rainfall is the main debris-flow initiation
factor (LACERDA, 2007; KANIJI et al., 2007; VIEIRA et al., 2010, VIEIRA; GRAMANI,
2015) and our analysis statistically corroborates the statement. In total, 10 rainfall index
subclasses were identified across the study area, based on the rainfall distribution patterns. For
the 1985 events, the subclass 200 — 220 mm is associated with a higher density of debris-flow
triggering landslides, while for the 1994 event the subclass 270 — 290 mm is associated with a
higher density of landslides. These results potentially indicate that a >200 mm rainfall
accumulated in 48 hours can initiate high-magnitude debris flows.

Among the geomorphometric parameters, soil cover shows a stronger influence on
debris-flow initiation. Cambisols (Ca2 and Ca3) are associated with a higher tendency to

trigger debris flows, which can be related to the high boulder content that can more easily
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enable rainfall infiltration (ROSSI; PFEIFER 1991). Ferralsols (LVal and LVa3) dominate in
the study area, as it is typical of humid tropical and subtropical regions, and do not show a
particularly strong tendency to triggering debris flows, which can be related to a more

developed and stable soil profile.

Table 3-4. Results of the ROC analysis of the validation tests of the LR models, according to the Area Under
the Curve (AUC) of the ROC Curve.

1 factor 2 factor 3 factor 4 factor 5 factor 6 factor 7 factor 8 factor 9 factor

Factors
model model model model model model model model model

Rainfall 0.853 - - - - - - - -

Lithology 0.755 0.768 0.863 0.859 0.876 0.882 0.882 - -
Slope 0.595 0.853 0.879 - - - - - -
Relief 0.641 0.752 0.837 0.84 0.882 0.879 0.869 0.879 0.892

Soil 0.709 0.876 - - - - - - -

Vegetation 0.598 0.859 0.863 0.866 0.873 0.886 - - -

TWI 0.605 0.853 0.878 0.876 0.892 - - - -
SPI 0.503 0.846 0.876 0.889 - - - - -
Slope aspect ~ 0.536 0.683 0.866 0.856 0.882 0.885 0.881 0.886 -

Slope angle is another significant morphometric factor that influences debris-flow
initiation, due to the direct influence on surface run-off, vegetation and soil cover, loose
material accumulation and groundwater infiltration (LACERDA, 2007). Slope varies from 0 to
172 % in the catchments, with the range of 70 to 90% (35° to 40°) the most prone to triggering
debris flows at the study area, followed by the range of > 90% (> 40°). In general terms, the
higher the slope the greater the tendency to slope failure, although in very steep slopes (>40°)
the accumulation of mobilizable material (i.e., soil) might not be sufficient to initiate debris
flows.

The SPI is another strong indicator of debris-flow triggering areas, as it influences the
transport and erosion potential of the river/stream (DE ROSA et al., 2019). SPI can be used to
characterize debris-flow initiation (Low SPI), transport (High SPI) and deposition areas (Low
SPI) (CHEN et al., 2017), and our results show that areas with a low SPI are more prone to
debris-flow initiation due very low stream flow in the hillslopes. Areas with a high SPI index
(1.5 to 6) can also contribute to the debris-flow development, which can be associated with the
erosion of lateral slopes as a result of a stronger flow power. Moreover, the catchments in the
region have a moderate drainage density, which suggests a fairly impermeable substratum that
results in overland flow that can acquire high erosive power — contributing, thus, to debris-flow

entrainment.
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The relationship of Topographic Wetness Index (TWI) with debris flows has also been
demonstrated by other studies (e.g., NIKOLOVA et al., 2020), with high TWI areas having the
ability to collect more surface water, i.e., associated to debris-flow deposition in flatter areas.
In the study region, the lower the TWI the higher susceptibility to debris-flows initiation, since
the main initiation areas are in steep portions at higher altitudes in the hillslopes.

Based on the LR model results, rainfall, soil, SPI and TWI are the most relevant
parameters (Equation 1) that should be used in the prediction of debris-flow initiation in the
region, due to a better performance in the output ROC analysis and high-significance of all the
variables (p < 0.05) in the statistical evaluation of the model (Table 3.5). An LR model with
all the influencing factors produced a similar performance in the ROC analysis (Table 3.4),
although not all of the variables showed significance in the statistical evaluation (Table 3.5).

For susceptibility studies in the region, therefore, we suggest the use of Equation 1.

Z =198+ 1.54 TWI + 4.65PI + 6.47Slope — 4.39S0il — 15.4Precipitation (1)

Although with a weaker statistical significance, vegetation is the sixth most influencing
factor and is associated with a strong control over the strength of the superficial soil layer,
representing a slope-stabilizing parameter, as it can affect surface runoff and create obstacles
for flow propagation (LIU et al., 2021). Medium-height broadleaf vegetation (Am), Broadleaf
and bush vegetation (AA) and Broadleaf vegetation (Ab2) are associated with a higher
predisposition to initiate debris-flow and are weakly (Ab2) to strongly (Am, AA) degraded by
the pollution of the region (especially acid rain) (MATTOS; MATSUKUMA, 1990). The effect
of pollution on vegetation may contribute to weakening their support of the soil, leading more
easily to slope failures.

Lithology is intrinsically associated with the soil type and vegetation of a region,
especially in areas with well-developed regolith such as Serra do Mar. Even though a more
explicit relationship between lithology and debris-flow initiation is not observed in our
statistical analysis, Proterozoic stromatic migmatites (PSeMc), occurring at higher elevations
in the catchments, are more prone to debris-flow initiation, accompanied by the other migmatite
types (AcMn, AcMp, AcMg) and granitoid rocks (PSEOY). Schists (PSpX) and Phyllites
(PSpF) show a lower tendency, which can be related to a more developed and stable regolith,
as a result of a weaker strength to weathering.

Slope aspect and relief are the two least relevant factors to triggering debris flows,

among the selected influencing parameters. In the study region, the slope direction most prone
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to debris-flow initiation varied according to the event, with the eastern and northeastern slopes
associated with a higher tendency to initiate debris flows in the 1985 event, and in the 1994
event the northern and northwestern slopes. This is directly related to the rainfall direction of
these events: eastern-northeastern in 1985 and western-northwestern in 1994.

The relative relief can control the type of vegetation in the hillslopes, as well as
influence both SPI and TWI. In study region, however, relief did not play a prominent role in
debris-flow initiation, with the 600 — 700 m elevation range showing a higher tendency to
trigger slope failures that can lead to debris flows. This elevation range is associated with
stromatitic migmatites (PSeMc) and the 70 — 90% slope range, which show stronger influence

on debris-flow initiation.

Table 3-5. Statistical validation of the LR models, showing the regression coefficients (B) and relevant
statistical parameters.

Factor B Standard Error ‘Wald test Degrees of P-value
Freedom
Rainfall -27.758 10.622 6.829 1 0.009
Soil -1.117 4.652 0.058 1 0.081
Basin slope 14.851 9.501 2.443 1 0.011
E SPI 0.214 6.068 0.001 1 0.097
=]

£ TWI 2.332 3.667 0.404 1 0.053
g Forest -17.270 8.846 3.811 1 0.051
:? Geology -3.434 4.994 0.473 1 0.049
Slope aspect 3.249 8.618 0.142 1 0.071
Elevation -6.832 10.188 0.450 1 0.050
Constant (Bo) 7.282 3.630 4.025 1 0.045
Rainfall -15.379 6.195 6.163 1 0.013
= Soil -4.39 3.596 1.491 1 0.022
-é Basin slope 6.468 6.962 0.863 1 0.035
% SPI 4.594 4.332 1.125 1 0.029
:E TWI 1.537 2.783 0.305 1 0.048
Constant (Bo) 1.978 1.679 1.388 1 0.024

3.3. Rainfall analysis and correlation with the consequences of a debris-flow event

As highlighted by the LR Analysis, rainfall is the main factor that triggers debris flows
in catchments, corroborating several other studies (e.g., VIEIRA; GRAMANI, 2015; among
many others). Debris-flow events are more common during the summer season (December —
March), which is the wettest season in Southeast Brazil, where Serra do Mar and Serra da
Mantiqueira are located. Figure 3.7 shows the seasonal distribution of events, with January

exhibiting the largest number of debris-flow events, followed by March, February and
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December. The phenomena can occasionally occur during winter season in the Southeast due

to abnormally rainfall events (SELUCHI et al., 2011).
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Figure 3-7: Occurrence of debris-flow according to month. Debris flows are more common in summer months
(December — March).

Figure 3.8 shows the average annual rainfall indices for Brazil plotted against reported
debris-flow events. Debris flows are concentrated in regions with high rainfall rates (> 1600
mm annually) that are also associated with mountain areas, highlighting the strong association
between hilly areas and precipitation for their occurrence. In areas with very-high annual
precipitation (> 2500 mm) and no debris-flow records, such as the North region of Brazil, the
relatively flatter terrain or the remoteness of the mountain areas (e.g., Escudo das Guianas, at
the border with Venezuela) can be associated to the lack of recorded events.

When looking specifically at the region of Cubatdo, the rainfall patterns that have
historically triggered debris flows show that the phenomena are mainly initiated by high-
intensity, short-duration rainfall, as also highlighted by other studies in the region (e.g.,
TATIZANA et al., 1987; KANJI et al., 2007), with the rainfall accumulated 48 h prior to an
event suggested as the most critical (Figure 3.9). Such pattern of short-duration/ high-intensity
precipitation is also observed in other parts of the world (e.g, Taiwan, Chang et al. 2011; Japan,
Fukuoka 1980; New Zealand, Selby 1976).

This pattern is highlighted in a more recent debris-flow event in Guaratuba (state of
Parand), also located in the Serra do Mar Mountain range. According to the testimonies of local
farmers, the landslides that triggered the debris flow initiated between 2300 and 0000 UTC
(20:00 and 21:00 Local Time — LT) by an accumulated rainfall of 188 mm in 3 hours, with
maximum registered intensity of 128 mm h!, according to the nearest rain gauge data (Figure
3.10a). The recorded antecedent rainfall for the preceding 10 days is estimated at around 88

mm, 23 mm of which (26%) in the 48 hours before the event.
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Precipitation recorded by the rain gauges integrated to the Brazilian pluviometer
network are notably lower than what the nearest rain gauge documented, suggesting that the
extreme rainfall rates were mainly concentrated near the hillslopes of Pedra Branca as a result
of orographic effect. The rain gauge ‘Garuva’ recorded 72.8 mm in 12 h (10 km away), with a
maximum intensity of 29.2 mm h!, while the rain gauge ‘Estrada Geral Quiriri’ (30 km away)
barely recorded the event (Figure 3.10). While rainfall dynamics in the country can vary greatly
according to region (SELUCHI et al., 2011; MARENGO et al., 2021), generally speaking a
combination of antecedent, especially in the last 48 h, and high intensity peak precipitation (>
40 mm h!) is the main rainfall pattern that trigger debris-flow events (KOBIYAMA et al.,
2010; DEBORTOLI et al., 2017).
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Figure 3-8. Average rainfall indices for Brazil, based on the climate data from Brazil’s pluviometric atlas (CPRM,
2021). Debris flows generally occur in areas with average annual rainfall higher than 1,650 mm.

An important shortcoming in the historical analysis of debris-flow triggering rainfall is
the lack of high-quality data with good resolution. Most of the pluviometers prior to 2013 in
Brazil only show hourly data, when they are available. Their location can also represent an
issue when determining rainfall indices, as most are located in the valley region and not at the
top of the hillslopes, where landslides and debris flows initiate. Moreover, debris-flow

triggering rainfall can be very localized, as demonstrated by the Guaratuba event, and the
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distribution of pluviometers is usually close of urban areas and roads, challenging an accurate

analysis as most are far away from the source areas.
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Figure 3-9. Daily rainfall indices up to 4 days (96 hours) prior to debris-flow events in the region of Cubatdo
(blue bars). The phenomenon’s initiation is more strongly influenced by the rainfall accumulated 48 hours prior
to an event, as highlighted by the cumulative percentage graph (orange lines).
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Figure 3-10. Rainfall event that triggered the February 2017 debris flow in Guaratuba (state of Parana). A) Hourly
precipitation for February 11 and 12, 2017, according to the three nearest rain gauges. Rain gauge ‘Arteris’ is
located 1 km from Pedra Branca catchment, while ‘Garuva’ and ‘Estrada Geral Quiriri’ are located at
approximately 10 km and 30 km away, respectively. B) Precipitation recorded every 15 minutes by the rain gauges
‘Arteris’ and ‘Garuva’ between 18:00 LT (2100 UTC) and 23:00 (0200 UTC).

Despite these challenges, we conducted correlations between rainfall and debris-flow

impacts and magnitudes, both at a national (Paper I) and at a more local scale in the Cubatao
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region (Paper III). At a national scale, comparing the 24-accumulated rainfall with reported
data of magnitude, economic losses and fatalities, we can observe a very weak relationship
between rainfall and these variables. The relationship between 24-h accumulated rainfall and
magnitude, fatality number and economic losses show, respectively, a Spearman correlation
coefficient of -0.01 (p-value 0f 0.52), 0.01 (p-value of 0.51) and -0.25 (p-value of 0.81) (Figure
3.11). In this analysis, the 24-h accumulated rainfall was chosen due to a more consistent
historical report of the precipitation data than the 48 h.

When peak rainfall intensity (hourly precipitation) is considered, a stronger positive
correlation with magnitude and number of fatalities is observed. The relationship between
hourly rainfall and magnitude shows a positive Spearman correlation coefficient of 0.7 (p-value
of 0.91), while the relationship between fatality cases and hourly rainfall shows a positive
Spearman correlation coefficient of 0.36 (p-value of 0.81). The correlation between daily
rainfall and economic losses, on the other hand, is weaker, with a negative Spearman
correlation coefficient of -0.2 (p-value 0.63) (Figure 3.11).

Even though hourly rainfall (peak intensity) showed a stronger correlation with
magnitude and the number of fatalities, the small sample space of events with complete data
of all the considered variables challenges a concrete conclusion about their relationship. It is
expected, however, that the more intense the rainfall, the larger the event and, consequently,
the larger the associated damage. The available rainfall data, however, is not sufficient to
indicate a clear relationship between rainfall indices and these variables. These results can
potentially indicate that the damage related to debris-flow events is not only a function of
rainfall, but also to social (e.g., urbanization levels, occupation of risk areas) and geomorphic
(e.g., vegetation cover, catchment and channel slope, in-channel material) factors.

The effect of the geomorphic aspects on debris-flow development can also be observed
when rainfall is correlated with the characteristics of the events that occurred in Cubatdo.
Considering the effect of the 48-h accumulated rainfall on the volume of material mobilized in
the slopes, a positive Spearman correlation between rainfall and landslide magnitude is
observed for both 1985 (0.62) and 1994 (0.81) events, highlighting the direct effect of rainfall
over slope failure. However, when the effect of rainfall on debris-flow magnitude is considered,
such relationship is weaker, showing a low positive Spearman correlation index both for the
1985 event (0.3) and for the 1994 event (0.51) (Figure 3.12). These results can potentially
indicate the strong influence of entrainment on debris-flow magnitude in the region, which can

potentially also be extrapolated for other mountain areas in Brazil.
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Figure 3-11. Rainfall analysis. a) Relationship between 24-h accumulated rainfall and magnitude. B) Relationship
between hourly rainfall and magnitude. C) Relationship between daily rainfall and economic losses. D)
Relationship between hourly rainfall and economic losses. E) Relationship between 24-h accumulated
precipitation and number of fatalities. F) Relationship between hourly rainfall and number of fatalities.

Consequently, in a possible implementation of an Early Warning Systems in debris-

flow prone areas, field information about the catchments should also be considered, due to the

intense in-channel debris accumulation that can be remobilized in future events. Moreover, the

hazard zonation must also be considered in Early Warning Systems implementation, as it

identifies the most sensible areas that should be evacuated/attended first and where preventive

measures, such as retention structures, should be installed.
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Figure 3-12. Correlation between rainfall and landslide volume (left) and rainfall and estimated debris-flow
magnitudes (right), for the catchments located in Cubatdo. The correlation is based on data from the 1985 and
1994 landslide and debris-flow events and the different rainfall indices are based on the spatial distribution of the
rain event in the region. A) Correlation between 48-h accumulated rainfall and landslide volume — 1985. B)
Correlation between 48-accumulated rainfall and landslide volume — 1994. C) Correlation between 48-h
accumulated rainfall and estimated debris-flow magnitude — 1985. D) Correlation between 48-h accumulated
rainfall and estimated debris-flow magnitude — 1994.

3.4. A detailed field characterization of a debris-flow event

We conducted a comprehensive characterization of the debris-flow event that occurred on
February 2017 in the Pedra Branca catchment (Guaratuba, state of Parand) (Figure 3.13), to
characterize the main geomorphological features of a debris flow in Brazil, as well as to
estimate important kinematic parameters, such as magnitude, peak discharge and velocity (we
refer Paper II). The debris-flow event was triggered by three large landslides, which have their

upgradient portions in moderate slopes (38% to 61%, or 21° to 31°). The mobilized material
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were mainly residual soil and large wood, which suggest loss of suction as the initiation
mechanism at the study area. The debris flow was initiated by first-time movements in the
hillslopes, but also carried material (colluvium) from previous landslides, accumulated in upper

portions of the channel.
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Figure 3-13. Pedra Branca catchment (right) in the municipality of Guaratuba, State of Parand, Brazil. At the
top left, the extension of the Serra do Mar mountain range. At the bottom left, the Digital Terrain Model (DTM)
for the broader region of the catchment with the location of the three nearest rain gauges.

The channelization of the material mobilized by the landslides contributed to a
magnification of the erosional process, with a pronounced entrainment and scour of debris in
the upstream section of the channel. Erosion of the channel bed, lateral slopes and banks by the
debris flow progressively decreased towards the outlet region, ranging from an average depth
of 3 m at the upstream section to 0.3 m downstream. In bedrock exposed areas, erosion depth
was assumed as 0 and these areas are mainly located in steep portions of the channel, near the
initiation area and in knickpoints.

In-channel debris in the upstream section consists mainly of large monzogranite
boulders (2 to 5 m in diameter), deposited at the perimeter of the flow route or exhumed from
colluvial deposits of the lateral slopes (Figure 3.14a). In-channel debris accumulation becomes
more frequent towards the catchment’s outlet, with the largest volume of debris deposited in

the middle portion of the channel (Figure 3.14b) where the average slope is 18.2% (10.3°), i.e.,
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within the range of deposition angles for channelized debris flows (from 14% to 21%)
(IVERSON et al., 2011). Debris deposition also occurs in the downstream portion of the
catchment, although with smaller-sized boulders (<2 m in diameter) and less voluminous
deposits than in the middle portion (Figure 3.15¢). Recent in-channel debris deposits are easily
identified from colluvial deposits due to the lack of pedogenetic evidences and the mixture of
fresh wood and stony debris (Figure 3.14d).

Large wood (LW) deposition and accumulation, differently from stony debris, is more
frequent in the downstream section of the channel. In this section, the influence of LW in the
debris-flow evolution is prominent, with evidences of LW jams that were broken by the flow
passage (Figure 3.15a). Debris dams (i.e., areas with intense debris deposition, blocking
partially the flow) are observed along the channel and are in their majority clast supported with
woody debris (Figure 3.15b), often exhibiting reversely graded patterns. The occurrence of
these dams indicates that the debris flow had multiple surges, which is confirmed by the
affected farmers that report at least four surges.

The imbricated boulders along the channel’s length and the intense debris accumulation
along in the middle section of the channel suggest that the event started as a debris flow,
evolving into a debris flood as channel slope decreased. In the outlet region, according to
testimonies, the flow consisted mainly of muddy water (with sand, silt, clay) mixed with woody
debris (Figure 3.14e) and, minorly, by stony debris of up to 1 m. These characteristics indicate
that in the final stages the event exhibited characteristics of a flash flood.

The average post-debris-flow width of the channel is ca. 20 m, ten times the previous
average width (ca. 2 m) reported by testimonies. No prominent alluvial fan is formed, due to
narrow valley and discharge to the larger Sao Joao river (Figure 3.14e). In the Sao Joao river,
large deposits of coarse sand are cobbles are accumulated near the Pedra Branca outlet (Figure

3.14f), as well as small to medium-sized boulders (< 1.5 m in diameters) on the river channel.
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Figure 3-14. A) Pronounced erosion and scour of channel bed is observed at the upstream section — 1.8 m human
profile for scaling. B) Intense accumulation of debris at the middle section— in detail, a 1.75 m human profile for
scaling. C) Accumulation of debris at the downstream section, with smaller sized-boulders than in the middle
section - 1.75 m human profile for scaling. D) Reversely graded pattern observed in debris dams. E) Debouchment
of the Pedra Branca river into the Sdo Jodo River, where flow height reached up to 2 m. F) Sao Jodo river, which
received sediments from the Pedra Branca debris flow (photo from August 2017).

The mapping of erosional and depositional areas along the Pedra Branca channel is
shown in Figure 3.16, based on orthophotos acquired using Unmanned Aerial Vehicle (UAV).
Even though debris deposition generally occurs in areas with gentler slope, a direct correlation
between these two factors is not observed, with a very weak Spearman correlation coefficient
(0.025) and regression line with very low R? (0.002) (Figure 3.17a and 3.17c). Debris
deposition, therefore, might be influenced by other factors, such as valley width, presence of

obstacles and availability of coarse material itself, which can further be related to a less
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voluminous deposition in lower reaches of the channel, which show gentler slope angles than
in intermediate reaches.

Erosion depth, on the other hand, shows a positive correlation with slope, being deeper
near steeper portions of the channel (Figure 3.17b). Excluding areas where bedrock exposure
is observed, a correlation between slope and erosion depth shows a weak/moderate positive
spearman coefficient (0.39) and a regression line with a weak to moderate R? (0.3149) (Figure
3.17d). Hence, erosion is moderately influenced by slope, which can further be associated with
a higher momentum of the flow’s passage in steeper reaches of the channel. The exclusion of

bedrock exposed reaches in the correlation is due to a different incision dynamic than at

alluvial-colluvial reaches.
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flow’s passage (SG1). B) Mixture of woody and stony debris and formation of debris dams (SG12) — 1.75 m
human profile for scaling. C) Plot showing the Pedra Branca channel profile and the volume of deposited debris
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The distribution of maximum grain size (Doo) of debris along the debris-flow path
shows that debris size decreased by approximately 80% along its trajectory (Figure 3.17¢).
Sharp reductions in Doo along the channel are related to regions where intense debris deposition
is observed. Flow heights are generally higher in regions downstream to knickpoints in the
channel, with the debris flow reaching a peak height of 7 m (Figure 3.17f). At the debouchment
into the larger Sdo Jodo river, flow heights were up to 2 m (Figure 3.17f). Flow height can be
affected by areas with intense debris accumulation, which can partially block the flow and raise
the flow level. To minimize the uncertainties related to forensic discharge estimations, we
documented flow heights in areas that were not directly affected by the intense accumulation

of stony and woody debris.
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Figure 3-16. Mapping of entrainment and deposition areas based on the orthophotos acquired using UAV. Areas
in shades of blue represent debris-accumulation areas and areas in shades of red represent entrainment areas.

The total volume of the debris flow (Vi) is estimated at approximately 120,195 m?,
based on the mapping of entrainment and deposition areas (Figure 3.16) and on the landslides
that initiated the event (Figure 3.18). Volume entrained by the flow (V.) is estimated at 121,037
m?, while the volume of debris deposited along the debris flow path (V4) accumulates to 36,688
m’. The three landslides that initiated the event contributed with 35,846 m? of earth material.
The largest landslide scar contributed with 22,497 m?, while the other two contributed with
7,573 m?® and 5,776 m?, assuming an average depth of 1 m and that the totality of the material

reached the channel. Despite the uncertainties associated with erosion depth at the study area,

43



due to the unknown channel morphology before the event, it is evident that entrainment
significantly increased the total magnitude of the process, representing more than 75% of earth

material input.
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Our estimations, therefore, suggest that the February 2017 debris flow had a large
magnitude, within the range of the size-class 5 (10° — 10° m?) proposed by Jakob (2005b). Size-

class 5 debris flows can destroy parts of villages and infrastructures, destroy forest of up 2 km?

and block creeks and rivers (JAKOB, 2005b).
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Figure 3-18. A) Location of the 28 cross-sections made along the debris-flow path that supported the magnitude
estimation. B) Overview of the headwaters’ region of the catchment, highlighting the three landslide scars that
initiated the debris flow. C) Longitudinal profile of Pedra Branca catchment with the tentative location of the
cross-sections. Channel in blue and slopes in brown.

Peak discharge (Qmax) is calculated based on the equation described in Jakob (2005a),
as function of the product between the maximum cross-sectional area (Amax) of the channel and
the mean cross-sectional velocity (vr). The velocity is calculated following the Manning-
1251 for bedrock rivers in mountain

regions (ARCEMENT; SCHNEIDER, 1989; TAKAHASHI, 2006).

Strickler equation, using the manning coefficient of 0.07 m

Highest discharge and velocity rates are, as expected, observed where channel slope is
the steepest and cross-sectional area one of the largest. Discharge, in general, is higher in the
immediate region downstream to the initiation area and in the confluency of the two tributaries
(Between SG21 to SG17, Figure 3.19), progressively decreasing towards the outlet region
(Figure 3.19). Velocity rate patterns are similar to the discharge (Figure 3.19).

It is important to point out, however, that the concurrence of debris flows and
debris/flash floods might increase the uncertainty over peak discharge estimations, due to an

alteration of the channel cross-section stability with the passage of large sediment volume

(AMPONSAH et al., 2016; DESTRO et al. 2018).
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Figure 3-19. Discharge and flow velocity pattern along the debris flow path.

Debris-flow initiation is not controlled solely by rainfall, as it also depends on debris
supply and recharge rate, which influences the magnitude and the frequency of new events in
a catchment. The debris flow in the Pedra Branca catchment had a magnitude of approximately
120,000 m?, thus a large debris flow. According to Jakob (2005b), such magnitude for a
boulder-rich debris flows is atypical, although the statement could be biased due to the general
lack of magnitude studies worldwide, especially in mountain areas where debris-flow studies
are still incipient. In the Serra do Mar region, based on the few available magnitude estimates
(e.g., KANIJI et al., 2007; KOBIYAMA et al., 2015), a 103 m? debris flow is what is usually
reported, probably also due to a bias towards reporting and characterizing only larger events

and the lack of studies aiming at specifically estimating debris-flow magnitude.

3.5. Differences and similarities of debris-flow prone catchments at Serra do Mar

As pointed out by our historical analysis and other studies in the literature, Serra do Mar
is the main site of debris-flow occurrence in Brazil. The initiation of rainfall-triggered debris
flows in the region can generally be summarized in three stages, as Lacerda (2007) suggests:
(1) rainfall infiltration in the soil that leads to (2) slope failure(s), which further (3) triggers a
channelized debris flow. The main process associated with slope failure in the hillslopes of
Serra do Mar is loss of suction due to rain infiltration (LACERDA, 2007).

High- to extreme-precipitation events often occur over Serra do Mar catchments
(VIEIRA; GRAMANI, 2015), which can trigger large shallow landslides that initiate debris

flows in isolated gullies (Figure 3.20a), often remaining unreported. An example is the
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February 2017 debris-flow event in Guaratuba (South Brazil), discussed in the previous
chapter. The debris flow was triggered by three large landslides (Figures 3.18), which initiating
mechanism is interpreted as loss of suction (we refer Paper II). In the region of Cubatdao
(Southeast Brazil), an example of such an event is the 1975 debris flow in one of the streams
of catchment 1 (Figure 3.6), triggered by shallow landslides in the headwater’s region (Figure
3.20b).

“Shock wave”, due to the impact of falling rock boulders, is another mechanism that
can trigger debris flows in the Serra do Mar region (LACERDA, 2007), as well as dormant
landslides, which material can accumulate in upstream reaches and be reactivated by primary
landslides or rockfalls in the hillslopes. Debris flows initiated solely by the increase of the
discharge in the channel, leading to the mobilization of in-channel material, is not yet reported
in Brazil, which can be attribute to the lack of monitoring of catchments prone to the
phenomenon.

Large-magnitude debris-flow events (> 10> m?®), such as those in 1985 and 1994 that
occurred in Cubatdo, are usually characterized by multiple source areas (landslides, rockfalls,
in-channel material), both at upstream and middle reaches of the channel (Figure 3.21a). In-
channel debris accumulation is an important characteristic that is common in both regions
analyzed in this research, which can contribute to increasing the severity of debris flows as
these debris’ deposits can be remobilized by new events. In-channel debris accumulation can
be observed in upstream (Figure 3.21c), middle (Figure 3.14b and Figure 3.20c) and
downstream (Figure 3.14f) reaches of catchments, suggesting that these materials are leftovers
from past-debris flows (such as the case for Guaratuba) or from recent, localized slope failures
along the channel that were not mobilized.

The differences in the initiation mechanism of a debris flow in a catchment is directly
related to the geological and morphometric characteristics of each region. For instance, Pedra
Branca catchment has a very steep headwaters’ region, with gentler side slopes in the
intermediate and lower channel reaches. Catchments at the northern slope of the Mogi River in
Cubatao (Figure 3.6), on the other hand, show steep side slopes in upper, intermediate and
(often) lower reaches of the channel.

As pointed out earlier, both regions exhibit intense in-channel debris deposition,
especially of large rock boulders (>1 m). The in-channel boulders in Cubatao are more sharp-
edged when compared to the more round-edged in Guaratuba, which can be related to
differences in lithology type (mainly Granite in Guaratuba; mainly Gneiss and Schists in

Cubatdo). This can also be related to the travel distance from the source areas, with boulders
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traveling a longer distance from the headwaters’ region (i.e., source area) in Guaratuba, while

in Cubatdo the boulders in middle and lower reaches can also come from side slopes.
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Figure 3-20. Debris-flow dynamics. A) Scheme of a debris flow in gullies/catchments, triggered by shallow
landslides in the headwaters’ region. B) the 1975 debris-flow event that occurred in one of the streams of
catchment 1 in Cubatdo. Photo from Prof. Dr. Milton Kanji, retrieved from Gramani (2001). C) Overview of the
stream where the 1975 debris-flow event occurred, showing intense accumulation of rock boulders in the channel
(Coordinates: 365926.79 m E, 7368058.54 m S). D) Upstream view of catchment 20 in Cubatio, showing intense
stony debris accumulation in the channel, as well as Large Wood (Coordinates: 350665.03 m E, 7358314.49 m
S).

The evaluation of the morphometric parameters of the catchments in these two different

regions can further contribute to understanding their differences and similarities. Tables 3.6
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and 3.7 show the main morphometric parameters of the catchments in Cubatao and Guaratuba,
respectively, which are more commonly used in debris-flow studies worldwide (e.g.,
WILFORD et al., 2004, KOVANEN; SLAYMAKER, 2008, ILINCA, 2021; DIAS et al., 2022;
among many others). These parameters are: Catchment Area, Relief Ratio, Catchment Relief,

Drainage Density, Length and Melton Ration.

Superficial Soil =

Bedrock [*.*
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Figure 3-21. Debris-flow dynamics. A) Scheme of the initiation mechanism of the 1985 and 1994 debris-flow
events in Cubatdo, characterized by multiple source areas. B) Upstream view of catchment 7 in Cubatao, showing
intense stony debris accumulation in the channel, as well as fractured bedrock outcrops in the margins
(Coordinates: 360256.69 m E, 7367963.72 m S) C) Overview of the upstream section of catchment 19 in Cubatio,
showing intense stony debris accumulation in a channel. A strong structural control is observed in the catchment
(Coordinates: 350847.96 m E, 7360336.15 m S). D) Downstream view of the upstream section of catchment 7 in
Cubatdo, showing area with less accumulation of debris in the channel. Areas with intense stony and woody debris
deposition are intercalated with areas with few accumulations along the catchment, suggesting that smaller debris-
flow might have occurred more recently in small gullies or that slope failures occurred but did not trigger a debris-
flow event, accumulating the material in the channel. (Coordinates: 360256.69 m E, 7367963.72 m S).

Generally speaking, debris-flow prone catchments have an area up to 10 km?
(SLAYMAKER, 1990) and, on average, both Cubatdo and Guaratuba show similar catchment
area (ca. 3 km?). A catchment area of 3 km? is what is also observed in other catchments in the
Serra do Mar region where debris flows occurred (Table 3.8) and it is within the range of other

debris-flow prone catchments worldwide (Table 3.8).

49



Table 3-6. Morphometric parameters of the catchments located in Cubatdo (Southeastern portion of Serra do
Mar). Catch. = Catchment.

Catch. Relief Drainage density Catch. Length

Catchment Area (km?) Relief ratio (km) (km/km?) (km) Melton Ratio
1 1.4 0.51 0.98 1.09 1.91 0.25
7 5.39 0.23 0.75 2.04 3.33 0.32
9 2.94 0.33 0.94 1.42 2.86 0.55
10 49 0.28 0.96 2.34 3.42 0.43
12 2.1 0.37 0.8 2.73 2.19 0.53
14 7.19 0.19 0.75 0.88 3.85 0.13
15 2.75 0.24 0.73 1.93 3.06 0.32
16 53 0.23 0.74 1.22 3.193 0.44
17 3.53 0.28 0.8 3.74 2.87 0.43
19 1.86 0.35 0.7 4.72 2.01 0.51
20 2.12 0.43 0.76 2.31 1.76 0.52
Average 3.29 0.3 0.71 1.93 2.417 0.42

Table 3-7. Morphometric parameters of the catchment located in Guaratuba (Southern portion of Serra do Mar),
where a debris flow occurred in February 2017. Catch. = Catchment.

Catch. Relief Drainage density Catch. Length

(km) (km/km?) (km) Melton Ratio

Catchment Area (km?) Relief ratio

Pedra Branca 3.43 0.35 1.01 3 2.9 0.6

Both regions also show a similar Relief ratio (ca. 0.3), which is related to the production
and availability of the sediments (WILFORD et al., 2004). These values are slightly low when
compared to other catchments worldwide (Table 3.8), which can potentially be associated to
the lower recurrence rate of debris flows both in Cubatido and Guaratuba. These results,
however, are similar to other catchments at Serra do Mar (Table 3.8), which also show a slightly
lower Relief ratio (ca. 0.25). The Serra do Mar catchments presented in Table 3.8 are located
in Itadca (Guarda-mao catchment, Sdo Paulo state) and in Morretes (Tingidor catchment,
Paranj state) (DIAS et al., 2022).

Catchment relief is associated with the intensity and reach of debris flows (NIKOLOVA
et al, 2020) and those in the Serra do Mar region are within the range of other catchments
worldwide (Table 3.8). Guaratuba shows a higher catchment relief than the average in Cubatao,
although catchment 1 in Cubatdo shows a comparable relief to that of Guaratuba. Moreover,
catchment 1 and Guaratuba also share the similarity of two debris-flow events initiated by large
landslides in the headwaters’ region, whereas the other catchments in Cubatdo have their source

areas more spread-out in the hillslopes.
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Table 3-8. Morphometric Parameters of debris-flow prone catchments worldwide, adapted from Dias et al.
(2022).

Catchment Area Catch. Relief Catch. Length Melton

Location (km?) Relief ratio (km) (km) Ratio Reference
Wilford et al.
Canada 02-4.1 0.3-0.49 0.6-14 1-4.68 0.66 - 1.21 (2004
New Zealand 0.18 - 9.66 0.25-0.88 0.55-1.93 1.05-45 0.45-1.59  Scally et al. (2010)
Bulgaria 0.015 - 39.27 0.05 - 0.68 0.16 - 0.82 0.33 - 15.50 013-159  Nikolovaeral.
(2020)
Romania 0.005 - 1.02 0.56 - <17 >0.55 Tlinca (2021)
. Chen and Yu
Taiwan 0.51-8.63 0.20 - 0.4 - 1.54-5.75 2011)
BraZli\gf)“a do 2.02 and 3.74 0%322“‘1 0.75 and 0.83 3.18 and 3.3 0.39-0.58  Dias et al. (2022)

Drainage density is associated to how rapidly a catchment drains the water that flows
in their system, with those showing higher density indicating more intense/frequent
hydrogeomorphic processes (e.g., floods, flash floods, debris floods, debris flow) (WILFORD
et al., 2004). Cubatdo (1.92 km/km?), on average, shows a lower Drainage Density than
Guaratuba (3 km/km?), as well as the other two catchments at Serra do Mar (5.75 in Itadca;
4.45 in Morretes), which could potentially indicate less frequent events or events with shorter
runout distance. As pointed out by the historical record of debris-flows in Brazil, Cubatao
(especially catchment 17) is the main site of debris-flow events, with 9 events between 1920
and 2021 and a more recent one in 2022 (Table 3.9).

Catchment Length is associate to the runout distance of debris flows, with those with a
smaller length usually associated with a longer distance (IVERSON et al., 2001). Guaratuba
and Cubatdo show similar catchment length, which is also within the range of other catchments
worldwide and in Serra do Mar (Table 3.9). As pointed out by Dias et al. (2022), some studies
have suggested that debris-flow prone catchments usually show a length below 2.7 km, with
those above this limit more prone to debris floods and other hydrogeomorphic processes
(WELSH; DAVIES, 2011; ILINCA, 2021).

Furthermore, the Melton Ration of catchments also indicates a stronger tendency to
initiate debris floods and not debris flows in the analyzed catchments. The Melton Ration
(MELTON, 1958) has been widely applied in debris-flow studies, as it is suggested as a good
indicator of the type of the hydrogeomorphic process that should dominate in a catchment
(WILFORD et al., 2004). Debris-flow prone catchments usually show values above 0.6, while
those more susceptible to debris floods show values between 0.3 to 0.6 (WILFORD et al.,
2004). Guaratuba is on the limit between debris flood and debris flows (0.6), while all the

catchments in Cubatio fall into the debris flood range.
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Table 3-9. Debris flow events recorded in Cubatdo since 1975, updated based on Gramani (2001).

Catchment Date of the event 24-h ac?umulated 48-h ac?umulated Pe.ak ral.n fall Return period
rainfall rainfall intensity
1 25/12/1975 247.5 mm 255.5 mm N/A N/A
10 29/01/1976 279 mm 315 mm 40 mm h'! 1.23 years
L 263ig’ 155 6i1’ 8, 24/01/1985 242 mm 411 mm 84 mm h! 10.4 years
9 24/01/1988 185 mm 186 mm 25 mm h! 1 year
14,15, 11%’ 17,18, 07/02/1994 325 mm 452 mm 60 mm h! 2.7 years
17 09/04/1996 260 mm 265 mm 18 mm h! 1 year
Rio Piloes (West 12/12/1999 128 mm 274 mm N/A N/A
of the study area)
Rio Pildes (West 16/02/2000 304 mm 304 mm 118 mm h! 90.5 years
of the study area)
Rio Marcolino,
Rio Pildes,
Ribeirdo do 22/02/2013 312 mm 314 mm 118 mm h’! 90.5 years
cagado (West of
the study area)
17 29/04/2022 169 mm 248 mm 35 mmh’! 1 year

These results can potentially indicate that while debris flows can occur, they are not the
main geomorphic process. As observed in the geomorphological investigation of the Guaratuba
event, and suggested by field campaigns in Cubatdo, in-channel accumulation of rock boulders
in catchments at Serra do Mar are a common feature, with larger boulders (> 5 m) usually not
reaching long distances from the source area, as they deposit along flatter portions of the
channel. An evolution from a debris flow, to a debris flood, and, finally, to a flash flood in
Guaratuba is suggested, due to the progressive deposition of material along the channel, a direct
result of gentler channel slope from the middle section on, as well as to the length of the channel
(2,900 m), which decreases the flow momentum.

In Cubatao, this evolution from a debris flows to a debris flood is also suggested by the
geomorphological analysis conducted during field campaigns, and this evolution is also
observed in other areas in Brazil at Serra do Mar (e.g., LACERDA, 2007; HUNGR et al., 2014;
DIAS et al., 2022). The intense boulder accumulation in the channels of both Cubatido and
Guaratuba can potentially be remobilized by future events, as erosion and entrainment are
important elements of the sediment yield of debris flows in the Serra do Mar Mountain Range.
In the estimation of the magnitude of the Guaratuba debris-flow event, approximately 75% of
the total magnitude was due to entrainment and erosion. Even though the estimation of eroded
material is affected by larger uncertainties than the volume of landslides and the in-channel

debris deposits, other studies worldwide have also suggested the strong of influence of erosion
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on debris-flow magnitude and related impacts (e.g., MARCHI et al., 2009; GABET;
STERNBERG, 2008; BENNET et al., 2013; SHEN et al., 2020).

The maximum observed erosion depth in catchments of Cubatdo, according to the
RAMMS simulation, is of 3.67 m in catchment 7, while in the Pedra Branca catchment
(Guaratuba) the maximum erosion depth observed was 10 m. The expressive difference can be
mostly related to the resolution of the investigation/estimation. Other kinematic parameters,
such as peak velocity, are similar for catchments in Cubatdo and Guaratuba, averaging at about
23.1 m s’! in Cubatdo, according to the RAMMS simulation, and 29.04 m s! in Guaratuba,
according to our field-based estimations.

It is important, however, to point out the bias towards large magnitude events, with
smaller debris-flow events often going unnoticed or not investigated. The comparison
presented in this study considers high-magnitude (> 10° m?) events, which is triggered by very-
high to extreme precipitation rates. Smaller magnitude events usually go unreported due to the
remoteness of upstream reaches of catchments at Serra do Mar, where debris flows are expected
to dominate as the main hydrogeomorphic process. The event of March 2022 (Table 3.9) in
Cubatao is an exception (Figures 3.22a, 3.22b and 3.22c), because it affected a now tourist
attraction, the century-old road that connected the coast to the city of Sdo Paulo (“Caminhos
do Mar”).

This event occurred in one of the tributaries of catchment 17, where the slopes are very
steep (>30°, or >58%), but the material did not reach the outlet region near the oil refinery that
is located at the downstream area of the catchment. The sediments mobilized by this event most
likely deposited along the intermediary reaches of the channel, where the slopes become
gentler. Another hypothesis would be that the sediments were trapped by the retention
structures (Sabo dams) installed at the downstream portion of the catchment (Figures 3.22d
and 3.22¢). However, no evidence of a large accumulation of sediments upstream these dams
were observed during our field campaigns, which indicates that the sediments deposited in
upper portions of the channel.

The return period of the rainfall that triggered this recent debris-flow event in Cubatdo is
estimated at ca. 1 year, which can indicate that a similar event can potentially occur every year
in a tributary of a catchment in Cubatdo. However, when we consider the short return period
of the rainfall that triggered the 1985 and 1994 debris-flow events (10 and 3.5 years,
respectively), the complexity of the interactions between climate and geomorphology is

highlighted, as no event of similar magnitude has occurred in the region since then.
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Figure 3-22. Recent debris flow in Cubatio and retention structures installed in Catchment 17. A) The tributary
of Catchment 17 before the March 2022 event. Photo from 2014. B) The tributary after the debris-flow event,
showing the intense erosion of the channel and vegetation. The measured post-event channel width is of 7 m.
Photo from July 2022. C) Photo of the debris-flow event on the day after its occurrence (March 30, 2022). Photo
from Maicon, one of the monitors of the “Caminhos do Mar” Park. D) Retention structures installed in the
downstream portion of catchment 17, to protect the oil refinery from debris-flow events. Photo from Marcelo
Gramani. E) Detail of two Sabo dams located in catchment 17. Photo from Marcelo Gramani.

Nonetheless, considering the overall short return period of debris-flow triggering
rainfall in Cubatdo (Table 3.9) and in Guaratuba (15-20 years), combined with the intense in-
channel material accumulation, future large-magnitude events are likely to occur in the next

decade or so.
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3.6. A multi-step hazard assessment methodology for debris-flow prone areas influenced by
hydroclimatic events

Creating tools and methodologies that can be applied in the mitigation of disasters and
in disaster-preparedness programs is a primordial and challenging task. Hazard assessment
studies are a first step to understanding the potential negative effects that a phenomenon (i.e.,
debris flows) can cause in a specific region, which can later subsidize in-depth risk analysis.
To contribute to the effort of debris-flow risk mitigation in Brazil, our study proposes a hazard
assessment methodology to be applied in debris-flow prone areas influenced by high-intensity
rain events. As our test-site, 20 catchments located in the region of Cubatio are chosen (Figure
3.6).

In the hazard assessment, we first conduct a data-driven Logistic Regression (LR)
analysis to identify the main factors that influence debris-flow initiation in the region (shown
in subchapter 3.2), as well as to identify the catchments that are more susceptible to the
phenomenon. The most-susceptible catchments are, then, analyzed using the numerical model
RAMMS, to simulate past debris-flow that can help to estimate important kinematic parameters
about the debris-flow behavior. Based on the outcomes of the simulations and on the analysis
of the rain events that led to debris flows in the study site (shown in subchapter 3.3), a hazard
matrix is proposed for the creation of a hazard zonation map. The mapping of the infrastructures
located in the region is also performed to support the hazard zonation.

Applying the equation based on the LR model (Equation 1) to assess the areas with high
susceptibility to debris-flow initiation in the study site, catchments 20, 19, 17, 16, 15, 14, 12,
10, 9 and 7 are those most susceptible overall (Figure 3.23). The northeastern portion of
catchment 1 also shows a high percentage of highly susceptible areas (Figure 3.23), which can
be related to steeper slopes and the more widespread occurrence of Cambisols in the
headwaters’ region, which is a significant influencing factor in debris-flow initiation in the
region according to the LR analysis.

Based on the susceptibility analysis, catchments 20, 19, 17, 16, 15, 14, 12, 10, 9, 7 and
1 are simulated using RAMMS. The simulations were calibrated based on the debris-flow event
of 1985 in catchments 14, 12, 10, 9, 8, 7 and 1, while catchments 14, 15, 16, 17 and 19 were
calibrated based on the 1994 debris-flow event. Catchment 20 was not modeled as no debris
flow was recorded both in 1985 and 1994 and calibration could not be conducted. The initiation

areas were determined according to the landslide inventories that we created using aerial
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photographs prior and post event and a bulk density of 1,900 kg m™* was assumed for the source

areas and the entrainment zone.
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Figure 3-23. Map showing the overall susceptibility to debris-flow initiation of the 20 catchments at the study
area, based on the LR model.

The volume of the landslides that initiated the debris flows in each catchment is shown
in Table 3.10. Considering the whole study area, the magnitude of the 1985 landslide event is
estimated at ca. 540,900 m?, while the magnitude of the 1994 landslide event is estimated at
ca. 227,000 m?. The magnitude of the debris flows (i.e., volume of sediments mobilized) at
each catchment is estimated based on magnitude equations from Marchi et al. (2019), as
suggested by Cabral et al. (2021) for catchments at Serra do Mar (Table 3.10).

Figure 3.24 shows the calibration results based on the coverage index () (we refer
paper III), which aided the identification of the best-matched simulations (Figure 3.25 and
3.26). The calibration is mainly based on the comparison of the observed runout distance with
those modeled by RAMMS. One of the parameters subjected to most uncertainties during
modeling is erosion depth, as no comprehensive information for any of the modeled catchments
was available. In our simulations, we adopted for all the catchments two maximum erosional

depths: 4 m at upper and intermediate reaches, and 0.5 at lower reaches of the catchments. A 4
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m erosion depth was reported by Kanji et al. (2007) in catchment 17 (1994), which we

extrapolated for all the other catchments in the study region.

Table 3-10. RAMMS-2D results and characteristics of the debris flows. Est. = estimated, Max. = maximum.
Flow parameters

Year of Est.
Catch Initiation Max. Max. Max.
the 5 Magnitude Runout 2; Max.
ment volume (m”) 5 Flow erosion Impact
event (m°) (ms?) velocity
height depth pressure
1 1985 68,422.3* 2.5x 10* N/A* 0.1 300 32m 0.88 m 30.96ms? 1917.55 kPa
7 1985 131,737.6 2.5x 10° N/A* 0.05 200 8.6 m 3.67m 23.62ms' 111538 kPa
8 1985 33,976.8 1.1x10° 480 m 0.05 200 5.5m 1.3 m 2425mst 117573 kPa
9 1985 25,740.7 1.3x10° 270 m 0.05 180 4m 0.74 m 14.04ms'  354.74 kPa
10 1985 78,865.6 2x10° 700 m 0.05 180 4.7 m 1.74 m 1425ms™ 406.1 kPa
12,14 1985 85,409.3 24x10° N/A* 0.05 200 54m 1.59 m 30.87ms?  346.35kPa
14 1994 82,632.1 2x10° N/A* 0.05 200 5.6 m 1.8 m 3293 ms?  550.87 kPa
15,16 1994 10,150.7 0.8x 10° 510 m 0.03 200 4.7 m 2.1lm 16.75ms'  561.26 kPa
17 1994 43,702.46 1.7x 10° 400 m 0.05 200 53m 2.84m 1248 ms'  296.13 kPa
1919.97 k
19 1994 17,673.8 0.8x 10° N/A* 0.05 200 2.9 m 1.45m 30.98 ms! P
a

* Direct discharge in the drainage system of the region. Indirect effects of debris flows include floods and silting.
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Figure 3-24. Calibration using the coverage index () of the debris-flow simulations for the selected
catchments at the study area. The closer the coverage index is to 1, the more representative the simulation.

Another limitation was the lack of available information about catchments 19, 14, 12,

7 and 1, since no deposition pattern could be interpreted from aerial photographs. Even though
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we performed calibrations in these catchments in the same manner as the others, the best
matched parameters adopted were those of with p equal to the channel slope of the downstream
portion of the catchment and  was assumed to be similar to the general trend of the area (§ =
200 m s2). The lack of depositional fan in these catchments, and in most of the catchments in
the study region, is related to the direct debouchment into the rivers Mogi, Perequé and
Cubatio, which receive most of the sediments of the 20 studied catchments.

Moreover, even though the debris flows in the study area exhibit a very high content of
stony debris, most of the larger boulders (>1 m) are interpreted to deposit along the debris flow
route and are not carried for long distances. Most of the damage in the downstream areas of the
catchments is due to the smaller boulders (< 1 m), fine sediments and woody debris. These
interpretations are supported by witnesses of the 1985 and 1994 events and the field campaigns
that were conducted in the study area, where intense boulder accumulation in areas with gentler
slopes at upper/intermediate reaches of channel were observed. Moreover, the geomorphic
characteristics of the studied catchments are similar to others at Serra do Mar, such as Pedra
Branca in Guaratuba (Parand), as discussed in the previous chapter.

The average runout distance, according to the simulations, is ca. 470 m, with the largest
distance observed in catchment 10 (700 m) and the shortest in catchment 9 (270 m). Highest
flow heights (Figure 3.27 and 3.28) are observed in catchment 7 (8.6 m, 1985) and in catchment
14 (5.6 m, 1994), where the initiation volume is higher. Overall, flow height in the studied
catchments averages 5 m. The average peak velocity of the debris flows is 23.1 m s™!, with the
highest velocities observed in catchment 14 (30.87 m s™') and catchment 1 (30.96 m s™).
Maximum impact pressures are observed in catchments where steep knickpoints are observed
(catchments 19, 1, 7 and 8).

As discussed in subchapter 3.2 and 3.3, rainfall is identified as the most influencing
factor in debris-flow initiation in Cubatdo and a hazard zonation matrix is, thus, proposed based
on rainfall accumulated in 48 h, as well as the depositional areas and flow behavior patterns
modeled by RAMMS. As pointed out in the rainfall analysis, the 48-h accumulated
precipitation is more strongly associated to debris-flow initiation in our test-site area and is, as

consequence, considered in the hazard matrix.
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Figure 3-25. Comparison between modeled and observed run-out distance of the 1994 debris-flow event for the
selected catchments.
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Figure 3-27.RAMMS modeling results showing maximum flow height. A) Catchment 7 (1985). B) Catchment
8 (1985). C) Catchments 9 and 10 (1985). D) Catchment 15 and 16 (1994). E) Catchment 14 (1994). F)
Catchments 14 and 12 (1985).

Five levels of hazard are proposed: very high, high, medium, low, and very low (Table
3.11). Very high-hazard areas are those where RAMMS simulated a > 1 m flow height and
velocity of > 1 m s, as also proposed by Hiirlimann et al. (2006), and humans and

infrastructures are directly affected. High hazard areas are those where the debris flow runout
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can reach up to 1 m in height and velocity of up to 1m s*!, and infrastructures may be directly
impacted. Medium hazard areas are those that are not directly impacted by the sediments
transported by a debris flow, but can exhibit flooding or silting that may impact infrastructures.
Areas with low hazards are those that can experience some kind of side impacts of the debris
flows, such as floods, but are inhabited, or areas with retention structures installed, as it is the
case of catchment 19. Areas with very low hazard are those where no impacts of any sort are

expected.

Flow Height TR W SN Flow Height
[ 0-0.75m * : SR R o 0-0.6m
CJ075-13m ,

C113-21m
B 21-31m

Bl 31-53m

Flow Height

E90-02m
[7102-04m
3 04-08m
B 08-12m : j
dmm12-18m STr- oM e,
s ]

364000 365600 367000 368400

Figure 3-28. RAMMS modeling results showing maximum flow height. A) Catchment 17 (1994). B)
Catchment 19 (1994). C) Catchment 1 (1985).

Based on the hazard level matrix and on the infrastructures at hazard in each catchment
(Table 3.12), a hazard zonation map was created for the 20 catchments (Figure 3.29). The map
of Figure 3.29 shows the zonation based on a rainfall of over > 200 mm in 48 h, which can be
adapted to different hazard levels according to rainfall indices. Catchments 19, 16, 15, 11, 10
and 9 exhibit an overall higher hazard in the region (Table 3.12), due to a higher probability of
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debris-flow related damages to humans and infrastructures. Retention structures in such
catchments could potentially decrease their hazard level.

Areas that have not shown any history of debris-flow occurrence since 1975, such as
catchment 20, were classified as high hazard areas in the context of >200 mm rainfall in 48 h,
based on the LR susceptibility analysis. These catchments exhibit intense in-channel stony
material accumulation, which contributes to increasing their potential hazard to residential
areas and infrastructures that are located within their limits. The average runout distance with
a 470 m radius was assumed as a very high hazard area, in catchments where no debris flows
were recorded.

Catchment 17, which has an extensive history of debris flows (Table 3.9), is classified
with a medium/low hazard level, due mainly to the retention structures installed (Figure 3.22d
and 3.22e) and the removal of in-channel debris deposits, promoted after the 1996 debris-flow

event.

Table 3-11. Hazard level matrix developed for the study area, based on different rainfall indices and the impacts
on infrastructures and population.

Rainfall index in 48 hours

> 200 mm <200 mm, > 150 mm <150 mm, >100 mm

Direct flow height > 1m; velocity > 1 m s

impacts flow height < 1m; velocity <1 ms™
>
g ) floods or silting
z Indirect
[25) impacts Areas with retention structures

installed; Remote areas
No
impacts

An integrated analysis of the hazard assessment presented and studies about the
economic/social vulnerability of the region is encouraged in future risk analyses. As DeBortoli
et al. (2017) point out, the mapping of vulnerability of the community is crucial, as it is
fundamental to preventing and reducing the risk to which the society is potentially exposed.
Such mapping, however, demands a more in-depth and multidisciplinary approach. Moreover,
the expansion of the city towards mountain areas, especially by socially vulnerable
communities, can increase the risk of new events, even those with smaller magnitudes.

The multi-step hazard assessment here proposed and applied in the hazard zonation of
Cubatao joins other studies that aimed at creating new methodologies that can help to mitigate
future landslide-related damage, such as the works of Cardinali et al. (2022), Hiirliman et al.
(2006; 2008), Wu et al. (2018), Huangfu et al. (2021), among many others. When assessing

debris-flow hazard, especially in areas where the initiation factor is landslides, it is necessary
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to combine analysis of all the factors that can lead to the initiation of the phenomena (STEGER
et al., 2021), as well as aspects of their dynamics, represented mainly by the runout distance
(COROMINAS et al., 2013; FRANK et al., 2017). The transition from landslides to debris
flows occurs especially during periods of heavy rainfall, although, as demonstrated in our
analysis and other studies (e.g., TAKAHASHI, 2001; COROMINAS et al. 2013; HUNGR,

1997), rainfall intensity is not always directly related to the magnitude of an event.

Table 3-12. Infrastructures, both public and private, at hazard in each catchment and overall hazard level, for a
200 mm rainfall in 48 h.

Catchment Elements at hazards Overall Hazard level

X

Railways from the company MRS Logistica; Fertilizer company “Yara Cubatdo”, Container q
1 Medium
storage company “Rodopark”

2 - Low

3 - Low
4 - Low

5 - Low

6 - Low

7 Container storage company “Depotce” Medium
8 - High
9 Fertilizer company “Mosaic Fertilizantes do Brasil” High

10 Petrochemical company “Copebras”; industrial gas company “White Martins” High

11 Chemical plant “Birla Carbon Brasil” High

Petrochemical company “Braskem”, Logistic company “Brado Logistica”, Chemical industry
13 “Hidromar”, Carbocloro Oxypar Chemical Industries; Industrial gas company “Messer Gases”, Low

Three transportation companies

12, 14, 15,
6 Electrical substation High
17 Petrobras oil refinery Medium/Low
Vila Light ( Residential area with approximately 140 houses, 60 of which have residents),
18 FAFEN (Oil refinery), Thermoelectric Plant “Euzébio Rocha”; Fertilizers company “Yara High
Brasil”
19 Hydropower plant “Henry Boden”, with electrical subestations High
I~ Anchieta and Imigrantes Highway, Vila Fabril (residential area with more than 400 houses), oil High

pipelines

The combination, therefore, of different, data-driven methodologies is fundamental to
ensuring the reliability of the hazard evaluation, focusing on the different aspects related to a
phenomenon. As pointed out by Wu et al. (2018), LR is considered one of the most reliable
methods in landslide susceptibility assessment, identifying the main characteristics that
influence the phenomenon in a particular region. When combined with the state-of-the-art,

numerical model RAMMS, which provides concrete, physically-based results (FRANK et al.
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2017), the hazard evaluation can reliably represent the potential impact of future debris-flow
events in a region. Moreover, the inclusion of the rainfall analysis provides a good indication
of future events probability and the different associated hazard levels according to the intensity
of the rain event.

This thesis, therefore, is a small contribution to the effort of better understanding the
dynamics and impacts of debris flows in Brazil, as well as to the effort of preventing future
disasters. As for future studies in Brazil, Large Wood (LW) mobilization in densely forested
catchments should be focused, as LW can contribute to significantly increasing debris-flow

hazard and risk (LUCiA et al.,2015; RICKENMANN, 2016).
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Figure 3-29. Debris-flow hazard zonation, based mainly on flow properties and on rainfall intensity (> 200 mm
in 48 h), as well as on the analysis of the elements at hazard.
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4. Final considerations

Cataloguing and estimating the consequences that a natural hazard represents based on
past events is one of the most effective methods to provide reasonable damage assessments to
the society. Our historical analysis shows that debris-flow events are concentrated mostly in
the Serra do Mar and Serra da Mantiqueira regions in Southeast Brazil, where population
density is higher and occupation of hilly areas is more common. Between 1920 and 2021,
debris-flow events were responsible for over 5,771 fatalities and 5.5 billion USD in economic
losses in Brazil, most of which in the Southeast region (91% of the fatalities, 67% of the
economic losses).

The city of Cubatdo, in the state of Sdo Paulo, is one the most affected areas by debris
flows in the country, with an extensive history of fatal and destructive events. The region is
characterized by high rainfall indices and urban and industrial areas near or at the hilly areas.
The city, therefore, was chosen as test-site for our proposed multi-step hazard assessment,
based on Logistic Regression (LR) analysis, simulation of flow parameters using numerical
model and rainfall back-analysis. The LR analysis highlighted that rainfall is the main
influencing factor on the initiation of the phenomenon and the back-analysis of rain events
suggests that the precipitation accumulated 48 h prior to the initiation of a debris flow plays a
more significant role on their deflagration.

Furthermore, the LR analysis also highlighted the catchments most susceptible to debris-
flow initiation, which were further analyzed using the numerical model RAMMS. The
simulation using RAMMS aimed at characterizing the kinematic patterns of debris flows in
these catchments, as it is a fundamental step when analyzing the hazard that the phenomenon
represents. The kinematic parameters of debris flows in Cubatdo are similar to those estimated
based in the debris-flow event in Guaratuba (February 2017), highlighting an overall similarity
between catchments in the Serra do Mar mountain range. Based on the kinematic parameters,
the LR and the rainfall back-analysis, a hazard zonation matrix with five levels of hazard (very
low to very high) was proposed to assess debris-flow hazard.

The methodology proposed is relevant, as hazard zonation, in conjunction with
vulnerability studies, can subsidize the creation of risk management programs for debris-flow
prone areas and establish guidelines that should be followed during emergency situations. Such
guidelines do not currently exist for Cubatdo, as well as for most debris-flow prone regions in
Brazil. Moreover, a systematic geomorphological investigation of catchments that show history

of debris-flow events, such as the one performed in the Pedra Branca catchment in Guaratuba,
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is fundamental to quantifying the potential magnitude of future events, as well as to
understanding the type of sediments (e.g., size, woody and/or stony, etc.) that will reach and
affect the downstream portions.

Magnitude studies are also a pathway for the development of Frequency-Magnitude
relationships that can support reliable monitoring programs and for prioritizing areas where
Early Warning Systems should be installed. Considering the short return period of the debris-
flow triggering rainfall (between 1 and 15 years) in the sites more profoundly analyzed in the
thesis (Cubatio and Guaratuba), new events with large magnitudes (>10° m?) are likely to occur
in the next decade. It is crucial, therefore, that these regions are prepared for emergency
situations, with a reliable rain gauge network, hazard zonation maps and an emergency plan
for evacuation of the potentially affected areas.

The outlook, however, is not promising. The Brazilian National Center for Monitoring
and Warning of Natural Disasters - CEMADEN (Centro de Monitoramento e Alerta de
Desastres Naturais), responsible for hazard and disaster management in the whole country, has
been continuously underfunded in the past 4 years, going from an annual budget of 14 million
USD on its creation in 2012-2013 to just over 3 million USD in 2019-2020. The recent
landslide and flash flood disaster of February 2022 in Petrdpolis (state of Rio de Janeiro), which
caused 231 fatalities, is a direct example of how the lack of continuity in public policies and
political interest in disaster prevention can be catastrophic. A challenge for the scientific

community in Brazil, therefore, is to decrease the distance between politics and science.
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The consequences of debris flows in Brazil: a historical analysis based on recorded
events in the last 100 years

12Victor Cabral, *Fabio Reis, Vinicius Veloso, 'Claudia Correa, *Caiubi Kuhn, *Christiane Zarfl

! Applied Geology Department, Institute of Geosciences and Exact Sciences - IGCE, Sao Paulo State University — UNESP. Address: Av.
24A, 1555 — Rio Claro, Sdo Paulo, Brazil. Email: victor.carvalho@unesp.br
2 Geo- und Umweltforschungszentrum (GUZ), University of Tiibingen. Address: SchnarrenbergstraBe 94 — 96, Tiibingen, Germany
3Center for Geosciences Applied to Petroleum (UNESPetro), Sio Paulo State University — UNESP. Address: Av. 24A, 1555 — Rio Claro,
Sao Paulo, Brazil.

Abstract

This study aims at providing an overview of the socioeconomic consequences that debris-flow events have caused
in Brazil, positioning the country in the international scenario and identifying areas where targeted actions are
necessary. The analysis is conducted by calculating the debris-flow Mortality Rate (MR) and by using the so-
called F-N plots (Frequency of events that have caused N or more fatalities vs. the Number of fatalities), based
on a compilation of debris-flow related disasters from 1920 to 2021. In total, 45 debris-flow events were
documented in the considered period, responsible for 5771 fatalities and more than 5.5 billion USD in economic
losses. The Serra do Mar Mountain Range is the main site of reported debris-flow occurrences (64.5%), followed
by Serra da Mantiqueira (13.3%), and Serra Geral (13.3%). Southeast Brazil (SEB) is the region most affected by
debris-flow events, due to the highest population density and the development of several cities in mountainous
and hilly areas, such as Petropolis (Rio de Janeiro state) and Cubatdo (Sao Paulo state). The debris-flow MR of
SEB is higher than any other region in Brazil, pushing the national debris-flow MR upwards, and the F-N curve
of SEB consolidates the region as the one with the highest risk, indicating a higher probability of fatal debris-flow
events. The F-N plots further show that the phenomena in Brazil represent a higher societal risk than in countries
such as China, Japan and Italy. While there are differences in country size and the scale effect should be
considered, these results highlight the urgent need for investments in disaster prevention and preparedness
programs.

Keywords: Landslide database, F-N curve, Mortality rate, Debris flows, Natural disasters.
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1 Introduction

A natural hazard occurs when processes of the geophysical environment have the potential to cause damage or
loss to a vulnerable human community (Stillwell 1992; Alcantara-Ayala 2019); when their consequences have
major negative impacts on society, they become natural disasters (Burton and Kates 1963; Alcantara-Ayala 2002).
Economic, political, and social factors of countries of the Global South? can contribute to increasing their
vulnerability to natural hazards, which results in higher number of fatalities and loss of infrastructures when
compared to developed countries (Devoli et al. 2007; Patel and Burke 2009).

Exogenous processes (e.g., floods, landslides, snow avalanches) are some of the most commonly occurring
phenomena that negatively affect humans and infrastructures worldwide (Kahn 2005; Alvala et al. 2019). In
Brazil, hydrogeomorphic processes, triggered by high-intensity precipitation, are the most recurrent and deadly
among the natural disasters (Kahn 2005; CEPED/UFSC 2013; Assis Dias et al. 2018; Kobiyama et al. 2019). The
increasing frequency of extreme and high-intensity rainfall events due to global warming have been associated
with an increase in the frequency and magnitude of floods and landslides in Brazil (Cavalcanti et al. 2017,
Marengo et al. 2021), as well as worldwide (Fowler and Hennessy 1995; O'Gorman and Schneider 2009; Westra
et al. 2014; Deng et al. 2021), which highlights the importance of risk and vulnerability studies.

Approximately 9 out of 100 people in Brazil live in disasters-prone areas, with landslides and debris flows
associated to a higher number of fatalities per event (Kahn 2005; Alvala et al. 2019). Between 2000 and 2010,
landslide and debris-flow events have caused approximately 1,700 deaths in the country, affected almost 8 million
people and caused economic losses of U$1.5 billion (Bastos et al. 2015). In 2011, high-magnitude landslides and
debris flows in the state of Rio de Janeiro officially caused more than 942 deaths and U$1.4 billion in losses,
being considered the 8" worst landslide event in world history (Assis Dias et al. 2018; Rosi et al. 2019). The 2011
catastrophe led to the creation of the National Center of Monitoring and Early Warning of Natural Disasters
(Centro Nacional de Monitoramento e Alertas de Desastres Naturais — CEMADEN), an important advance
towards natural disasters prevention and monitoring in Brazil (CEMADEN, 2022).

With the creation of CEMADEN in 2011, the national disasters database (Sistema Integrado de Informagées sobre
Desastres — S21D), managed by the Ministry of Regional Development (Ministério do Desenvolvimento Regional
— MDR), was also established to document natural disasters. Prior to S2ID, no centralized record of natural

disasters at a federal level existed, with states having autonomy over disasters cataloguing. A national disasters

2 According to the definition of the United Nations Finance Center for South-South Cooperation (UN FCSSC, 2022)
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database is crucial in risk assessment studies and in the understanding of the underlying dynamics of a
phenomenon, helping to reduce and mitigate associated damage (Bollschweiler and Stoffel 2010; Wirtz et al.
2012).

The comprehension of the impact that a specific natural hazard represents in a country is a basic step in their
management and monitoring, as highlighted by the targets of the Sendai Framework for Disaster Risk Reduction
(2015-2030, UNDRR 2015). The continental dimension of Brazil and the heterogenous management of natural
disasters is a great challenge for the implementation of a thorough database, as different states implement different
budgets for disaster monitoring and prevention (CEPED/UFSC 2013). An effective database should cover a long
period of time with reliable information about the socioeconomic losses (Borden and Cutter 2008), and a
consistent documentation of natural disasters in Brazil is recent (from 1991) compared to European and North
American countries (e.g., Italy: Guzzetti 2000; Germany: Damm and Klose 2015; United States: Mirus et al.
2020).

Among the landslide types, debris flows are associated to a specifically high damage per event due to their high
impact force, velocity and high sediment content per unit volume (Coussot and Meunier 1996; Takahashi 2006).
Debris flows are characterized by bulk densities that vary from 1,800 to 2,300 kg m~, velocities that range from
3 to 25 m s! and sediments contents of 40% to 80%, which can range from organic matter to large (> 5 m) rock
boulders (Costa 1988; Takahashi 2006; Iverson et al. 2011; Zhuang et al. 2015; Santangelo et al. 2020). In Brazil,
debris flows are mainly initiated by rainfall-triggered landslides (Wolle and Hachich 1989; Lacerda 2007) and
their rheological characteristics vary according to the geology and geomorphology of the catchments (Lacerda
2007). Moreover, debris floods, flash floods and floods are some of the phenomena that often occur in association
to debris flows, especially during large magnitude events (Wilford et al. 2004; Dowling and Santi 2014; Hungr et
al. 2014; Church and Jakob 2020).

Increasing urbanization in mountain regions, especially in south and southeast Brazil, has been highlighted by
recent studies (Guerra et al. 2007; Patel and Burke 2009; Londe et al. 2018), which increases the exposure to
potential debris-flow related damages, as changes in society and economic development are the main driving
forces that can magnify associated losses to a natural phenomenon (Andres and Badoux 2018). In this context, the
aim of this study is to quantitatively estimate the socioeconomic consequences that debris flows have caused in
Brazil, by calculating the phenomenon’s Mortality Rate and by applying F-N plots (Frequency of events that have
caused N or more fatalities vs. the Number of fatalities), based on a compilation of historical events that have

caused fatalities and/or economic losses between 1920 and 2021. The debris-flow event cataloguing is conducted
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based on different disasters databases, both worldwide and national, on scientific publications and on
governmental and journalistic reports. This catalogue is seen as a contribution to the collaborative effort among

the scientific community to provide basic debris-flow data for a long-term hazard and risk analysis.

2 Methods

2.1 Debris-flow data collection

Two main data-source types are used for data compilation: disasters databases, both national and international,
and technical and scientific documents that describe debris flows in Brazil, including journalistic reports. The data
gathered from these sources are combined to create a new catalogue, which considers the following attributes:
date of the event, trigger time, mountain range, catchment, city, state, triggering-event intensity (i.e., rainfall in
mm), magnitude (i.e., volume of sediments mobilized by the debris flow, in m?), human losses (fatalities, injuries,
missing, homeless, displaced), material losses (houses, public and private building, public infrastructures) and
economic losses (in United States Dollar - USD). Economic losses are estimated by using the conversion rate of
the date of the event from Brazilian currency to USD, according to the reports of exchange rates of the United
States Treasury. The values were then adjusted to inflation (www.usinflationcalculator.com).

Varnes’ (1978) landslide classification, updated by Hungr et al. (2014), is adopted in our analyses to identify
debris-flow events. The Brazilian Code of Disasters (COBRADE 2022) also adopts Varnes’ (1978) classification,
adapted by Augusto Filho (1992). Although, officially, Brazilian databases follow international standards
(CEPED/UFSC 2013), COBRADE differs from the international peril terminology and classification proposed
by the Center for Research on the Epidemiology and Disasters (CRED 2022), used in international databases.
Landslides are classified as hydrological disasters by CRED (when triggered by rainfall and snow melt) and as a
geological disaster by COBRADE. Moreover, in CRED, debris flows are classified as landslide events, which is
not the case for COBRADE. See online resources for the comparison of definitions.

2.1.1 Databases

The databases used in this work are the Brazilian disasters database (S2ID), the International Disasters Database
(EM-DAT 2021), and the databases maintained by some research institutes of the federate states. It is important
to note that S2ID exclusively documents a disaster when a city or state declares state of emergency (CEPED/UFSC
2013). Similarly, in the EM-DAT, a natural disaster is only documented when a state of emergency is declared
and more than 10 fatalities are reported or 100 people are affected (Van den Eeckhaut and Hervas 2012;

CEPED/UFSC 2013).
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The S2ID is the official database for natural disasters in Brazil since January 2013 (https://s2id.mi.gov.br). It

systematically documents disasters that occurred in the country from 1991 onwards, although more expressive
disasters prior to 1991 are also documented inconsistently. The identification of a disaster in the platform is
conducted since 2013 via the “Identification of Disasters Form” (FIDE) and, prior to 2013, through either the
“Preliminary Notification of Disasters Form” (NOPRED), the “Damage Evaluation Form” (AVADAN) or
journalistic reports. These forms and reports are available for events from 1940 to 2016 in the S21ID platform, with
those after 2016 having to be requested privately via the Fala.Br platform, which is the official channel to request
public information from government institutions. The distinction between landform processes was made based on
photographs and the description provided in the database, as well as with the aid of publications and news reports.
The International Disasters Database (EM-DAT 2021) is developed and operated by CRED, within the Université
Catholique de Louvain (Belgium) (https://public.emdat.be). The database is based on information retrieved from
United Nations (UN) agencies, official governmental offices, the International Federation of Red Cross and Red
Crescent Societies (IRFC), research organizations, insurance periodicals and reinsurance publications (Wirtz et
al. 2012). EM-DAT provides a more complete documentation of Brazilian disasters when compared to other
freely-available international databases.

Sao Paulo state also catalogues disasters in the state via the Geological Institute (IG). IG systematically documents
disasters since 1991, even those for which no casualties are reported, based on journalistic articles and the on-site
activities of the authorities during disasters response, granting a more thorough depiction of the landslide and
debris-flow consequences in the state. Similar database for the other 26 states was not available according to their

Civil Defense departments, with their disasters data accessible only through S2ID.
2.1.2 Publications

Since no official documentation of landslides and debris-flow events prior to 1991 is available in a consistent and
systematic manner, technical reports and scientific documents that describe and compile debris-flow events in
Brazil since 1920 were also analyzed. Data from debris-flow publications were mainly retrieved using
bibliographic search tools: SCOPUS, from Elsevier (2022); Web of Science, from Clarivate Analytics (2022); and
“Periddicos CAPES”, from the Brazilian Research Agency “Coordenacdo de Aperfeicoamento de Pessoal de
Nivel Superior”, (CAPES 2022). The keywords used, both in English and Portuguese, were “landslides”
(escorregamentos), “debris flows” (fluxos de detritos), “mudslides” (fluxo de lama), “flash floods” (enxurrada),

“floods” (inundagdo).
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A total of 7,638 publications were accessed and analyzed for data compilation on debris flows. Among those, 4%
of the publications were identified by the keywords “debris flows” and “fluxo de detritos”, respectively (see online
resources for the table with the bibliographic search results). Studies about floods, flash floods and landslides
were also analyzed due to the close relationship between these processes and debris flows in mountain areas of
Brazil, as well in other parts of the world (Hungr et al. 2014).

A good review of Brazilian debris-flow events was made by Kobiyama and Michel (2015a) and is also used as a
reference. The Kobiyama and Michel (2015a) study based the creation of an incipient debris-flow database by
Kobiyama et al. (2015b) and Kobiyama et al. (2019), which included the year and location (municipality) of the
event and the number of casualties. Dowling and Santi (2014) also conducted a comprehensive compilation of
debris-flow events worldwide, encompassing events from 1950 to 2011 and describing the magnitude, triggering
event intensity, as well as the number of fatalities and economic losses. In Dowling and Santi’s (2014) database,
however, only large Brazilian debris-flow events are documented.

Furthermore, for each event identified in the bibliographic search and in the disasters databases, different sources
of information for the same debris-flow event were compared to more accurately depict the extent of the associated
damages, including information from journalistic reports. A great challenge during cataloguing was mismatched
information between sources, which challenged an accurate estimation of the real damage. When uncertainties
occurred, information from peer-reviewed articles were favored, followed by governmental reports, S2ID, EM-
DAT and journalistic reports. When mismatched information from the same type of source was found, the worst-
case scenario was adopted, i.e., the highest number of fatalities or largest economic losses. Data scarcity in
disasters documentation, especially of economic losses, is observed across all different sources of information,

even for more recent events.
2.2 Analysis of the consequences

Based on the compiled catalogue of debris-flow events, the consequences that the phenomena represent was
estimated based on the calculation of the Mortality Rate (MR), as well as by the relationship between the frequency
of events and their consequences using the so-called F-N plots.

Calculating the MR is a direct method of estimating the debris-flow risk in a country and is expressed as the
number of deaths by debris flows per a specified population size in a defined period of time, e.g., a specific year
(Guzzetti 2000). Here, the MR is calculated per 100,000 people (Evans 1997).

Another method to estimate the impact of debris flow to the society is the application of F-N plots. F-N plots

provide the likelihood of multiple fatalities due to a debris-flow event, by plotting the cumulative frequency of
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events that have cause N or more fatalities (F) with the number of fatalities (N), in a log-log scale (Fell and
Hartford 1997). Following Ball (1998), the equation for the F-N criterion can be represented as:

F=kx* NA—all (1)

With F as the cumulative frequency of events with N or more fatalities, N is the number of fatalities, a is the
aversion factor and k is a constant. The slope of F-N curves is an indicative of the risk of a country or location is
under, with steeper slopes indicating a lower frequency of high magnitude events when compared to curves with

gentler slopes (Ball 1998).

3 Results

According to our catalogue, 45 debris-flow events have occurred in Brazil between 1920 and 2021, which have
caused fatalities and/or economic losses. Table 1 shows the characterization of each event and Fig. 1 shows
pictures of some of the country’s most expressive ones. The full editable and updatable version of the database is
available as a Supplementary Information in the online resources, with the inclusion of the references that contain

a more complete description of the events for the purpose of this study.
3.1 Database compilation: challenges and constraints

The direct relationship of debris-flow events with high-intensity rainfall, which is also associated to flash floods
and floods (Hungr et al. 2014), can undermine their recognition (Dowling and Santi 2014) and result in their
misclassification and consequent underreporting (Guzzetti et al. 2004), especially in the disasters databases. The
misclassification is observed more often in high-magnitude events, such as the 2011 event in Rio de Janeiro,
which is classified as a flood event in the S2ID and EM-DAT.

Another shortcoming found during cataloguing is related to the correct technical classification of debris flows in
the databases, where most documented debris-flow events are, in fact, localized landslides. In S2ID, from 2012
to 2020, 61 debris-flow events are catalogued, although only three are indeed debris flows when analyzing their
description and photos. In the IG database, from 1991 to 2018, 70 debris-flows events are recorded in the state of
Sao Paulo, though only four can be considered debris flows. As pointed out by Dowling and Santi (2014), while
technical literature usually correctly classifies the type of slope movement, such carefulness with terminology by
journalistic reports, government and international aid documents (i.e., non-technical literature) is usually not

observed.
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Fig. 1 Debris-flow events in Brazil. a) Serra das Araras (Pirai, Rio de Janeiro state) in 1967. Mudslide in the Fazenda
catchment, one of many that destroyed the city. Picture from Jones (1973). a) Teresopolis 2011. Generalized landslides
triggered debris flows in several catchments. Picture from Oliveira Filho (2012). ¢) Caraguatatuba 1967. In the picture, large
rock boulders are deposited at the Santo Antonio catchment outlet. Picture from Cruz (1975). d) Niter6i 2010. Debris
avalanche at a deactivated landfill area, which caused the death of 48 people and 221 missing. Picture from Estaddo (2010).
¢) Cubatdo 1985. Generalized landslides at the Serra do Mar hillslopes that triggered high-magnitude debris flows at the
region’s catchments. Picture from IPT (1988). f) Itaoca 2014. Landslides at the headwaters’ region triggered a high
magnitude debris flow. Picture from Gramani and Arduin (2015). g) Guaratuba 2017. Landslides at the headwaters’ region
triggered a high magnitude debris flow (120,000 m?). Picture from the authors. h) Vale do Itajai (Ibirama city) 2020.
Generalized landslides triggered high-magnitude debris flows, debris floods and flash floods. Picture from youtube video:
“Um vale de destruigdo!” uploaded by Vale Agricola, 19 Dec. 2020, https://www.youtube.com/watch?v=xH900IPzgow.
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Table 1 Debris flow database, catalogued based on different sources. Inj = injured; Mis = Missing people; Hom = homeless; Dis = Displaced; Infra = Infrastructures. N/A =

221  Not available.
Time . . . Human losses Material losses .
Date (GMT - M:::t:m Catchment Location State il;?el;?ilt“ Ma(g:llst)ude Ec (USD;()sses
3) s ¥ Death | Inj | Mis | Hom Dis | House | Building | Infra
. Sao Paulo
10.03.1928 | 05:00 | Serrado Mar Monte Serrat Hills Santos (SP) N/A 130,000 81 7 |NA| NA | NA | 15 01 N/A 24,112,000
15.12.1948 N/A Serra dg Angu, Aventureiro, Pirapetinga, Region of Volta Minas Gerais | 400 mm /24 =10 250 | NA | A | A N/A 60 N/A 3 N/A
Mantiqueira Pomba Grande (MG) h
01.03.1956 | 18:00 | Serrado Mar Monte Serrat Hills Santos Sa‘ESP}j‘)”l" 9?;‘0‘:1‘:}‘1‘/ N/A 21 | 102 | N/A| NA | NJA | 50 N/A 1 N/A
11.01.1966 | N/A SerradoMar | Guanabara bay Hydrographic basin Rio de Janeiro Rio de 245mm /2410 250 | 1000 | N/A | 18910 | 39203 | 1000 N/A >
Janeiro (RJ) h 100
: 75,547,344
11.01.1966 | N/A Serra do Mar Quitandinha Petropolis Rio de 327 mm /72 N/A 45 | 35 |NJA| NA | NA | NA | NA | NA
Janeiro (RJ) h
26.03.1966 | N/A | Serrado Mar N/A Petrépolis Riode | 188mm/24 |\, 40 | NA | NA| NA | vA | wvA | NA | NA N/A
Janeiro (RJ) h
20011967 | N/A | SerradoMar | Guanabara bay Hydrographic basin Rio de Janeiro Janlg;’od(em) 181 o 1240 A 200 | 300 | NA | NA | A |1 2 N/A N/A
. Ribeirdo da Floresta, Ribeirdo das Serra das Araras Rio de 114 mm/ 6 >
22.01.1967 | 23:00 | Serrado Mar Lajes (Pital) Janeiro (RJ) o > 10 300 | N/A [ 1400 | N/A | ool > 100 1 1 N/A
18.03.1967 | 15:00 | SeradoMar | Santo Antonio, Guaxinduba, Pau Caraguatatuba Sao Paulo | 420mm /24 | 5 06500 | 436 | N/A | N/A | 3000 | NA | 400 | WA | NA 63,449,964
d'alho, Canivetal, Camburu (SP) h
27.04.1971 | N/A Salv"‘}‘liﬁf:a”“ Miolo Salvador Bahia (BA) | > o 1240 NjA 104 2000 | N/A | WA | 7,000 | 1400 | NA | NA 34,884,425
L, . N Sao Paulo
27.02.1971 | N/A Serra do Mar Ultrafértil Cubatio (SP) N/A N/A N/A | NA | NA | NA | NA 0 1 N/A N/A
18.08.1972 |  08:15 Serra da Piracuama Campos do Jordao | 520 Paulo N/A 70,000 17 | NA | N/A | N/A | 1000 | 80 1 N/A N/A
Mantiqueira (SP)
23.03.1974 |  N/A Serra Geral Tubardo river basin Tubario Santa | 205mm/24 1 40 | NA | NA | NA [ 32500 | WA | Na | Na | 666,840,081
Catarina (SC) h
29.04.1974 |  N/A Serra de Pirapora Maranguape Ceard (CE) N/A N/A 91 |NJA|NA | NA | NA | NNA | NA | NA N/A
Maranguape
25.12.1975 | N/A Serra do Mar Grota funda Cubatio Sa‘ESP}j‘)”l" 248 “Lm 1241 s 0 |NA|NA|NA| NA | NA | NA 1 N/A
28.01.1976 | N/A Serra do Mar Brago norte Cubatio Sa‘ESP}j‘)”l" 40&? / 100,000 0 |NnA|NA| NA | NA | NA 1 N/A N/A




23.01.1985 |  N/A Serra do Mar Perequé, Mogi Cubatio Sa‘ESP}j‘)”l" 84h$‘f / > 10 0 |NA|NA| NA| NA | NA 1 1 N/A
12.1986 N/A Serra da Brago Lavrinhas Sao Paulo 70 mm/ 160,000 1 | NA|NA| NA | NA | NA | NA | NA 2,329,412
Mantiqueira (SP) hour
22011988 | NA | Serrado Mar Rio das Pedras Cubatio Si‘zsl)}j‘)”l" 25h21$ / N/A 10 |NnA|NnA| NA L NA | 10 | Nva | Na N/A
05.02.1988 | N/A Serra do Mar Cuiaba, Quitandinha Petropolis Rio de 384 mm /48 N/A 171 | 600 | N/A | N/A | 5000 | 1100 | N/A | N/A N/A
Janeiro (RJ) hours
19.02.1988 |  N/A Serra do Mar N/A Rio de Janeiro Riode 1230 mm/24 |\, 289 | 734 | N/A | N/A | 18560 | N/A | N/A | N/A 935,000,000
Janeiro (RJ) hours
19.05.1989 |  N/A Salv"‘}‘;ﬁf*‘”l‘ Central area of the city (Miolo) Salvador Bahia (BA) | & ;‘;Tré 2 waA 60 | 30 |nal wa | wa | Na 1 N/A N/A
14.10.1990 | 03:00 | Serrado Mar Itajai river basin Blumenau region Santa 89 mm / N/A 17 | 764 | N/A | N/A | 754 66 NA | NA N/A
Catarina (SC) hour
18.03.1992 | 13:40 y Vila Barraginho (old landfill) Contagem Mm(al\sdg;’rals lgflf‘;umr/ 30,000 36 | 70 | NA | NA | 3000 | 300 NA | NA N/A
Quitite, Papagio, Pau da Fome, Vale Rio de 202.5 mm /
13.02.1996 N/A Serra do Mar Encantado, Travessa do alemdo, Rio Rio de Janeiro . - > 400,000 65 65 | N/A | N/A N/A 500 1 N/A N/A
Janeiro (RJ) 24h
das Pedras
06.02.1994 | N/A | Serrado Mar RPBC Cubatio Si‘zsl)}j‘)”l" 60&? "1 300000 | 0 |na|NAa|wa | wa | va 1 NA | 73332253
23.12.1995 | 16:30 Serra Geral Rio Figueira Timbé do Sul Santa 176 mm /24 N/A 10 | NA| 6 | 250 | 580 | NA | NA | NA 71,311,286
Catarina (SC) hour
14.02.1996 | N/A | Serrado Mar N/A Ubatuba Si‘zsl)}j‘)”l" 352944h‘$’ T NA 1| wa|wa| 300 | wA | 30 | nva | Na N/A
09.04.1996 | N/A Serra do Mar RPBC Cubatio Sa‘ESP}j‘)”l" 18h2$1 / 16,000 0 | NA|NA| NA | 500 0 1 N/A 0
12.12.1999 | N/A Serra do Mar km 42, Anchieta Highway Cubatio Sa‘ESP}j‘)”l" 128 }’lrgfl‘r/ 241 300,000 0 |NA|NA|NA| NA | NA | NA 1 N/A
01.01.2000 | N/A Serra da Seco stream Lavrinhas Sao Paulo | 55 h N/A NA | NA|[NA| NA | NA | NA | WA | NA N/A
Mantiqueira (SP)
01.01.2000 | N/A Serra da Morro do Britador Campos do Jordao | S0 Paulo | 400mm /96 1)\ 10 | NA|NA| NA | NA | 300 NA | NA N/A
Mantiqueira (SP) h
24.12.2001 | 16:18 Serra do Mar Cuiaba, Araras Petropolis Rio de 300 mm /24 N/A 45 | 29 | 22 | 777 | 4000 | N/A 13 | NA 190,757,690
Janeiro (RJ) hour
23.11.2008 | 10:00 | Serrado Mar Itajai river Basin lThota, Brusque, Santa 37 mm /241 e 151 | 4201 | N/A | 5617 | 9390 | 4355 | 583 | N/A 946,442,920
Blumenau region Catarina (SC) hour
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07.042010 | 21:00 | Serrado Mar Morro do Bumba (old landfill) Niteroi Riode | 280 mm/24 |\, 48 | s6 | 221 | waA | 3200 | 60 2 NA | 146,587,277
Janeiro (RJ) hour
01.01.2010 | 0330 | Serra do Mar Enscada do Bananal Ilha Grande (Angra Riode | 440mm/36 | s5600 | 31 | 2 |na| WA | wA | 7 1 NA | 180,668.819
dos Reis) Janeiro (RJ) hour
Cuiaba Petropolis 2738 mm / 71 | N/A 187 | 6956
24 hour
- L. JE Rio de 161.6 mm / s
11.01.2011 N/A Serra do Mar Vieira, Principe Teresopolis . > 10 429 | N/A | 300 | 6727 | 9110 N/A N/A N/A 1,932,584,390
Janeiro (RJ) 24 hour
Rio Grande Nova Friburgo 249 ;:(;Tr/ 24 392 | N/A 789 | 4528
11.03.2011 05:00 Serra do Mar Jacarei, Tingidor Antonina, Morretes Parana (PR) 412:? / N/A 4 21 N/A | 2500 | 10000 211 12 N/A 76,095,510
22022013 | 17:00 | SerradoMar | Ribeirdo do Cagado, Rio Marcolino, Cubatio Sao Paulo | 118 mm/ N/A 1| A [ NwA | s00 | 107 | 15 6 1 N/A
Rio Piloes (SP) hour
17.032013 | 20:30 | Serra do Mar Quitandinha Petrépolis Riode | 355mm/24 1\, 34 | 49 | 0 | 1074 | 1120 | 662 | NaA | 54 56,111,211
Janeiro (RJ) hour
12.01.2014 | 23:00 | Serrado Mar Guarda mdo, Palmital Itabea Sa‘ESP}j‘)”l" 150&"‘:/ 6 N/A 23 4 0 20 | 332 | 110 10 3 5,578,975
29.03.2016 |  18:00 Serra da Cérrego dos Aratijos Bom repouso Minas Gerais N/A N/A 0 0 0 71 126 2 0 9 718,275
o . Mantiqueira & W pou (MG) ”
05012017 | N/A Serra Geral Mascarada river Rolante Rio Grande | 270 mm /3 |\, o | o | o] o | 1600 400 | Na |Na| 24683356
do Sul (RS) hours
. 128 mm /
11.02.2017 20:00 Serra do Mar Pedra Branca Guaratuba Parana (PR) hour 120,000 0 0 0 4 0 1 0 2 N/A
16122020 |  N/A Serra do Mar Itajai river basin Presidente Getiilio, Santa 85 mm /4 > 10 13 |35 | 6 | 175 | 168 | 90 64 N/A 9,155,290
Ibirama Catarina (SC) hour
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Moreover, even though there can be several hydrogeomorphic processes associated to a debris flow, the
phenomena are responsible for greater direct damage and fatalities (Costa 1988; Coussot and Meunier 1996;
Corominas et al. 2014). Economic losses involved with debris flows are, however, more uncertain, since the
associated processes, especially flash floods and floods, are responsible for a larger radius of structural damages
(Jakob et al. 2012; Alvala et al. 2019). In our debris-flow event dataset, due to the difficulties in separating the
economic losses related to the main debris-flow event and the associated processes, the losses for the whole event
are considered.

Furthermore, scientific publications and governmental reports tend to focus on larger events, which can potentially
create a bias on the magnitude and frequency of debris-flow events in the country. This is also the case for the
databases, which report only events with fatalities/economic losses, with those in remote areas or with smaller
magnitudes often going unreported. Therefore, it must be highlighted that the compiled database is based on the

available reported data, representing a baseline estimation of the damage that debris flows cause in Brazil.
3.2 Impact of debris flows

Debris-flow events have caused at least U$ 5.5 billion in direct economic losses during the considered period, and
were responsible for over 5,771 fatalities (including missing people) (Table 2). Debris-flow events have also
caused the destruction of more than 11,325 residences, 803 public and private buildings, and 177 infrastructures.
The combined number of homeless and displaced people is 211,153, with 10,104 people injured due to the
phenomenon. According to our estimates, the average fatality rate per event is around 128 (total number of
deaths/total number of debris-flow events) and the average economic loss per event is of ca. U$ 122 million (total
sum of economic losses/total number of debris-flow events).

The largest event in terms of reported fatalities is the 1967 debris flow in Serra das Araras (Pirai, Rio de Janeiro
state) (Fig. 1a), followed by the 2011 event in the mountain region of Rio de Janeiro (Tersopolis, Petropolis) (Fig.
1b). These events have caused, respectively, 300 and 893 and deaths and, at least, 1,400 and 300 reported missing
people. In terms of magnitude, the 1967 debris-flow event in Caraguatatuba (Sdo Paulo state) has the largest
reported magnitude (7,600,000 m?) (Fulfaro et al. 1976).

The number of reported fatalities in the Caraguatatuba event is low (436) when compared to the magnitude and
the destructive power of the event (Fig. 1¢), and some studies suggest that the real figures are much higher (Listo
et al. 2018). Both the Serra das Araras and Caraguatatuba events exhibit stark incompleteness of data despite their

very extensive losses, which could be attributed to the lack of transparency from governmental data during the
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Brazilian military dictatorship (1964 — 1988), as some studies suggest (e.g., Ab’Saber 1991; Sedrez and Maia
2014).

Considering that there are great uncertainties related to the 1967 events of Caraguatatuba and Serra das Araras,
the 2011 event is the largest and most-destructive debris-flow event in Brazil’s history, based on the more reliable
reported figures. The 2011 catastrophe is also the largest when direct economic losses are considered, with

reported losses estimated at ca. U$ 1.9 billion in 2022 (Table 3).

3.3 Geographic distribution

Fig. 2 shows the spatial distribution of debris-flow events in the Brazilian territory. In total, 64.5% of the recorded
debris flows occur in the Serra do Mar Mountain range, followed by Serra da Mantiqueira (13.3%) and Serra
Geral (13.3%). The southeast region of Brazil is the most affected by debris flows, both in terms of number of
events and socioeconomic losses (Table 4). This can be related to the highest population density in the southeast
(especially in the states of Rio de Janeiro and Sao Paulo), the intense urbanization of the coast and the presence
of two mountain areas: Serra do Mar and Serra da Mantiqueira.

Table 2 Analysis of debris-flow related damages according to state. Fatalities include missing people. Avg. = average, N/A
= not available.

State Number of Economic losses Fatalities Avg. Avg. Economic loss/event
events (USD) Fatality/event (USD)
Bahia (BA) 2 34,884,425 173 87 17,442,212
Ceara (CE) 1 N/A 91 91 N/A
Minas Gerais (MG) 3 718,275 286 95 359,138
Parana (PR) 2 76,095,510 4 2 38,047,755
Rio de Janeiro (RJ) 13 3,517,256,731 4,353 335 270,558,210
Sao Paulo (SP) 18 168,802,604 621 35 9,377,922
Santa Catarina (SC) 5 1,693,749,577 243 49 338,749,915
Rio Gre(l}r{(;e) do Sul 1 24,683,356 0 0 24,683,356
Total: 45 5,516,190,478 5,771 128 122,582,011

Sao Paulo is the state with the highest number of reported debris-flow events, followed by Rio de Janeiro and
Santa Catarina (Table 2). The state of Rio de Janeiro is, by far, the most impacted by debris flows, with 4,353
fatalities in the last 100 years and ca. U$ 3.5 billion in economic losses, which corresponds to approximately 75%
of all fatalities and 64% of the economic losses reported in the whole country. Rio de Janeiro also shows the
highest fatality rate per event than any other state, averaging 335 deaths per event, while Santa Catarina shows
highest economic losses per event, averaging at ca. U$ 339 million per event (Table 2). These numbers are based

on reported numbers and the available data.
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Fig. 2 Geographic distribution of reported debris-flow events in Brazil. The reported events are more often associated to the
mountain ranges of Serra do Mar, Serra da Mantiqueira and Serra Geral. The underlying Digital Elevation Model (DEM) is
created using GTOPO30 data retrieved from Earth Explorer (USGS 2021).

Among the cities most affected by debris flows, Cubatio (Sdo Paulo) and Petropolis (Rio de Janeiro) stand out
with the highest numbers of events in the last 100 years (9 and 6 events, respectively), whereas the city of Rio de

Janeiro, Petropolis and Tubaro (Santa Catarina) show the highest economic losses (Table 3). Serra das Araras

(Pirai), the city of Rio de Janeiro, Petropolis and Caraguatatuba show the largest number of fatalities (Table 3).
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Table 3 Analysis of debris-flow related damages according to municipality. Fatalities include reported cases of dead and

289  missing people. N/A = not available.
Municipality/Region Number of events Economic losses (USD) Fatalities Material losses (unit)
Além Paraiba (MG) aqd Volta Grande (MG) 1 N/A 250 63
region
Antonina, Morretes (PR) 1 76,095,510 25 223
Bom repouso (MG) 1 718,275 0 11
Campos do Jordao (SP) 2 N/A 27 381
Caraguatatuba (SP) 1 63,449,964 436 400
Contagem (MG) 1 N/A 36 300
Cubatio (SP) 9 73,332,253 11 40
Guaratuba (PR) 1 N/A 0 1
Ilha Grande (RJ) 1 180,668,819 31 8
Itadca (SP) 1 5,578,975 23 123
Lavrinhas (SP) 2 2,329,412 11 N/A
Maranguape (CE) 1 N/A 91 N/A
Niteroi (RJ) 1 146,587,2770 269 62
Nova Friburgo (RJ) 1 1,932,584,390* 392%* N/A
L 322,416,245 + o
Petropolis (RJ) 6 1.932.584.390% 428 1,929
Rio de Janeiro (RJ) 4 1,010,547,344 804 > 1,500
Rolante (RS) 1 24,683,356 0 400
Salvador (BA) 2 34,884,425 173 1,401
Santos (SP) 2 24,112,000 102 67
Serra das Araras — Pirai (RJ) 1 N/A 1700 > 100
Teresopolis (RJ) 1 1,932,584,390* 429%* N/A
Timbé do Sul (SC) 1 71,311,286 16 N/A
Tubardo (SC) 1 666,840,081 40 N/A
Ubatuba (SP) 1 N/A 11 30
Vale do Itajai region (SC) 3 946,442,920 187 5158
290 * Economic losses associated to the 2011 debris flow event, undistinguished between cities
291  **+300 missing people, undistinguished between cities
292
293 3.4 Temporal and seasonal analysis
294 Debris-flow events are more common during the summer season (December — March), which is the wettest season
295 in Southeast Brazil, where Serra do Mar and Serra da Mantiqueira are located. Fig. 3a shows the seasonal
296  distribution of events, with January having the largest number of reported debris-flow events, followed by March,
297 February and December. The phenomena can occasionally occur during winter season in the Southeast due to
298 abnormally rainfall events (Seluchi et al. 2011), as the one in Campos do Jorddo (Sao Paulo state) in August 1972
299 at Serra da Mantiqueira (Table 3).
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Table 4 Analysis of reported debris-flow related damages according to region. Fatalities include missing people. For state
abbreviations, please refer to Fig. 2. Avg. = average.

. Avg. .
. Number of  Economic damages .. . Avg. Economic loss
Regions events (USS$) Fatalities Fatality per per event (USD)
event

North (AC, AM, AP, PA, RO, RR, TO) 0 0 0 0 0

Northeast (AL, BA, CS%)MA’ PB, PE, PI, RN, 3 34,884,425 264 88 11,628,142
Center-West (DF, GO, MS, MT) 0 0 0 0 0

Southeast (ES, MG, RJ, SP) 34 3,686,777,610 5,260 155 102,410,489

South (PR, RS, SC) 8 1,794,528,444 249 31 224,316,056

The economic losses associated to debris-flow events have been increasing since 1920, although no reports are
available for the decades of 1930s, 1940s and 1950s (Fig. 3b). In the 1990s, a sharp decrease in reported economic
losses is observed, which is also followed by a decrease in the number of fatalities (Fig. 4b), although not by the
number of events (Fig 4a). The general trend, however, is a growth in the associated economic losses over the two
more recent decades, which can be related to a better reporting of disasters, as well as to an urbanization increase.
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Fig. 3 Seasonal and temporal occurrence of debris-flow events and associated economic losses. a) Monthly distribution of
debris-flow events in Brazil. Debris flows are more common in summer months (December — March), which show highest
rainfall indices. b) Temporal distribution of economic losses related to debris-flow events. There is an increase in debris-flow
related economic losses in the last two decades (2000 — 2020), which could be related to a better reporting and monitoring, as
well as to an urbanization increase.

As for the number of reported events, there has not been a significant increase in recent decades, with the
frequency averaging at about seven per decade since the 1960s. Prior to 1960s, the documentation of debris-flow
events is scarcer, which can be associated to lower levels of urbanization and, consequently, a lower societal

impact. The number of fatalities along the years have also been steady since the 1960s, with the decades of 1960s
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and 2010s standing out as those with the highest number of fatalities, particularly in the years of 1967 and 2011
(Fig. 4b). These two years are characterized by the high-magnitude debris-flow events in Caraguatatuba and Serra
das Araras (1967), and Teresopolis, Petropolis and Nova Friburgo (2011).
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Fig. 4 Temporal analysis of debris-flow events and human-related damages. A) Number of debris-flow events, which have
been steady since the 1960s, averaging at 6 events per decade. B) Casualties related to debris flows in Brazil. The years of
1967 and 2011 stand out, due to the high-magnitude events of Serra das Araras (1967) and Teresopolis, Petropolis and Nova
Friburgo (2011).

3.5 Rainfall analysis

Fig. 5 shows the average annual rainfall indices for Brazil plotted against debris-flow events. Debris flows are
concentrated in regions with high rainfall rates (> 1600 mm annually) that are also associated with mountain areas,
highlighting the strong association between hilly areas and precipitation for their incidence. In areas with very-
high annual precipitation (> 2500 mm) and no debris-flow records, such as the North region of Brazil, the
relatively flatter terrain or the remoteness of the mountain areas (e.g., “Escudo das Guianas”, at the border with
Venezuela — Fig. 2) can be associated to the lack of recorded events.

In our catalogue, high-resolution rainfall information was often deficient and, for the most cases, only daily rainfall
was available (Table 1). Comparing the 24-h accumulated rainfall with reported data of magnitude, economic
losses and fatalities, we can observe a very weak relationship between rainfall and these variables. The relationship
between 24-h accumulated rainfall and magnitude, fatality number and economic losses show, respectively, a

Spearman correlation coefficient of -0.01 (p-value of 0.52), 0.01 (p-value of 0.51) and -0.25 (p-value of 0.81).
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When peak rainfall intensity is considered, a slightly stronger positive correlation between magnitude and number
of fatalities is observed. The relationship between hourly rainfall and economic losses shows a positive Spearman
correlation coefficient of 0.7 (p-value of 0.91), while the relationship between fatality cases and hourly rainfall
shows a positive Spearman correlation coefficient of 0.36 (p-value of 0.81). The correlation between daily rainfall
and economic losses, on the other hand, is weaker, with a negative Spearman correlation coefficient of -0.2 (p-
value 0.63). See online resources for supplementary information on the correlation of rainfall data and debris-flow

magnitude, fatality toll and economic losses.
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Fig. 5 Average rainfall indices for Brazil, based on the climate data from Brazil’s pluviometric atlas (CPRM 2021). Debris
flows generally occur in areas with average annual rainfall higher than 1,650 mm.

The available rainfall data, therefore, is not sufficient to indicate a clear relationship between rainfall indices and
economic losses, fatality number and magnitude. These results can indicate that the damage related to debris-flow
events is not only a function of rainfall, but also to social (e.g., urbanization levels, occupation of risk areas) and
geomorphic (e.g., vegetation cover, catchment and channel slope, on-channel material) factors.

Even though hourly rainfall (peak intensity) showed a stronger correlation with magnitude and the number of
fatalities, the small sample space of events with complete data of all the considered variables challenges a concrete
conclusion about their relationship. It is expected, however, that the more intense the rainfall, the larger the event

and, consequently, the larger the associated damage.
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3.6  Debris-flow risk evaluation

Fig. 6a shows the average MR of debris flows per 100,000 habitants in Brazil for every decade since 1920 to
2020, whereas the average national MR (combining all death causes) is shown in Fig. 6b, plotted against the
population growth of Brazil. The results indicate that while the average national MR has been going down since
1920, the national MR of debris flows has been somewhat steady through the decades. The comparison between
the declining average national MR with the steady debris-flow MR can suggest that while there have been several
advances in public health and public security policies in Brazil since 1920, the same is not observed for debris-
flow prevention and mitigation measures.
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Fig. 6 Mortality rate (MR) and demographic analysis. A) Average national debris-flow MR (red bar) through the
decades, compared to the debris-flow MR of the Southeastern (blue), Northeastern (green), and Southern (yellow)
region. B) Populational growth of Brazil according to census year, compared to the average mortality rate through
the decades comprising all death causes (dark red bar). The number of people living in urban areas has been
steadly increasing since 1960. The Demographic and average MR data for Brazil is retrieved from IBGE (2019;
2021).
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Southeast Brazil (SEB) exhibits the highest debris-flow MR, with debris-flow related fatalities reported in all
decades since 1920, except for the 1930s (Fig. 6a). The average MR in SEB ranged from 0.06 in 1920s to 0.76 in
the 1960s, decreasing in the 1970s (0.004) and increasing again in the last decade (0.15). In South Brazil (SB),
debris-flow related fatalities are recorded every decade since the 1970s, with the highest average debris-flow MR
in the 2000s (0.06), due to the debris-flow event in the Itajai river basin in 2008 (Table 3). In northeast Brazil
(NEB), only in the 1970s and 1980s the region reported debris-flow related deaths, with the highest debris-flow
MR in the 1970s (0.05).

The debris-flow MR in the country compared to the MR of other diseases and human-induced causes is shown in
Fig. 7, considering the average MR values for the last decade (2011-2020) according to the Global Burden of
Diseases (Vos et al. 2020). Fatalities related to debris flows in Brazil are rather rare when compared to other death
causes, with approximately 127 deaths per year during the last decade, while homicides and drowning cause each
year approximately 61,000 and 6,380 deaths per year, respectively (Fig. 7). The primary cause of death in Brazil
are diseases, followed by public violence, with COVID-19 related deaths representing the leading cause of deaths
between 2020-2021.

Furthermore, according to the F-N curves for debris flows in the country (Fig. 8), an event with the fatality number
of 1,200 or more, such as the one in 2011 in Rio de Janeiro, has a probability of occurring every 50 years if no
mitigative measures are adopted, and a debris flow with 10 or more fatalities has a probability of occurring every
3 years.

When debris-flow risk in Brazil is compared to landslide risk in other countries, which also includes debris-flow
events, Brazil stands out showing a higher societal risk than China (Tianchi et al. 1989), Japan (Cascini et al.
2008), and Hong Kong (Ho and Ko 2009), and a similar risk to Italy (Guzzetti 2000) (Fig. 9). As already observed
using the debris-flow MR to analyze the risk in Brazil, SEB exhibits a higher risk to debris flow events than the
national average (Fig. 9), showing a gentler slope (-0.447) when compared to the whole nation (-0.492),
consolidating its status as the most susceptible region to fatal debris-flow events.

In our analysis, however, we only focus on debris-flow events, which tend to cause higher number of fatalities
and are less frequent than localized fatal landslides (Corominas et al. 2014), which could potentially impact the
slope of the F-N curve. Moreover, Japan, Italy and Hong Kong are much smaller in territorial area than Brazil and

SEB, which can also potentially impact the probability of fatal events due to the scale effect.
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CAUSES OF DEATH IN BRAZIL

1in 151 people die each year in the country,
according to the average mortality rate (MR) between 2011 and 2020 (690 per 100,000)
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In a population of 213,460,230 (2020), this is approximately 1.4 million deaths each year.

The causes of death vary:

CoVID-19 2in every 5 deaths between 2020/2021 (MR =276.5)
Heart diseases 1in4 (MR=181.9)
w
(]
<
& Cancer 1in6 (MR=114.7)
o
-
u<> Homicide 1in 22 (MR = 28.22)
&
% —
- Drowning 1in 200 (MR = 2.99)
z I

Debrisflows 1in 10,000 (MR = 0.06)

Fig. 7 Mortality Rate (MR) per 100,000 people per year of different death causes in Brazil. The average mortality
rates for the last decade (2011-2020) are based on data from the Global Burden of Diseases (Vos et al. 2020). The
MR of coronavirus in Brazil is based on data from data from the Brazilian Health Ministry (Brasil 2021c). The
figure is based on Strouth and McDougall (2021).
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Fig. 8 F-N curves of debris-flow events in Brazil compared to other countries. Debris flows represent a higher
societal risk than landslide events (also comprising debris flows) in China (Tianchi et al. 1989), Japan (Cascini
et al. 2008), Hong Kong (Ho and Ko 2009), and Italy (Guzzetti 2000).

4  Discussions

F-N plots are commonly applied in landslide studies worldwide (e.g., Macciotta et al. 2015; Keller 2017; Zhang
et al. 2019; Strouth and McDougall 2021; among others), even though they are not universally acknowledged as
a good indicator of risk (Evans and Verlander 1997; Strouth and McDougall 2021). F-N plots have also been
applied in the establishment of thresholds of what is deemed as an acceptable risk by society for different types

of natural hazards, including specifically for landslides (Malone 2005; Strouth and McDougall 2021).
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Hong Kong, through the country’s Geotechnical Engineering Office (GEO), established landslide risk thresholds
(ERM 1998) (Fig. 9), which have been adopted by some countries (e.g., Australia, AGS 2007; Western Canada,
Porter and Morgenstern 2013), though, as pointed out by Strouth and McDougall (2021), to no great success

taking Canada as an example.
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Fig. 9 Societal risk thresholds adopted by Hong Kong, which commissioned the creation of the criterions specifically for
landslides (ERM 1998).

F-N curves can potentially be applied in risk analysis studies in cities with extensive historical incidence of debris-
flow events in Brazil, such as Petropolis and Cubatdo, providing a good estimation of the probability of fatal
events occurrence, which can later subsidize decisions about preventive measures and potentially be incorporated
in municipal laws to guide urban occupation in areas prone to these phenomena. While F-N curves can be useful,
the adoption of risk thresholds, such as the one from GEO (ERM 1998), can be more challenging. Despite similar
climate and hydrogeomorphic process dynamics (Ho and Ko 2009; Lacerda 2007), especially at SEB (sub-tropical
climate), economic and cultural differences on the perception of landslides and debris flows risk are some of the
factors that are not easily transferable (Strouth and McDougall 2021).

For instance, between 2016 and 2017, The Hong Kong Government budget for disaster prevention and
preparedness was approximately 396 million USD, with 165 million USD for landslide preventive measures (Sim
etal. 2018). CEMADEN in Brazil had an annual budget upon its creation of 14 million USD in 2012-2013, which
has been successively slashed through the years, reaching approximately 3.7 million USD in 2019-2020 (Brasil
2021b). In addition to very different budgets implemented for natural disasters prevention, there are scale effects
in the creation of risk thresholds over F-N plots that should be considered, as the x-axis (N) is affected by the size

of the population affected, and the y-axis (F) by the return period of the phenomenon (Strouth and McDougall
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2021). Comparing the probability of fatal debris-flow events in Brazil with other countries using F-N plots is also
subjected to the scale effect, especially when we compare it to Italy and Hong Kong.

Nonetheless, the use of the F-N plot provides a good indication of the risk that the phenomenon represents in
Brazil, especially at SEB, and the steady debris-flow MR through the decades further shows that little has been
made to reduce and prevent their negative impacts in the last 100 years. The temporal and spatial distribution of
debris-flow events is a primordial step to understand the impact of the phenomenon and provides useful
information for the definition of areas where mitigative measures must be implemented. Considering that Brazil’s
population growth is most concentrated at coastal cities in southeast (Londe et al. 2018), which are also the
“hotspots” for debris-flow events, disaster prevention measures can and should be implemented, such as local-
scale risk analysis, early warning systems and installation of retention structures.

The outlook, however, is not promising. The results of the consistent underfunding of CEMADEN and
discontinuation of important disasters prevention programs have been recently seen in the floods and landslides
that struck Petropolis in February 2022, where no warning was issued, causing hundreds of fatalities despite
extensive hazard and risk mapping of the municipality. As our study shows, the city is one the most historically
affected by debris-flow events and is characterized by high rainfall indices and the occupation of hilly/mountain
areas by residences and industries.

While rainfall dynamics in the country can vary greatly according to region (Seluchi et al. 2011; Marengo et al.
2021), generally speaking a combination of antecedent and high intensity peak precipitation is the main rainfall
pattern that trigger debris-flow events (Kobiyama et al. 2010; Debortoli et al. 2017). However, as pointed out by
Borga et al. (2014), the past is not necessarily the key to the future, especially when land use and/or global
warming changes precipitation patterns, altering the dynamics of hydrogeomorphic process in a region or country
(Westra et al. 2014; DeBortoli et al. 2017; Marengo et al. 2021).

Furthermore, studies in regions that can also be susceptible to debris-flow initiation, but no fatal events have been
recorded so far, are valuable, both considering the population increase trend and the comprehension of the debris-
flow dynamics in different geological-geomorphological settings, such as at the Serra do Araripe in Pernambuco
state (Peulvast et al. 2011), Escudo das Guianas in Amapa state, and the hilly areas at the central region of Brazil
(Mato Grosso and Mato Grosso do Sul states), among others. The lack of recorded debris-flow events in these
areas can be linked to less frequent heavy-rainfall events and to lower levels of occupation of mountain areas

when compared to Southeast and South Brazil.
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5 Conclusions

Cataloguing and estimating the consequences that a natural hazard represents based on past events is one of the
most effective methods to provide reasonable damage assessments to the society, even though incompleteness of
data and lack of minor events are common challenges that have to be minded. Our historical analysis shows that
debris-flow events are concentrated mostly in the Serra do Mar and Serra da Mantiqueira mountains in the
Southeast region of Brazil, where population density is higher and occupation of hilly areas is more common.
Between 1920 and 2021, 45 debris-flow events were responsible for over 5,771 fatalities and 5.5 billion USD in
economic losses. Petropolis (Rio de Janeiro State), the city of Rio de Janeiro, Cubatio (Sao Paulo State) and the
Vale do Itajai region (Santa Catarina State) are the most affected areas by debris flows in Brazil, with an extensive
history of fatal and destructive events. These regions are characterized by high rainfall indices, especially during
summer, and urban and industrial areas near or at mountain areas.

The application of F-N plots shows that the phenomenon represents great risk to the Brazilian society, with a
probability of a debris-flow event with a fatality rate of over 1,200 people occurring every 50 years. Based on the
average debris-flow MR for the last decade (2011-2020), 1 in every 10,000 deaths were due to the phenomenon,
which is low when compared to other deaths causes, such as drowning (1 in 200) and homicide (1 in 22). However,
contrasting with the evolution of the national MR (all death causes), which has been decreasing in the last 100
years, the steady MR for debris-flow through the decades indicates that little has been made to reduce the negative
impacts of the phenomena in the considered period.

Finally, as landslides are the main triggering mechanism of debris flows in Brazil, the creation of a national
landslide inventory can help to identify patterns that lead to the phenomena in the catchments, further aiding the
characterization of debris-flow dynamics. The use and widespread availability of GIS technology can facilitate
the creation of collaborative database, with researchers and technicians from different institutions responsible for
the update as new data is available and mapped. Efforts in this regard have been recently made by Brazilian

research groups and researchers (e.g., Uehara et al., 2020; Dias et al. 2021; Osako 2021; among others).
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APPENDIX A.2

Characterization of a landslide-triggered debris flow at a rainforest-covered mountain

region in Brazil

L2Victor Carvalho Cabral*, 'Fabio Augusto Gomes Vieira Reis, 2Fernando Mazo D’ Affonseca, 2Ana Lucia,
!Claudia Vanessa dos Santos Corréa, !Vinicius Veloso, *Marcelo Fischer Gramani, >Agostinho Tadashi Ogura,
“Andrea Fregolente Lazaretti, *Felipe Vemado, >Augusto José Pereira Filho, °Claudia Cristina dos Santos, °Eymar
Silva Sampaio Lopes, Lis Maria Reoni Rabaco, !Lucilia do Carmo Giordano, *Christiane Zarfl

! Applied Geology Department, Earth and Exact Sciences Institute, Sdo Paulo State University — UNESP. Address: Av. 24A, 1555 — Rio
Claro, Sio Paulo, Brazil.
2 Center for Applied Geosciences, University of Tiibingen, Germany. Address: HolderlinstraBe, 12 — Tiibingen, Germany.
3 Institute for Technological Research — IPT. Address: Av. Prof. Almeida Prado, 532 — Sdo Paulo, Sio Paulo, Brazil.
*Brazilian Geological Service — CPRM. Address: Rua Costa, 55 — Sdo Paulo, Sdo Paulo, Brazil.
* Institute of Astronomy, Geophysics and Atmospheric Sciences, University of Sdo Paulo — USP. Address: Rua do Matfo, 1226 — Sdo Paulo,
Sao Paulo, Brazil.
% National Institute for Space Research — INPE. Address: Av. Dos Astronautas, 1758 — Sdo José dos Campos, Sao Paulo, Brazil.

7 Centro de Pesquisas e Desenvolvimento - CENPES. Address: Av. Horacio de Macedo, 950 - Rio de Janeiro, Rio de Janeiro, Brazil.

*Corresponding author: victor.carvalho@unesp.br, ORCID: 0000-0002-9910-0508

Abstract

. Debris flows represent great hazard to humans due to their high destructive power. Understanding their
hydrogeomorphic dynamics is fundamental in hazard assessment studies, especially in subtropical and tropical
regions where debris flows have scarcely been studied when compared to other mass-wasting processes. Thus, this
study aims at systematically analyzing the meteorological and geomorphological factors that characterize a
landslide-triggered debris flow at the Pedra Branca catchment (Serra do Mar, Brazil), to quantify the debris flow’s
magnitude, peak discharge and velocity. A magnitude comparison with empirical equations (Italian Alps, Taiwan,
Serra do Mar) is also conducted. The meteorological analysis is based on satellite data and rain gauge
measurements, while the geomorphological characterization is based on terrestrial and aerial investigations, with
high-spatial resolution. The results indicate that it was a large-sized stony debris flow, with a total magnitude of
120,195 m?, a peak discharge of 2,146.7 m® s'! and a peak velocity of 26.5 m s'. The debris flow was triggered by
a 188 mm rainfall in 3 h (maximum intensity of 128 mm h!), with an estimated return period of 20 years, which,
combined with the intense accumulation of on-channel debris (ca. 37,000 m?), indicates that new high-magnitude
debris flows in the catchment and the region are likely to occur within the next two decades. The knowledge of
the potential frequency and magnitude (F-M) can support the creation of F-M relationships for Serra do Mar, a
prerequisite for reliable hazard management and monitoring programs.

KEYWORDS: Shallow landslides, Magnitude, Serra do Mar, forensic geomorphological analysis, Mass
movements, Bedrock rivers.
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Introduction

Debris flows pose great threat to human life and infrastructure, especially in mountain regions, due to their sudden
occurrence, high mobility, volume, impact energy and large run-out distance (Iverson 2000; Begueria et al. 2009;
Luna et al. 2012). These phenomena occur when a mixture of earth material, water and air very rapidly surge down
steep drainage paths (Varnes 1978; Takahashi 2006; Hungr et al. 2014) and their primary triggering factor is high-
intensity rainfall (Milne et al. 2009). The increasing frequency of extreme rainfall events on a global scale
(Beniston 2009; Giorgi et al. 2011; Borga et al. 2014; Westra et al. 2014) has been associated to an observed
increase in the frequency and magnitude of debris-flow events (Stoffel and Huggel 2012; Winter and Shearer
2014; Borga et al. 2014), which, combined with landslides, were responsible for more than 32,000 casualties
between 2004 — 2010 (Petley 2012; Borga et al. 2014).

An increase in the frequency of extreme precipitation events has also been observed for southern and southeastern
Brazil (Teixeira and Satyamurti 2011), which could alter mass movement dynamics in the country. Over 4,000
debris-flow related fatalities were recorded in the last 100 years from 22 fatal events in Brazil (Kobiyama et al.
2015), 95% of which concentrated at the Serra do Mar, a mountain range that extends for about 1,500 km in the
Brazilian southern and southeastern coast (Vieira and Gramani, 2015). Despite their highly destructive potential,
debris flows are still poorly studied when compared to other mass-wasting processes in Brazil, mainly due to
insufficient monitoring (Borga et al. 2014; Kobiyama et al. 2015; Gregoretti et al. 2018).

Direct field investigations are essential for understanding the hydrogeomorphic dynamics of a catchment during
debris flows (Gaume and Borga 2008; Borga et al. 2014; Lucia et al. 2018). They also provide a sound knowledge
of the magnitude of a debris-flow event (i.e., the total volume of transported debris), which is a prerequisite for
understanding and quantifying associated hazards (Jakob 2005a). The irregular occurrence of debris flows,
however, and their development in terrains of difficult, often dangerous, accessibility pose a challenge to detailed
pre- and post-event field studies (Kean et al. 2013; Gregoretti et al. 2018; Destro et al. 2018).

Magnitude estimations are more commonly carried out by statistical and empirical methods (e.g., Takahashi 1992;
Bianco and Franzi 2000; Massad 2002; Takahashi 2006; Kanji et al. 2007; Chang et al. 2011) or by post-event
(forensic) geomorphological investigation of the debris-flow route in a catchment (e.g., Marchi and D’ Agostino
2004; Liu et al. 2009; Gregoretti et al. 2018). Geomorphology-based estimations are considered one of the most
accurate since they are based on direct field evidences (Liu et al. 2009; Gregoretti et al. 2018) and do not
necessarily require information about previous events (Marchi and D’ Agostino, 2004), which can be rare in some

mountain regions.
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Due to the high costs and difficulties involved using direct field investigations, empirical equations have been
developed to estimate magnitude, as a result of extensive debris-flow documentation in highly prone regions, such
as the European Alps, west coast of North America, Japan and Taiwan (e.g., Kronfellner-Krauss 1984; Takei 1984;
Takahashi 1991; Rickenmann and Zimmermann 1993; Marchi and D’Agostino 2004; Chang et al. 2011).
Empirical equations and semi-empirical equations, however, are mainly site-specific (Rickenmann 1999;
Gregoretti et al. 2018) and can potentially be inadequate in areas with different geological-geomorphological
settings.

By estimating the magnitude, important kinematic parameters such as peak discharge and flow velocity can also
be obtained (Rickenmann 1999; Pak and Lee 2008; Santi et al. 2008; Reid et al. 2016), which are crucial in the
proper design of retention structures (Kanji et al 2007; Santi 2014; Gregoretti et al. 2018). Peak discharge and
velocity are directly related to the entrainment potential of debris flows, which can significantly increase the
magnitude, in some cases by an order of magnitude, and the overall hazard of the process (Milne 2008; Santi et al.
2008; Berger et al. 2011; de Hass and Densmore 2019).

Debris-flow magnitude estimations based on forensic geomorphological characterizations are scarce in mountain
regions (Stoffel 2010), being often focused on flash-flood events (e.g., Gaume and Borga 2008; Borga et al. 2014;
Surian et al. 2016; Steeb et al. 2017; Lucia et al. 2018) or are mostly concentrated on alpine catchments with
extensive documented history of debris-flow events (e.g., Marchi and D’Agostino 2004; Tang et al. 2011;
Gregoretti et al. 2018). For Serra do Mar in Brazil, which is a region typical for rainstorms that often trigger mass
movements (Vieira and Gramani 2015), such studies are non-existent.

In this study, we characterize a landslide-triggered debris flow that occurred on February 11, 2017, at the Pedra
Branca catchment in the Serra do Mar mountain range. A forensic geomorphological analysis with an
unprecedented spatial resolution is conducted to characterize the source area, transport path and deposits of the
debris flow and to estimate the debris flow’s magnitude, peak discharge and flow velocity. A forensic
meteorological characterization is also performed to analyze the precipitation pattern of the debris-flow event,
based on satellite data and rain gauge measurements.

Furthermore, a comparison between the geomorphology-based estimation with magnitudes calculated using
empirical equations from the literature is conducted to assess their applicability to the study area, which can support
further debris-flow susceptibility studies for Serra Mar. The equations are chosen due to their simplicity in input

parameters (Italian alps - Marchi and D’Agostino 2004; Marchi et al. 2019), their consideration of rainfall and
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landslides volume in calculations (Taiwan - Chang et al. 2011) and the similar geological-geomorphological
context (Serra do Mar — Kanji et al. 2007).

Study area

The Pedra Branca catchment (Fig. 1) is characterized by a great difference in altitude when compared to the
surrounding region, with elevations that range from 90 to 1,100 m a.s.l (above sea level). The 3.43 km? catchment
exhibits moderate drainage density (3 km km) and a relief ratio (0.35) and Melton number (0.6) that indicate the
tendency to initiate debris flows and debris floods (Wilford et al. 2004) (Table 1).

In the region, rainfall is well distributed year-round, averaging 2,500 mm annually and reaching up to 3,500 mm
in some years (Maack 2002; Mocochinski and Scheer 2014). The Proterozoic monzogranite that comprises the
bedrock of Pedra Branca’s headwaters is one of the most weathering-resistant rock types in Serra do Mar (Vieira
and Gramani 2015), generating shallow residual soil (up to 2 m deep) and steep slopes that stand out in the
landform (Fig. 2b). The catchment is covered by the Atlantic Forest biome, a tall, broad-leaf rainforest, considered

the second largest tropical forest of the American continent (Tabarelli et al. 2005).
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Figure 1: Pedra Branca catchment (right) in the municipality of Guaratuba, State of Paran4, Brazil. At the top left,
the extension of the Serra do Mar mountain range. At the bottom left, the Digital Terrain Model (DTM) for the
broader region of the catchment with the location of the three nearest rain gauges.

The February 2017 debris flow was initiated by shallow landslides in the headwaters’ region. Three landslides
were identified as the triggers of the event (highlighted in red in Fig. 2), from a total of 17 landslide scars mapped.

For the sake of simplicity, merged scars were counted as one single scar. The debris flow affected oil pipelines
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that cross the catchment (buried at a 1 m depth) and destroyed a small bridge and a farm located at the outlet
region. An interview with one of the affected farmers describing the event is available as supplementary data. No
casualties were reported.

Table 1: Pedra Branca’s physiographic features. H: is maximum amplitude, Lt is length of channels, A is
watershed area, L is watershed length.

Parameter Formulae Value Unit
Watershed area - 343 km?
Maximum elevation - 1,100 ma.s.l.
Elevation at the outlet region - 90 mas.l.
Average watershed slope - 16.8 Degrees
Channel length - 2,900 m
Slope at the initiation area - 67 /34 Percent / Degrees
Slope at the outlet region - 7/4 Percent / Degrees
Average channel slope - 18/10 Percent / Degrees
Drainage density L/ A 3 km km-
Relief Ratio H./ Ly 0.35 km km-!
Melton Ratio () H,/ A2 0.6 -

(1) Melton ratio is a morphometric parameter used to differentiate flood and debris-flow prone catchments. Debris-flow
prone catchments generally have > 0.6 (Wilford et al. 2004).
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Figure 2: A) Geological map of the Pedra Branca catchment based on the 1:250,000 map (Folha Curitiba) made
by the Geological Service of the State of Parana (Mineropar). Qha — Quaternary fluvial sediments and alluvium.
APlyl — Archean/Lower Proterozoic monzogranites, porphyritic and equigranular. APlmgm — Archean/Lower
Proterozoic ophthalmic migmatites, with biotite gneiss paleossome. B) Slope map of the catchment based on a
topographic map at a scale of 1:25,000. Landslide scars that triggered the debris flow are highlighted in red.
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Material and methods

Forensic meteorological analysis

The rainfall analysis combined satellite and rain gauge data. The Geostationary Operational Environmental
Satellite (GOES13) was used to characterize the start time and duration of the precipitation event, while intensity
was retrieved from rain gauge measurements. The nearest rain gauge, located 1 km away from Pedra branca, is
controlled by the private company Arteris - Litoral Sul, which provided hourly rainfall measurements for the month
of February 2017 (Arteris Rain Gauge, Fig. 1). The other two rain gauges are part of the Brazilian rain gauge
network and their measurements are freely available, providled by CEMADEN (Centro Nacional de
Monitoramento e Alerta de Desastres Naturais 2020) and ANA (Agéncia Nacional de Aguas 2020). The ‘Garuva’
rain gauge is located approximately 10 km southeastward of Pedra Branca catchment, while ‘Estrada Geral Quiriri’
is located 30 km southward (Fig. 1).

Forensic geomorphological analysis

Terrestrial and aerial investigation were carried out to characterize the physiography of the catchment after the
debris flow. Field campaigns were conducted one and six months after the event (March and August, 2017) to
characterize post-event geomorphological features and to acquire high-resolution aerial photographs of the debris-
flow path using an Unmanned Aerial Vehicle (UAV).

Field observations were determinant in the identification of the sediment budget of the channel, aiding the
assessment of the event’s characteristics (a channelized, stony debris flow) and the movement dynamics in the
catchment. On-channel deposits were assessed using cross-sections made along the Pedra Branca riverbed
(available as supplementary material), which also depicted post-event channel width. Peak flow marks were
documented, as well as estimated erosion depths, based on erosion marks and bedrock exposures. The
measurements were made with the help of range finders, measuring tapes, rods and levels. A total of 28 cross-
sections were surveyed at approximately every 120 m along the debris-flow route (Fig. 3).

The orthorectified aerial photographs further allowed the identification and delimitation of debris-accumulation
areas along the channel, as well as the delimitation of entrainment areas along the riverbed and lateral slopes and
banks. Sediment sources located at the headwaters (i.e., landslides) were identified and delimitated using non-
orthorectified aerial photographs retrieved from the UAV survey. The drone DJI Phantom 3 was employed in the
UAV survey, equipped with a camera with focal length of 3.61 mm and ground sampling distance (GSD) of 8.654

cm/pixel. Twenty-three (23) targets were used for georeferencing the orthophotos, which were processed with the
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software PIX4D. The UAV overflight was done between August 28 and 30, 2017, in constant height of 200 m.

The targets’ coordinates were measured using a differential GPS (generating point presenting accuracy of 10 cm).
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Figure 3: A) Location of the 28 cross-sections made along the debris-flow path. B) Overview of the headwaters’
region of the catchment, highlighting the three landslide scars that initiated the debris flow. C) Longitudinal profile
of Pedra Branca catchment with the tentative location of the cross-sections. Channel in blue and slopes in brown.
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Magnitude estimation
The debris-flow magnitude was estimated based on the parameters obtained from the forensic analysis. The total
volume (Vt) of the debris flow was calculated according to Jakob (2005a), being a mass balance of the landslides
volume (Vi) that initiated the event, the volume of material entrained (Ve) by the flow and the volume deposited
(Va) along its path:
Vet = VRIR+ VEed — VA B (1)
Vi was estimated using the equation:

VEiR = ABE xe (2)
Where A; is the landslides area (m?) and e the average depth of the landslides (1 m, estimated using the aerial
photographs from the UAV survey), assuming that the totality of the material reached the channel.
The calculation of on-channel debris volume (V4) is based on the areas of accumulation (Ad), delimitated with
orthophotos, and on the average depth of the deposits (ed) observed and depicted at the 28 cross-sections. In this
study, Large Wood (logs with >10 cm in diameter and >1 m in length) is not individualized from other debris-
types when estimating magnitude.
vede = (ARdm « el@dd) (3)A
The entrained volume (V.) is based on the identification of erosional areas (A¢) and on the erosion depth (ec)

documented during field campaigns:
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Vel = (ARell x elle®) (4)E

At the intervals between cross-sections, average depth values of erosion and deposition were applied.

Peak discharge (Qmax) is calculated based on the equation described in Jakob (2005a) and Chen et al. (2007):
QBmax@ = ABmax®+ vEfA (5)

Where Amax is the maximum cross-sectional area of the channel and vr is the mean cross-sectional velocity during
the time that the peak flow occurs. Amax is obtained from the 28 cross-sections and vris estimated according to the
Manning-Strickler equation (6), traditional fluid-mechanics equation for Newtonian turbulent flows that considers
the physiography of the river channel and can be suited to debris flows (Rickenmann 1999):

vAfE = 1E8nREAE +«+ HE 2832 * SA 1R2E @ (6)

With H being the maximum flow height (m) measured in the field, S is the channel bed slope, and n is the Manning
coefficient (0.07 m's!) for bedrock rivers in mountain regions (Arcement and Schneider 1989; Takahashi 2006).
Furthermore, empirical equations from the literature are also employed in magnitude estimation. Based on
sediment volume data collected in the Eastern Italian Alps, Marchi and D’Agostino (2004) suggest that the
magnitude of a debris-flow event can be estimated according to the geomorphometric characteristics of a
catchment, as per the equation:

V = 65,000 « AR1.358  SA1.78 (7)

Where A is the catchment area (km?) and S the average channel slope (%). More recently, Marchi et al. (2019)
updated equation 7 using a larger dataset and considering the severity of an event when estimating magnitude:

V = Kx* AByRA (8)

With K (intercept) and y (slope) representing the scaling parameters. Considering a moderate to large magnitude
to the February 2017 event, the scaling parameters chosen to be assessed in this study are related, respectively, to
the 50, 98™ and 99" percentile of the dataset presented in Marchi et al. (2019):

V = (2620 + 60) * AB0.67 £+ 0.02@ (9)

V = (52000 £+ 4000) * AR0.94 + 0.042 (10)

V = (77000 + 7000) » AR1.01 + 0.06@ (11)

Chang et al. (2011), based on 59 debris-flow prone catchments in Taiwan, found that the magnitude can be
estimated by the equation:

V =0.023 ABwE + 0.064 ARIE + 13264.6 GI —1399.2 D + 38.47 CARA (12)

With Ay being the watershed area (m?), Ai the landslide area (m?), GI is the geological index (dimensionless) based
on Marchi and D'Agostino (2004), D the rainfall duration (h) and CR the rainfall intensity (mm). Due to the

9
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uniform geology of Pedra Branca, comprised of crystalline rocks, the GI adopted is 0.5 (Marchi and D’ Agostino
2004; Chang et al. 2011).

The equation presented in Kanji et al. (2007) considers that the magnitude (V) of a debris flow, assuming that
these phenomena have a concentration of solids that vary from 40% to 80% (George and Iverson 2001), is a
function of the concentration of solids per unit volume (c, equation 14) from Takahashi (1991), the catchment area
(A, km?) and the rainfall intensity one hour preceding the debris flow (11, mm):

V = 1000 . c@l1—cl . A . I81@ (13)

c= plR0A* tghl § — pRORAR. tgep — tgoll (14)

Where 8 is the average slope of the channel, po is the specific weight of the slurry, § is the granular material specific
weight, and ¢ is the internal friction angle of the sediments. For simplicity, and since the physical parameters of
the studied debris flow were not determined, ¢ = 60% is adopted, as suggested by Takahashi (1991; 2006) for
stony debris flows.

For further magnitude studies and empirical equations, we refer to Hungr et al. (1984), Rickenmann (1999),
Takahashi (1991; 1992; 2006), Rickenmann and Koschini (2010), and Reid et al. (2016), among others.

Results

Forensic meteorological characterization

According to the testimonies of local farmers, the landslides that triggered the debris flow initiated between 2300
and 0000 UTC (20:00 and 21:00 Local Time — LT) on February 11. The landslides were triggered by an
accumulated rainfall of 188 mm in 3 hours, with maximum registered intensity of 128 mm h!, according to the
nearest rain gauge data (Arteris - Fig. 4). The rainfall ended at approximately 0700 UTC (4:00 LT) on February
12, assuming that a precipitation event ends when in six consecutive hours the accumulated rainfall is less than 4
mm (Chang et al. 2011). As the recorded antecedent rainfall for the preceding 10 days is estimated at around 88
mm, 23 mm of which (26%) in the last 48 hours before the event, soil water content was already significant.
Precipitation recorded by the rain gauges integrated to the Brazilian pluviometer network (Fig. 4) are notably lower
than what the nearest rain gauge documented, suggesting that the extreme rainfall rates were mainly concentrated
near the hillslopes of Pedra Branca as a result of orographic effect. The rain gauge ‘Garuva’ recorded 72.8 mm in
12 h, with a maximum intensity of 29.2 mm h!, while the rain gauge ‘Estrada Geral Quiriri’ barely recorded the
event. Considering the difference in precipitation rates and the lag-time of 1 h between the rain gauges ‘Arteris’
and ‘Garuva’, it is suggested that the event developed from north to south and lost intensity during its trajectory.

The data from the GOES13 satellite indicates that the rainfall in the broader region of Pedra Branca initiated at

10
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around 1800UTC (15:00 LT) on February 11 and ended at around 0700UTC (04:00 LT), as also shown by rain
gauge data. Cloud tops reached 13-km altitude over the catchment, with high rainfall rates for about 4 hours,
continuously. The return period for a rainfall with such intensity is estimated between 15 - 20 years, based on

heavy-rainfall equations for the region (Back et al. 2011; Pereira Filho et al. 2018).
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Figure 4: A) Hourly precipitation for February 11 and 12, 2017, according to the three nearest rain gauges. Rain
gauge ‘Arteris’ is located 1 km from Pedra Branca catchment, while ‘Garuva’ and ‘Estrada Geral Quiriri’ are
located at approximately 10 km and 30 km away, respectively. B) Precipitation recorded every 15 minutes by the
rain gauges ‘Arteris’ and ‘Garuva’ between 18:00 LT (2100 UTC) and 23:00 (0200 UTC).

Forensic geomorphological analysis

The three shallow landslides that triggered the debris flow have their upgradient portions in moderate slopes (38%
to 61%, or 21° to 31°), while those originated in steeper slopes (> 61%, or >31°) did not initiate an event in the
other tributaries, probably due to thinner residual soils and colluvium (i.e., less material to generate a debris flow).
The mobilized material by the three landslides are mainly residual soil and large wood, which suggest loss of
suction as the initiation mechanism at the study area. The debris flow was initiated by first-time movements in the
hillslopes (mapped in Fig. 3), but also carried material (colluvium) from previous landslides, accumulated at the
upper portion of the channel.

The channelization of the material mobilized by the landslides contributed to a magnification of the erosional
process, with a pronounced entrainment and scour of debris at the upstream section of the channel. Erosion of the

channel bed, lateral slopes and banks by the debris flow progressively decreased towards the outlet region, ranging

11



from an average depth of 3 m at the upstream section to 0.3 m downstream. In bedrock exposed areas, erosion
depth was assumed as 0 and the average depth between two sections was used in entrainment calculation, since no
information about previous on-channel deposits or channel morphology are available. Bedrock exposed areas are

mainly located in steep portions of the channel near the initiation area and in knickpoints.

11200 711860

March, 2018

711200 711900 742600 713100

December, 2016

Pedra Branca 3 Pedra Branca
catchment §§ b (e catchment

708800 710500

704800 710500 111200 111900 712600 713300 711200 711900 T12800 713300

Figure 5: Before (left) and after (right) the debris-flow event at the Pedra Branca catchment. Aerial photographs
from December 2016 and March 2018, from Google time-lapse. The location of the nearest rain gauge (Arteris) is
indicated (Highway BR-376, km 676 +800 m).

On-channel debris at the upstream section (between SG20 and SG24 / SG27) consist mainly of large monzogranite
boulders (2 to 5 m in diameter), deposited at the perimeter of the flow route or exhumed from colluvial deposits
of the lateral slopes (Fig. 6A). On-channel debris accumulation becomes more frequent towards the catchment’s
outlet (Fig. 7C), with the largest volume of debris deposited at the middle portion of the channel (between SG11
and SG19, Fig. 6B) where the average slope is 18.2% (10.3°), i.e., within the range of deposition angles for
channelized debris flows (from 14% to 21%) (Iverson et al. 2011). Debris deposition also occurs at the downstream
portion of the catchment (SGO to SG10), although with smaller-sized boulders (<2 m in diameter) and less
voluminous deposits than at the middle portion (Fig. 6C). Recent on-channel debris deposits are easily identified
from colluvial deposits due to the lack of pedogenetic evidences and the mixture of fresh wood and stony debris
(Figure 6D).

Large wood (LW) deposition and accumulation, differently from stony debris, is more frequent at the downstream
section of the channel (SG11 to SGO). At this section, the influence of LW in the debris-flow evolution is
prominent, with evidences of LW jams that were broken by the flow passage (Fig. 7A). Debris dams (i.e., areas
with intense debris deposition, blocking partially the flow) are observed along the channel and are in their majority
clast supported with woody debris (Fig. 7B), often exhibiting reversely graded patterns. The occurrence of these
dams indicates that the debris flow had multiple surges, which is confirmed by the affected farmers that report at

least four surges.

12
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Figure 6: A) Pronounced erosion and scour of channel bed is observed at the upstream section (SG23) — 1.8 m
human profile for scaling. B) Intense accumulation of debris at the middle section (SG13) — in detail, a 1.75 m
human profile for scaling. C) Accumulation of debris at the downstream section (SG6), with smaller sized-boulders
than in the middle section - 1.75 m human profile for scaling. D) Reversely graded pattern observed in debris dams
(SG5). E) Debouchment of the Pedra Branca river into the Sao Jodo River, where flow height reached up to 2 m.
F) Sao Jodo river, which received sediments from the Pedra Branca debris flow (photo from August 2017).

The imbricated boulders along the channel’s length and the intense debris accumulation along at the middle section
of the channel suggest that the event started as a debris flow, evolving into a debris flood as channel slope
decreased. At the outlet region, according to testimonies, the flow consisted mainly of muddy water (with sand,
silt, clay) mixed with woody debris (Fig. 6E) and, minorly, by stony debris of up to 1 m. These characteristics
indicate that in the final stages the event exhibited characteristics of a flash flood.

The average post-debris-flow width of the channel is ca. 20 m, ten times the previous average width (ca. 2 m)

reported by testimonies (Fig. 5). No prominent alluvial fan is formed, due to narrow valley and discharge to the
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larger Sao Jodo river (Fig. 6E). At the Sdo Jodo river, large deposits of coarse sand are cobbles are accumulated
near Pedra Branca outlet (Fig. 6F), as well as small to medium-sized boulders (< 1.5 m in diameters) on the river

channel.
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Figure 7: A) Large wood forming a jam that was later broken by the flow’s passage (SG1). B) Mixture of
woody and stony debris and formation of debris dams (SG12) — 1.75 m human profile for scaling. C) Plot
showing the Pedra Branca channel profile and the volume of deposited debris along the debris flow route. Debris
deposition is higher at the middle section of the channel (SG19 to SG11).

The mapping of erosional and depositional areas along the Pedra Branca channel is shown in Figure 8, based on
the orthophotos. Even though debris deposition generally occurs in areas with gentler slope (Fig. 9A), a direct
correlation between these two factors is not observed, with a very weak Spearman correlation coefficient (0.025)
and regression line with very low R? (0.002) when their relationship is analyzed (Fig. 9C). Debris deposition,
therefore, might be influenced by other factors, such as valley width, presence of obstacles and availability of
coarse material itself, which can further be related to a less voluminous deposition in lower reaches of the channel

with low slope than at intermediate reaches.
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Erosion depth, on the other hand, shows a positive correlation with slope, being deeper near steeper portions of
the channel (Fig. 9B). Excluding areas where bedrock exposure is observed, a correlation between slope and
erosion depth shows a weak/moderate positive spearman coefficient (0.39) and a regression line with a weak to
moderate R? (0.3149) (Fig. 9D). Hence, erosion is moderately influenced by slope, which can further be associated
with a higher momentum of the flow’s passage in steeper reaches of the channel. The exclusion of bedrock exposed

reaches in the correlation is due to a different incision dynamic than at alluvial-colluvial reaches.
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Figure 8: Mapping of entrainment and deposition areas based on the orthophotos acquired using UAV. Areas in
shades of blue represent debris-accumulation areas and areas in shades of red represent entrainment areas.

The distribution of maximum grain size (D9o) of debris along the debris-flow path shows that debris size decreased
by approximately 80% along its trajectory (Fig. 9E). Sharp reductions in Do along the channel are related to
regions where intense debris deposition is observed. Flow heights are generally higher in regions downstream to
knickpoints in the channel (between SG4 and SGS5, SG10 and SG11, SG18 and 19), with the debris flow reaching
a peak height of 7 m at the region of the cross-section SG9 (Fig. 9F). At the debouchment into the larger Sao Jodo
river, flow heights were up to 2 m (Fig. 9F). Flow height can be affected by areas with intense debris accumulation,
which can partially block the flow and raise the flow level. To minimize the uncertainties related to forensic
discharge estimations, we documented flow heights in areas that were not directly affected by the intense

accumulation of stony and woody debris.
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Figure 9: A) Distribution of on-channel debris volume along the debris flow path in relation to channel slope B)
Erosion depth distribution along the debris flow path in relation to channel slope C) Scatterplot showing the
relationship between on-channel debris volume and channel slope. D) Scatterplot showing the relationship
between erosion depth and channel slope. Bedrock and loose debris refer to the on-channel material post-event.
E) Maximum debris size (Doo) distribution along the debris flow path in relation to channel slope (measured
between every two cross-sections). F) Peak flow height distribution in relation to channel slope.
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The total volume of the debris flow (V:) is estimated at approximately 120,195 m?, based on the mapping of
entrainment and deposition areas (Fig. 7) and on the landslides that initiated the event. Volume entrained by the

flow (Ve) is estimated at 121,037 m?, while the volume of debris deposited along the debris flow path (Va)
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accumulates to 36,688 m®. The table with the measurements used in the calculation of entrained and deposited
volumes is available as a supplementary material.

The three landslides that initiated the event contributed with 35,846 m? of earth material. The largest landslide scar
contributed with 22,497 m?, while the other two contributed with 7,573 m? and 5,776 m?, assuming an average
depth of 1 m and that the totality of the material reached the channel. Despite the uncertainties associated with
erosion depth at the study area, due to the unknown channel morphology before the event, it is evident that
entrainment significantly increased the total magnitude of the process, representing more than 75% of earth
material input.

Moreover, subjectivity and human error might decrease accuracy and is challenging to be considered during
calculations. Nonetheless, our estimations suggest that the February 2017 debris flow had a large magnitude,
within the range of the size-class 5 (10° — 10° m*) proposed by Jakob (2005b). Size-class 5 debris flows can destroy
parts of villages and infrastructures, destroy forest of up 2 km? and block creeks and rivers (Jakob, 2005b).
Comparing our field-based magnitude estimates with the results using empirical equations (Table 2), the equation
from Marchi et al. (2019) is the best-fit for the study area. While using the scaling parameters of the 50" and 99
percentile considerably underestimated (ca. 5,983 m®, 95% less than our estimates) and overestimated (ca. 267,385,
121% more) the magnitude, the 98™ percentile resulted in an approximate magnitude (ca. 143,645 m®, 18% more)
when considering the lower error threshold.

The equation based on Taiwanese debris-flow cases, from Chang et al. (2001), also provided fairly good results,
estimating the magnitude at ca. 91,000 m>, which is 24% less than the value calculated based on in-situ data.
Marchi and D’ Agostino (2004) equation performed similarly to the 50 percentile of the updated version of the
equation presented in Marchi et al. (2019), also underestimating the magnitude (18,600 m?, 84% less than our
estimations). the equations shown in Kanji et al. (2007) highly overestimated the magnitude (439,040 m?, 265%
more than our estimations).

Highest discharge and velocity rates are observed between cross-sections SG18 and SG19 (2,146.7 m® s! and
29.04 ms™!, respectively), where channel slope is the steepest and cross-sectional area one of the largest. Discharge,
in general, is higher at the immediate region downstream to the initiation area (SG24 to SG22 and SG27 to SG25)
and at the confluency of the two tributaries (Between SG21 to SG17), progressively decreasing towards the outlet
region (Fig. 10). Velocity rate patterns are similar to the discharge (Fig. 10). The table with the measurements used

in the discharge and velocity calculation is also available as a supplementary material.
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Table 2: Magnitude of the February 2017 debris flow, estimated according to empirical equations and the
forensic geomorphological characterization.

Author Magnitude
Marchi and D’ Agostino (2004) 18,600 m?
Marchi et al. (2019) — 50" percentile 5,983 £290 m?
Marchi et al. (2019) — 98" percentile 165,645 + 22,000 m?
Marchi et al. (2019) — 99" percentile 267,385 = 46,000 m®
Kanji et al. (2007) 439,040 m®
Chang et al. (2011) 90,851 m?
This study 120,195 m®
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Figure 10: Discharge and flow velocity pattern along the debris flow path.

At the region of the oil pipelines (SG3 and SG4), discharge was approximately 228 m® s™' and flow velocity 7.9 m
s!, which can be associated to their preservation due to the relatively weaker and slower flow at that region. It is
important to point out, however, that the concurrence of debris flows and debris/flash floods might increase the
uncertainty over peak discharge estimations, due to an alteration of the channel cross-section stability with the
passage of large sediment volume (Amponsah et al. 2016; Destro et al. 2018).

Discussion

The available rainfall data suggest that the high-intensity precipitation was sharply localized over Pedra Branca
hillslopes and had a short duration. Rainfall estimations, however, might be underestimated due to the location of
the rain gauges at the valley and not at the hillslopes, where landslides initiate. The estimated return period of the
high-intensity rainfall in the region, combined with the large amount of mobilizable on-channel debris at Pedra
Branca (ca. 37,000 m®), suggests that new high magnitude debris flows can potentially occur in the region in the

near future (next one or two decades).
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The debris flow was triggered by three large landslides, which initiating mechanism is interpreted as loss of suction
due to a local rise in the water table by rainfall infiltration. Loss of suction is a common initiation factor at
crystalline areas at the Serra do Mar mountain range (Wolle and Hachich 1989; Lacerda 2007) and is attributed to
saturation levels reaching depths below the root zone of the soil. Soil saturation level at the hillslope region was
already significant due to the antecedent rainfall (23 mm in the previous 48 h) and the sudden rise in the water
table, as a result of the high rainfall rates (128 mm h'), led to slope failure.

Debris flows at Serra do Mar are generally triggered by high precipitation rates accumulated in 72 h, with peak
rainfall of > 60 mm h™! (Kanji et al. 1997). The lack of past debris-flow data for the Pedra Branca catchment and
the surrounding region is a challenge for the creation of a site-specific rainfall thresholds that could support the
development of an Early Warning System (EWS) in the region. Consequently, thresholds developed for different
parts of Serra do Mar could preliminarily be adapted and updated for Pedra Branca, such as the one from Kanji et
al. (1997). A constant update of these rainfall thresholds is necessary, especially considering the projected increase
in the frequency of extreme rainfall events for the south and southeast of Brazil (Marengo et al. 2021) and that
these equations were created more than 20 years ago.

Debris-flow initiation is not controlled solely by rainfall, as it also depends on debris supply and recharge rate,
which influences the magnitude and the frequency of new events in a catchment. The debris flow in the Pedra
Branca catchment had a magnitude of approximately 120,000 m?, thus a large debris flow. According to Jakob
(2005b), such magnitude for a boulder-rich debris flows is atypical, although the statement could be biased due to
the general lack of magnitude studies worldwide, especially in mountain areas where debris-flow studies are still
incipient. At Serra do Mar, based on the few available magnitude estimates (e.g., Kanji et al. 2007; Kobiyama et
al. 2015), 10° m? debris flows are what is usually reported, probably also due to a bias towards reporting and
characterizing only larger events (such as the present study) and the lack of studies aiming at specifically
estimating debris-flow magnitude.

The most-suited empirical equation for our study area was the one based on the 98" percentile of the cases analyzed
by Marchi et al. (2019) in the Italian alps, indicating that a debris flow with the same magnitude as Pedra Branca
has a ca. 2% probability to occur in that region. This could also suggest that at Serra do Mar large debris flows
occur less often than smaller ones that tend to go unreported, but such statement is challenging considering the
large dataset necessary to establish magnitude-frequency relationships and the differences in
geological/geomorphological settings that affect debris-flow dynamics. More magnitude studies at Serra do Mar

are recommended and necessary.
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We suggest, therefore, that the equations from Marchi et al. (2019) should be tested in future events or in back-
analysis studies in Brazil, to attest further its efficacy in representing debris-flow magnitudes in different
mountainous areas. Even though the equation shown in Kanji et al. (2007) was created for a catchment at Serra do
Mar (based on the 1994 debris flow at Rio das Pedras catchment, in Cubatdo), it highly overestimated the
magnitude of the Pedra Branca debris flow. This overestimation can be related to the equation’s heavy reliance on
the physical parameters of the debris flow, which was not tested in our study.

The equation by Marchi et al. (2019) introduces scaling parameters that amplifies the application of the equation
when compared to the one presented in Marchi and D’ Agostino (2004), which are adjusted according to different
debris-flow scenarios and, consequently, can be applied to a wider variety of regions. The simple input parameters
are another advantage, which favors it application on mountain regions where few information is available.
Moreover, the equation from Chang et al. (2011) also provided approximate results compared to our estimates.
While it underestimated the event (24% less than the forensic-based magnitude), the consideration of different
parameters that influence the dynamics of a landslide-triggered debris flows (e.g., geology, rainfall, landslide area)
can potentially be adequate for Serra do Mar, when a landslide inventory and rainfall data is available.

Forensic geomorphological analyses are fundamental for an accurate depiction of sediment mobilization in a
catchment, supporting magnitude estimations and countermeasures dimensioning. Studies that characterize the
magnitude of recent debris-flow events are key to support regional scale studies, since they describe how a debris
flow develops in a catchment, which characteristics are potential driving factors and quantify the hazard that
similar catchments might be susceptible to.

The February 2017 event at the Pedra Branca catchment started as a debris flow at the upper portions of the
catchment and, as channel slope decreased, it evolved into a debris flood and, at later stages, a flash flood as it
progressed towards the outlet region. This evolution can be attributed to the progressive deposition of debris
(especially large rock boulders) along the flow route, especially at the middle portion of the channel. The
progressive decrease in discharge and flow velocity can also be attributed to the deposition of material along the
channel, a direct result of gentler channel slope from the middle section on and the long length of the channel
(2,900 m), decreasing the flow momentum.

Flow momentum decrease is also associated with the entrainment potential of the debris flow, with a progressive
reduction in erosion depth towards the debouchment area. Even though the estimation of eroded material is
affected by larger uncertainties than the landslides and on-channel debris volume, the debris flow’s sediment yield

came mostly from the entrainment of material from channel bed and lateral banks, which is a common
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characteristic of large debris flows worldwide (e.g., Marchi et al. 2009; Gabet and Sternberg 2008; Bennet et al.
2013; Shen et al. 2020).

Despite the subjectivities and uncertainties related to the forensic-based estimation, it is the most accurate way to
describe the hydrodynamic evolution of a debris flow in a channel and is the base for simulation of debris flows
using physically-based models. It is also an important pathway for the establishment of F-M relationships, which,
so far, are limited to a few selected regions in the world due to the long period of data required to construct
meaningful relationships (Stoffel 2010; Huggel et al. 2012). The establishment of magnitude and frequency of
debris-flow events is fundamental for accurate risk management.

Several other recent, deadly, debris flows have occurred at Serra do Mar that could have been mitigated if F-M
studies and EWS were available, such as at Itaoca (State of Sdo Paulo) in January 2014° and in the Teresopolis
region* (State of Rio de Janeiro) in January 2011. These examples highlight the importance of sediment
mobilization analysis in a catchment as well as the need for magnitude studies to quantify the potential damages
that could result from debris-flow events and the frequency at which debris flows are expected to occur at Serra
do Mar.

Studies on debris-flow frequency are recommended and necessary. Cosmogenic, Optically-Stimulated-
Luminescence (OSL) and radiocarbon dating of colluvial deposits are techniques that can be applied in frequency
estimation of mass-wasting events in tropical and subtropical regions (Lang et al. 1999; Panek 2015). Radiocarbon
dating, due to lower costs and simpler sampling when compared to the other dating techniques (Panek 2015),
should be attempted in the future at the Pedra Branca catchment, as well in high-hazard catchments at Serra do
Mar. The large amount of mobilized LW and organic material by debris flows in the region provide reliable results
(Lang et al. 1999). LW can contribute to increase debris-flow hazard (Lucia et al., 2015; Rickenmann, 2016) and,
therefore, studies that consider LW mobilization in the densely forested catchments of Serra do Mar are
encouraged.

Conclusion

This study characterized a debris flow that occurred at Serra do Mar in February 2017. The event was triggered
by a 188 mm rainfall in 3 hours (128 mm h™! maximum intensity), with a return period of 15 years. The debris
flow had a total magnitude of 120,195 m?, with peak discharge of 2,146.7 m® s”! and peak velocity of 26.5 m s\,

It was, therefore, a large magnitude stony debris flow triggered by a short to moderate return period precipitation.

3 Triggered by an accumulated rainfall of 210 mm in two hours, destroying houses and public infrastructures. 25 casualties were reported
(Gramani and Martins 2016)

4 Considered the 8t worst landslide event in world history by the United Nations (Rosi et al. 2019)
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The debris flow dammed parts of the Pedra Branca channel, incisively eroded parts of the forest along its path and
damaged infrastructures.

The documentation of recent debris-flow events, with magnitude and hydrogeomorphic dynamics characterization,
is extremely important for Serra do Mar, where debris-flow studies are still scarce. Magnitude studies for a
catchment are important, since they are a pathway for the development of Frequency-Magnitude relationships that
can support accurate hazard assessments and reliable monitoring programs. Moreover, the mapping of debris-flow
prone catchments throughout Serra do Mar is necessary to identify those that represent greater hazard and to
prioritize the implementation of monitoring programs and EWSs.
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APPENDIX A.3

A multi-step hazard assessment for debris-flow prone areas influenced by hydroclimatic

events

Highlights
e Logistic Regression (LR), numerical simulation and rainfall back-analysis are applied
e Simulation determined average runout distances, flow height and velocity
e  Short duration (<48h), high intensity (>200mm) rainfall triggers large debris flows

e Very low to very high hazard levels are proposed, based on rainfall and flow parameters

Abstract

Hazard assessment studies are fundamental to identifying disaster-prone areas, especially in locations with high
environmental and socioeconomic vulnerability. This study proposes a multi-step debris-flow hazard assessment,
based on the combination of Logistic Regression (LR) analysis, numerical simulation and rainfall back-analysis.
A landslide-prone area of 84 km? is chosen as test-site, including 20 river catchments and one of the largest
petrochemical plants in Latin America. Rainfall is the main influencing factor in debris-flow initiation, as
highlighted by the LR analysis, followed by soil cover and slope. The analysis also indicated the catchments more
susceptible to debris flows and the simulation results show that the average runout distance in these catchments
is 470 m, with an average flow height of 5 m and a peak velocity of 23 m s\, Debris flows are triggered by short
duration (<48 h), high-intensity (>200 mm) precipitation, with return periods that vary from 3 to 10 years. Five
levels of hazard (very low to very high) are, then, proposed for the study site, based mainly on 48-h accumulated
rainfall and flow properties. Industrial and residential areas in the projected debris-flow route generally exhibit
the highest overall hazard levels, as many were developed in the depositional area of debris flows and near fluvial
courses, where associated floods and flash floods may occur. As pointed out by recent studies, an increase in the
frequency of extreme precipitation events is projected in the Serra do Mar region and when the general short return
period of the debris-flow triggering rainfall is considered (< 10 years), large magnitude (>10° m®) debris flows
are likely to occur in the near future.

Keywords: intense rainstorms, landslides, multivariate statistics, Serra do Mar, Cubatdo.
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1 Introduction

Sediment transport in mountain regions is mainly initiated by episodic events, such as landslides, debris flows and
avalanches (Dietrich and Dunne 1978). Debris flows are especially destructive among the hydrogeomorphic
processes, as they are capable of moving sediments very rapidly down steep channels (from organic matter to
large rock boulders), representing a major hazard to humans and infrastructures (Corominas et al. 2013). High-
intensity precipitation is one of the primary triggering factors and rainfall-triggered debris flows commonly initiate
from landslides (Takahashi 2006; Yang et al. 2020).

In Brazil, the Serra do Mar Mountain Range is the main site of landslide and debris-flow occurrence, due to its
steep slopes (averaging 25° to 35°) and high rainfall rates (up to 4,000 mm annually) (Vieira and Gramani 2015).
Recent projections in the context of global warming have indicated that the Serra do Mar region may experience
a surge in the frequency and magnitude of landslide and debris-flow events, particularly in scenarios with a 2.0°
C increase in Global Warming Levels (GWLs) (Marengo et al. 2021). Several recent studies have also indicated
that global warming may increase the frequency of extreme precipitation events worldwide (e.g., Westra et al.
2014; Deng et al. 2021), which can lead to significant socioeconomic losses, especially in the Global South?’,
where little investment is made to prevent natural disasters (Petley 2012; Marengo et al. 2021).

Landslides and debris flows are associated with a high number of fatalities per event in Brazil (Kahn 2005), where
9 out of 100 people live in areas prone to natural hazards (Alvala et al. 2019). The approach adopted in the country
regarding natural hazard management has historically been reactive, relying on measures to cope with the impacts
after a disaster has already taken place (Marengo et al. 2021). Even though the National Center of Monitoring and
Early Warning of Natural Disasters (Centro Nacional de Monitoramento e Alertas de Desastres Naturais -
CEMADEN) was created in 2011 and hazard management programs were developed and financed, since 2014
the center has experienced successive cuts in its annual budget, from ca. US$14 million in 2013 to ca. USS$ 3.7
million in 2020 (Brasil 2021), challenging a continuous and thorough monitoring of hazards.

Quantitative debris-flow hazard assessments are scarce when compared to other types of hydrogeomorphic
processes in Brazil, which can be associated with the lack of investments that lead to poor monitoring, challenging
the establishment of realistic estimations of temporal and spatial probability of events (Alvala et al. 2019). The
lack of high-quality data from past-events is another limitation, affecting the implementation of efficacious hazard
and risk management programs (Corominas et al. 2013). The foundation of hazard studies that focus on landslide-

triggered debris flows commonly relies on a sound landslide inventory, knowledge of the main controlling and

> According to the definition of the United Nations Finance Center for South-South Cooperation (UN FCSSC, 2022)
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triggering factors that influence their occurrence, and the assessment of the elements at hazard (van Westen et al.
2008; Corominas et al. 2013).

Landslide inventories are a critical first step in hazard and susceptibility studies, applied in the investigation of
their distribution patterns in relation to environmental variables, as well as in the validation of hazard scenarios
(van Westen et al. 2008; Steger et al. 2021). Moreover, with the association of landslide distribution and temporal
probability of a triggering event, it may also be possible to establish frequency-magnitude relationships
(Corominas et al. 2013).

The influencing factors are associated to the triggering and controlling parameters that lead to debris-flow
occurrence, which can vary according to the characteristics of a region (Corominas et al. 2013; Nikolova et al.
2020). Since the study of Melton (1958), several attempts have been made to identifying the critical morphometric
variables that control debris-flow initiation in a catchment (e.g., Bovis and Jakob 1999; Wilford et al. 2004;
Nikolova et al. 2020), including in Brazil (e.g., Dias et al. 2016; Gabelini et al. 2019, among others). Multivariate
statistics analyses have traditionally been applied in this regard, due to their objective evaluation of the relationship
between a dependent variable (occurrence or not of an event) and a series of independent variables (i.e., the
influencing factors) (Corominas et al. 2013).

Logistic Regression (LR) is among the most commonly adopted methods in multivariate analyses focused on
landslide susceptibility (e.g., Ayalew and Yamagishi 2005; Das et al. 2010). LR has also been applied in recent
debris-flow studies (e.g., Wu et al., 2018; Shan et al. 2020), performing satisfactorily in the identification of the
main factors that impact debris-flow initiation. LR has shown a lower degree of error when compared to other
multivariate analyses in landslide susceptibility studies (Wu et al. 2018), which can potentially be extrapolated
for debris-flow studies as well.

More recently, numerical and physically-based models have been developed to support hazard and risk analysis,
due to their ability to represent important features of the debris-flow dynamics (Hussin et al. 2012). Some
examples of dynamic models include DAN-3D (Hungr and McDougall 2009), FLO-2D (Quan Luna et al. 2011)
and RAMMS (Frank et al. 2017). Developed by the Swiss Institute for Snow and Avalanche Research (SLF),
RAMMS is regarded as the state-of-the-art model in debris-flow simulation (Frank et al. 2017), predicting run-
out path, velocity, flow height and impact pressure, as well as entrainment rate (Frank et al. 2017). These
parameters are fundamental to estimating hazard intensity that can aid hazard and risk zonation, as well as the

dimensioning of protective structures and measures (Hungr and McDougall 2009).
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Due to the high environmental and socioeconomic vulnerability of Cubatio (Sao Paulo state), the largest
petrochemical site in Latin America, several studies focused on the susceptibility, hazard and risk to landslides
and debris flows have been made in the region (e.g., Wolle and Carvalho 1994; Kanji et al. 2007; Vieira et al.
2010; Cabral et al. 2022). Rainfall thresholds for landslide and debris-flow events have also been developed for
the hillslopes of the region by Tatizana et al. (1987), based on the Intensity-Duration (I-D) model first established
by Caine (1980).

Debris-flow frequency at Serra do Mar is largely influenced by heavy rain events (Kanji et al. 2007; Lacerda
2007), hence the importance of rainfall thresholds. Accurate limits, thus, are necessary for the quantification of
hazards and the implementation of monitoring programs (Caine 1980; Corominas et al. 2013). Due to climate
change, a constant assessment and, if needed, updates in these thresholds are necessary to ensure their ability to
prevent damage (Chang et al. 2011).

In this context, this study proposes a multi-step hazard assessment for debris-flow prone regions influenced by
hydroclimatic events. The central and northeastern hillslopes of Cubatdo are chosen as the study site, due to the
extensive record of debris-flow events. For the hazard assessment, we first conduct a data-driven Logistic
Regression (LR) to identify the main factors that influence debris-flow initiation in the region and the catchments
that are more susceptible to the phenomenon, as well as the back analysis of two regional debris-flow events using
RAMMS. Based on the outcomes of the simulations, the LR and on the analysis of rain events that led to debris
flows in the study site, a hazard matrix is proposed for the creation of a hazard zonation map. Furthermore, an
analysis of the rainfall thresholds is performed to verify the current debris-flow curves, as well as the mapping of
the infrastructures located in the region to contribute to the hazard zonation.

2 Debris flows and the study area

Cubatdo, a municipality with ca. 130,000 habitants in the state of Sdo Paulo, was developed at the foot of the Serra
do Mar Mountain Range, a set of steep festooned scarps that borders the Brazilian southern and southeastern coast
for about 1,500 km (Fig. 1A) (Vieira and Gramani 2015). Several landslide and debris-flow events have occurred
in the region, with the ones from 1985 and 1994 as the most notoriously widespread throughout the hillslopes of
Cubatao.

In 1985, the central and northeastern region of the municipality’s hillslopes was hit by an intense precipitation
between January 23 and 24, triggering more than 1,600 shallow landslides that in some catchments further initiated
debris flows (Fig. 1B). The series of debris flows and landslides caused the leakage of ammonia into the Mogi

River basin, due to the breakage of a pipe of the petrochemical company Copebras (Vieira et al. 2010), and the



160
161

162
163

164
165

166
167
168
169
170
171

partial silting of the Mogi River due to the large volume of sediments transported, affecting the operation of
Brazil’s largest port (Santos) located 20 km away from Cubatdo (Gramani 2001).
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Figure 1: Location of the study area. A) The study area (Cubatio, Sdo Paulo State), located in the Serra do Mar Mountain
Range, Brazil. B) Overview of the analyzed catchments (numbers in white circles), located at the central and northeastern
hillslopes of Cubatio.

Similarly, on February 6 and 7, 1994, widespread landslides at the hillslopes of the central portion of Cubatido
initiated debris flows in some catchments (Fig. 1B), affecting an oil refinery and causing more than U$ 40 million
in damages (Kanji et al. 2007). No new regional landslide event of similar magnitude has occurred in Cubatdo
since then. The municipality is one of the areas in Brazil most prone to Natech® disasters, due to the production
and storage of petrochemical products and the presence of two important highways (Anchieta - SP 150 and

Imigrantes — SP 160) that connect the city of Sdo Paulo to the coast.

6 When natural hazards affect industrial areas, they can disrupt industrial operations and destroy industrial installations,
causing Natech disasters (Natural Hazard Triggering Technological Disasters) (Galderisi et al. 2018).
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Figure 1B shows the location of the studied catchments, where, historically, debris flows are more commonly
recorded and occur near populated areas. Numbers are adopted to denominate the catchments, due to great
controversy on their names. The 20 catchments are characterized by steep slopes (averaging 30° to 35°) and dense
rainforest cover. The bedrock is comprised of metamorphic and plutonic rocks of Archean/Proterozoic age (IPT
1986). The vegetation cover map is available as Supplementary Information (SI), as well as the geology and soil
cover maps.

The analyzed catchments are supply-limited, and the regolith of the region generally exhibits a well-developed
soil layer with a thickness of up to 2m, with structured saprolite layer of up to 10 m (Vieira et al. 2010). Shallow
landslides initiate at the most superficial regolith layer (Lacerda 2007), with failure depth varying according to
the position of the landslide in the slopes, averaging at 1 m (Cabral et al. 2022). Due to their channelized nature,
as well the abundance of stony material on the channels, the debris flows at Serra do Mar can grow volumetrically
because of entrainment.

The region is characterized by a subtropical-humid climate (Cfa — Koppen classification), with temperatures that
vary from 17° C to 36° C during the year. Annual rainfall can surpass 3,300 mm, reaching up to more than 4,000
mm in some years (Kanji et al. 2007), with summer as the wettest season (December — March). The South Atlantic
Convergence Zone (SACZ) and frontal systems are the main synoptic systems responsible for extreme
precipitation events over southeastern Brazil (Cavalcanti 2012), enhanced in the Serra do Mar region by
orographic effect (Kanji et al. 2007).

3 Material and Methods

3.1 Influencing factors

The selection of the factors that influence debris-flow initiation is based on past studies worldwide and at Serra
do Mar (e.g., Wilford et al. 2004; Dias et al. 2016; Wu et al. 2018; Nikolova et al. 2020), as well as on the factors
that are assumed to be critical at the study area based on past events. Two assumptions were made in their
selection: (1) New debris flows will occur in similar conditions as past ones and (2) the analyzed factors will not
change for a long period of time (Wu et al. 2018). The influencing factors are catchment slope, catchment relief,
slope aspect, stream power index (SPI), topographic wetness index (TWI), lithology, soil cover, vegetation and
48-h accumulated rainfall (Table 1). The general morphometric characteristics of the studied catchments are
shown in Table 2.

A reclassification was conducted to standardize the scale of all the factors and facilitate the statistical evaluation.

Frequency ratio was applied in the standardization, as suggested by Chen et al. (2016). The method also highlights
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the influence degree of the reclassified factor (M:;, Eq. 1), where the larger the final standard index value (Xi;,

Eq. 2), the greater the influence on debris-flow initiation (Wu et al. 2018):

MR, jB = s@i, jA8 S, jE (1)
X@i,jB = M@, janj = 18ma M, jEEE ()
Where i =1, 2, 3...n represents the influencing factor number and j = 1, 2, 3...n is the subclass of the reclassified

factor. Each subclass was defined based on the limits defined by the cartographic products (e.g., granite and
migmatites are some of the subclasses of lithology). Si;is the area of each subclass after reclassification (km?) and
sij is the area of the actual landslides existing in that subclass (km?) (Wu et al. 2018). The area of the landslides
in the catchments is chosen as the assessing parameter, by comparing the results of catchments where debris flows
occur (coded as 1) with those that do not (coded as 0), as the debris flows in the region are landslide triggered.

Table 1: Influencing factors analyzed in this study.

Factors Symbol Unit Description
Catchment relief H km The difference between the highest and the lowest elevation point
Catchment slope S1 % Slope of the catchment
Slope aspect Sa - The compass direction the slope surface faces
Strem Power Index (SPI) SPI - The erosive power of flowing water
Topographic Wetness Index (TWI) TWI - Terrain-driven variation in soil moisture
Lithology Lit - Geology of the catchment’s bedrock
Soil So - The soil cover of the catchment
Vegetation F - The type of vegetation cover of the catchment
48-h accumulated rainfall P mm 48-h accumulated rainfall prior to the debris flow

3. 2 Landslide inventories and cartographic data

The landslide scars inventories were created from stereoscopic aerial photographs from April 1985 and March
1994, provided by the Geographic and Cartographic Institute of the State of Sdo Paulo (Instituto Geoldgico e
Cartogrdfico - IGC), at a 1:25,000 scale. Aerial photographs from the 1994 event are only available at the central
portion of the study area, where landslides were concentrated. These two inventories are available as SI, in online
resources. Aerial photographs prior to the 1994 event were also used (October 1992, from IGC), however no
photographs prior to 1985 were available and all the scars mapped were assumed to be resulted from this event.
The criteria used in the landslide scars’ extraction were: lack of vegetation (made easier by the dense tropical
forest of the region), characteristic morphology (elongated, length superior to width) and drainage condition of
the hillslopes. In total, 1,679 landslide scars were mapped in the 1985 event, with an average area of ca. 338 m?,

whereas 579 were mapped in the 1994 event, with an average area of ca. 500 m?.



245 Table 2: Morphometric parameters of the catchments in the study region. Catch. = Catchment, Rr = Relief Ratio; Dd = Drainage Density; Ch. = Channel.

Number of landslide scars Relief Landslide volume (m?) Catch. Drainage Catch. Channel Catch. Landslide scar density Debris-flow event
Catchment  Area R Relief density Length Slope Slope Melton
1985 1994 ratio 1985 1994 (km)  (km/km?)  (km) (%) (%) 1985 1994 Ratio 1985 1994
1 15.56 94 14 0.51 68422.3 16028.5 0.98 1.09 1.91 9 51 6.04 N/A 0.25 Y N
2 1.34 23 N/A 0.21 3061.4 N/A 0.62 0.99 2912 14 21 17.16 N/A 0.54 N N
3 2.34 45 N/A 0.34 16678.2 N/A 0.66 2.09 1.92 8 34 19.23 N/A 0.43 Y N
4 1.07 34 N/A 0.29 8274.8 N/A 0.7 2.24 2.43 10 29 31.78 N/A 0.68 Y N
5 1.68 90 N/A 0.32 20412.9 N/A 0.71 1.61 221 12 32 53.57 N/A 0.55 Y N
6 0.9 24 N/A 0.43 8588.5 N/A 0.48 1.97 1.12 17 43 26.67 N/A 0.51 N N
7 5.39 348 N/A 0.23 131737.6 N/A 0.75 2.04 3.33 16 23 65.56 N/A 0.32 Y N
8 7.18 139 N/A 0.29 33976.8 N/A 0.92 0.82 3.18 10 29 19.36 N/A 0.34 Y N
9 2.94 100 13 0.33 25740.7 8163.3 0.94 1.42 2.86 9 33 34.01 4.42 0.55 Y N
10 49 184 31 0.28 78865.6 20106.6 0.96 2.34 3.42 13 28 37.55 6.33 0.43 Y N
11 2.09 46 1 0.30 10234.2 387.7 0.76 1.51 2.57 14 30 22.01 0.48 0.28 N N
12 2.1 83 37 0.37 32216.1 20474.5 0.8 2.73 2.19 9 37 39.52 17.62 0.53 Y N
13 9.75 21 32 0.40 8039.8 20782.8 0.4 1.36 1 12 40 2.15 3.28 0.55 N N
14 7.19 185 121 0.19 53193.2 82632.6 0.75 0.88 3.85 16 19 25.73 16.83 0.13 Y Y
15 2.75 36 14 0.24 8793.1 8192.9 0.73 1.93 3.06 13 24 13.09 5.09 0.32 N Y
16 5.3 13 13 0.23 1357.76 429.8 0.74 1.22 3.193 11 23 2.45 2.45 0.44 N Y
17 3.53 108 143 0.28 17833.2 42702.5 0.8 3.74 2.87 11 28 30.59 40.51 0.43 N Y
18 3.78 46 85 0.27 9187.6 38969.8 0.8 3.59 297 13 27 12.17 22.49 0.41 N N
19 1.86 12 26 0.35 3763.9 17673.8 0.7 4.72 2.01 12 35 6.45 13.98 0.51 N Y
20 2.12 1 1 0.43 478.5 478.5 0.76 2.31 1.76 9 43 0.47 0.47 0.52 N N
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A 5m resolution DEM was adopted in this study, created using the fopo to raster tool in GIS software from 5 m
contour topographic maps (the highest resolution available for the area), also provided by IGC. The IGC
topographic map is from 1975, before the regional landslide and debris-flow events in the region.

The interpretation of the elements at hazard in the study area is based on the land use map of the Brazilian Institute
of Geography and Statistics (IBGE), at a 1:50,000 scale, and high-resolution aerial photographs from 2011
(Ground Sampling Distance of 4 m), provided by the Empresa Paulista de Planejamento Metropolitano S/A
(EMPLASA). Google Earth aerial photographs were also used as an auxiliary tool, to confirm the most current
use of the region’s territory.

Vegetation cover information was retrieved from Mattos and Matsukuma (1990), the geological map from IPT
(1986), and the soil cover map from Rossi and Pfeifer (1991) and Rossi (2017). The TWI of the catchments was
calculated based on Kopecky et al. (2021) using GIS software, being a function of the contribution area of the
catchment, flow width and catchment slope. The SPI is based on the contribution area and catchment slope, also

calculated in GIS software following de Rosa et al. (2019).

3.3 Field campaigns and geotechnical tests

Three field campaigns were conducted in the study area, in October 2018, October 2019, and May 2022 for field
reconnaissance, rock and soil sampling, and investigation of channel morphology and source areas. Eight soil
samples were collected and tested, spread at the central and eastern portions of the region, at both metamorphic
and granitic regolith (location available as SI, mapped in conjunction with the geology map). Bulk density tests
and soil screening carried out indicate that the most superficial soil in the studied region has a bulk density between
1,200 — 1,750 kg m™, averaging ca. 1,400 kg m™ (Table 3). Stone content is high, increasing rapidly from surface
to deeper soil layers, which can increase the bulk density of the slope material that initiates debris flows.

Table 3: Geotechnical test results of the soil samples collected at the study area.

Bulk Internal
Sample Litholo Soil Collection densit Porosity Texture Cohesion friction
P gy Depth (m) Y (%) (USDA¥) (kPa) angle
(kg/m’)

(Degrees)
1 (Migmatite) PSeMc Ca3 2 1755 45.05 Sandy loam 10 37
2 (Migmatite) PSeMc Ca3 1 1284 49.31 Sandy loam 10 37
3 (Migmatite) PSeMc Ca3 1.5 1400 46.4 Loam 20 35
4 (Migmatite) AcMp LVal 1 1200 53.11 Loam 20 35
5 (Migmatite) AcMp LVal 1 1274 50.51 Sandy loam 15 32
6 (Migmatite) AcMn LVva3 2 1450 439 Loam 25 34
7 (Migmatite) AcMn LVva3 1 1360 48.46 Sandy clay 50 29
8 (Migmatite) AcMn LVva3 1 1216 51.42 Sandy loam 20 37

*Soil classification proposed by the United States Department of Agriculture (USDA)
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Screening tests show that the soil has mainly a sandy texture, with sand content ranging between 60% — 80%, and
clay between 15% - 40% (Table 3). Shear tests results indicate that the cohesion of the soil ranges from 10 to
50 kPa and the internal friction angle from 29° - 37°. The saturated hydraulic conductivity (Ks) of the soil was not
tested in our study, however it is assumed to vary from 10° m s! to 10* m s™! in the region (Wolle and Carvalho
1994).

3.4 Logistic regression (LR)

In a LR model, the dependent variable has two categories, the occurrence (coded as 1) and the absence (coded as
0) of an event (i.e., debris flow). The spatial prediction is modeled by the dependent variable and a number of
independent variables (i.e., influencing factors) that are available in a spatially continuous manner across the
region. LR fits a s-shaped curve that follows the linear regression:

Y=a+pX+ ¢ A3)

Where Y is the dependent variable, a is the intercept, f is the regression coefficient representing the variation in
Y when X increases (Wu et al. 2018). ¢ is the stochastic term, representing the error of the model.
The s-shaped curve is a plot of the probability of having a true positive (correctly predicted event response) versus
the probability of a false positive (falsely predicted event response) as the cut-off probability varies (Wu et al.
2018). If the probability of an event is denominated P, then log P/ (1-P) is the LR of P. The independent variables
are assessed (x1, X2, ..., Xn) to establish the LR equation (Egs. 4 and 5) (Wu et al. 2018):

Logit P =7 = BROE + BRA1E xE1RA + BE2E xA2E + ---+ BEAnA x2nk “)
P= eBZED1+ eBZEE ©)
With By as ratio between the probability of occurrence and non-occurrence of the debris flows under the condition
of no disaster hazard. B;, B:...B. are the LR coefficient, which indicates the ratio between the probability of
occurrence and non-occurrence of an event when a certain influencing factor changes by a unit volume. B is
calculated by solving the sample of the reclassified influencing factors and e is the natural exponential function.

The regression analysis was completed using the SPSS software, version 28.0.

Since the influencing factors can potentially show a high to low correlation with each other, a factor combination
was made to determine their degree of contribution to debris-flow initiation, as suggested by Wu et al. (2018). In
the first round of the LR, the influencing parameters were added one by one, independently, creating a one-factor
model. The factor that showed a more positive effect in the model was retained and added in the following round
of LR analysis — creating, then, a two-factor model. The process was repeated until all the influencing factors

were combined.

10
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To verify the LR results, a Receiver-Operation Characteristic (ROC) analysis was conducted, following Fawcett
(2006). The results with a higher Area Under de Curve (AUC) indicate a better prediction of debris-flow initiation,
and the order in which each factor is added to the model indicates the influence degree of that factor. For more
information on ROC analysis, we refer to Fawcett (2006).
The model obtained with the LR was then applied in the susceptibility assessment of the studied catchments.
Three levels of susceptibility are assumed to determine areas most prone to debris-flow initiation: low, when the
probability is less than 30%; medium, when the probability is between 30 to 50%; and high, when the probability
is greater than 50%. Each catchment was, then, classified with an overall high, medium or low susceptibility,
based on the proportion of areas classified with the susceptibility level “high”. A catchment is regarded as highly
susceptible when over 50% of its total area was classified with the susceptibility level “high”, while a catchment
is considered with a medium or low overall susceptibility when, respectively, 20-50% or less than 20% of its total
area is classified with the susceptibility level “high”.
3.5 Debris-flow simulation and calibration
RAMMS uses the Voellmy-fluid friction model for debris flows, based on the Voellmy-fluid flow law (Frank et
al. 2017). The Voellmy-fluid flow assumes that a debris flow is a hydraulic-based depth-averaged continuum
model and that the flow resistance is divided into a dry-Coulomb friction (u, dimensionless) and a viscous
resistance turbulent friction (&, m s2) (Frank et al. 2017). The flow moves as a plug, with the same mean velocity
(u, m s™) over the height of the flow (4, m). The friction resistance (S, Pa) is given by the Equation 6:
S=uN+ pgull2RREA + 1 — ull NEOB — 1 — ull NRIOR el — NBE NEORER (6)
N = phcos ¢ (7
With N as the normal stress in the running surface (Eq. 7) and Ny as the yield stress of the flowing material,
introduced to model ideal plastic materials (Hussin et al. 2012). In the equations, p is the bulk density (kg m?), g
is the gravitational acceleration (m s2), ¢ is the downslope angle of the terrain (degrees). The input parameters of
the model are a hydrograph or the initiation volume and the resistance parameters x and &. For further description
of the model and its governing equations, we refer to Hussin et al. (2012).
For the calibration of the input parameters, we adopted the landslide scars mapped as the initiation volume, with
an average depth of 1m (Cabral et al. 2022), and we assume that all the slope failures at each catchment occurred
at the same time due to no information available in this regard. The values for ¢ and & were best matched based
on the deposition patterns described in the literature and observed in the aerial photographs, as suggested by Aaron

and McDougall (2019).

11
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The simulated and observed deposition areas are compared following Schraml et al. (2015), which uses a coverage
index (€2) as the assessing parameter (Eqs. 8 — 11). The coverage index considers the coincidence between the
simulated deposits within the observed deposition (Ax), the area of the simulated deposits outside the observed
deposition (Ay), and non-simulated areas within the observed deposition (Az). The closer the coverage index is to

1, the more accurate the simulation is (Schraml et al. 2015).

x = ABxBR ABlobservediR ®)

v = ARyaRA ARobservedd )
{ = ARzBRA ABlobserveddR (10)

Q=y—-v—-¢ an

Two phases of simulation were adopted: the first one, where & is unchanged (& = 200) and the p values vary from
0.03 to 0.2; and the second run with the best matched p value unchanged, while the & values vary from 100 to
1000 m s2,
3.6 Rainfall analysis
The distribution of the rainfall across the study area during the 1985 and 1994 events was created using
interpolation of rain gauge data (kriging technique) in GIS software with a 25 m raster resolution. The rainfall
distribution maps are available as SI. In the 1985 event, rainfall was concentrated in the northeastern portion of
the study area, where precipitation reached ca. 412 mm in 48 h, with a peak precipitation of 84 mm h'!. In the
1994 event, rainfall was concentrated in the central-west portion of the region, and the 48-h accumulated
precipitation reached ca. 452 mm with peak precipitation of 60 mm h..
For the rainfall analysis of the 1985 and 1994 events, as well as for the analysis of the rainfall that triggered
landslides and debris flows events from 1975 to 2020 (Table 4), rain gauge data was retrieved from the rainfall
databases of the Department of Water and Energy of the State of Sao Paulo (DAEE), the Brazilian National Water
Agency (ANA) and CEMADEN. The return period shown in Table 4 is based on the rainfall intensity, duration
and frequency (IDF) equation established by Martinez and Magni (1999) for Cubatdo (Eq. 12), where i is the
rainfall intensity (mm minute™!), d is rainfall duration (10 < d < 1440 minutes) and RP is the return period (years).
ifd, RPE = 25.1025(d + 20 )& — 0.7522R + 6.4266(d + 20 )& — 0.705@ — 0.4772 — (12)
0.9046 Ln RPERP — 12AE
Tatizana et al. (1987) established an I-D threshold in the region, in which four different curves were created based
on the intensity of an event: the localized-landslides curve, sparse-landslides curve, regional-landslides curve and

debris-flow curve (Fig. 2). These thresholds/curves were established based on the peak hourly intensity of the
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351 rainfall event, combined with the 96-h accumulated rainfall prior to the initiation of the landslide or debris-flow
352  event (Eq. 13):

I =K=x Acll — bl (13)
353 Where [ is the hourly peak precipitation (mm h!), 4c is the 96-h accumulated precipitation (mm) and K and b are
354 geometrical constants that vary according to the climatic conditions and geotechnical characteristics of the study
355  area (Tatizana et al. 1987).

356 Table 4: Debris flow events recorded in the study region since 1975, updated based on Gramani (2001).
24-h 48-h 96-h Peak

Catchment Date of accumulated accumulated accumulated rainfall Magmstude Retl.lm Losses
the event . . . . . (m”) period
rainfall rainfall rainfall intensity
1 25/12/1975 247.5 mm 255.5 mm 261.4 mm N/A >10x 10° N/A N/A
10 29/01/1976 279 mm 315 mm 343 mm 40 mm h! 1x10° 1.23 years N/A
1.2.3. 4, Slltlng_of
5,6,7,8 Mogi
9’ lb ’12’ 24/01/1985 242 mm 411 mm 424 mm 84 mm h! N/A 10.4 years River,
’ 1 7 Ammonia
leakage
9 24/01/1988 185 mm 186 mm 192 mm 25 mm h! N/A 1 year 10 deaths
14,15, 16 17x10°
17’ 18’ 19’ 07/02/1994 325 mm 452 mm 452 mm 60 mmh'  (Catchment 2.7 years USS$ 40 mi
> 17)
17 09/04/1996 260 mm 265 mm 265 mm 18 mm h’! 1.6 x 10* 1 year No
damages
Rio Pildes
(West of 5
12/12/1999 128 mm 274 mm 274 mm N/A 3x10 N/A N/A
the study
area)
Rio Pildes
(Westof 010312000 304 mm 304 mm 304 mm 118 mm h'! N/A 90.5 years N/A
the study
area)
R10‘ 1 death,
Marcolino, .
Y destruction
Rio Pildes,
Ribeirdo do of 45
cavado 22/02/2013 312 mm 314 mm 314 mm 118 mm h! N/A 90.5 years houses and
£ 01 water
(West of
treatment
the study lant
area) P
0 Road
17 29/04/2022 169 mm 248 mm 270 mm 35mmh N/A 1 year
blockage
357
4 {1} Localized landslides | = 2,603 Ac?%
80 \
(2) S¢ andslides | = 3,579 Ac?5
:: 0 (3) Generalized landslides | = 5,466 Ac??%
E 60 (4) Debris flow | = 10,646 Ac"%*
’-:; 50 1
20 \\
3 I
% % .
& 204 iy
3
101 -
O% S0 10 150 200 2% 300 350 400 4% 500 50
358 96-h accumulated rainfall (mm)
359 Figure 2: Rainfall thresholds for landslides in the study region, established by Tatizana et al. (1987).
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3.7 Hazard zonation

The creation of the hazard zonation map for the study area was based on the simulation of debris flows in the
catchments most prone to the phenomenon identified in the LR analysis, calibrated using the two large-magnitude
debris-flow events of 1985 and 1994. The simulation results were combined with the analysis of past rain events
at the study site, to create a hazard zonation matrix. The information about the land use of the region is also
considered in the hazard zonation, by determining the elements at hazard.

4 Results and discussions

4.1 Debris-flow dynamics, influencing factors and susceptibility

The initiation of rainfall-triggered debris flows in the Serra do Mar region can generally be summarized in three
stages, as Lacerda (2007) suggests: (1) rainfall infiltration in the soil that leads to (2) slope failure(s), which further
(3) triggers a channelized debris flow. The main process associated with slope failure at the hillslopes of Serra do
Mar is loss of suction due to rain infiltration (Lacerda 2007).

High- to extreme-precipitation events often occur at catchments at Serra do Mar (Vieira and Gramani 2015), which
can trigger large shallow landslides that initiate debris flows in isolated gullies (Fig. 3A), often remaining
unreported. An example of such an event is the 1975 debris flow (Table 4) in one of the streams of catchment 1
(Fig. 3B), triggered by shallow landslides at the headwater’s region. “Shock wave”, due to the impact of falling
rock boulders, is another mechanism that can trigger debris flows in the study region (Lacerda 2007), as well as
dormant landslides, which material can accumulate at upstream reaches and be reactivated by primary landslides
or rockfalls in the hillslopes. In the region, there are no reports of debris flows initiated solely by the increase in
the discharge of the channel, which leads to the mobilization of in-channel material.

Large-magnitude events, such as those in 1985 and 1994, are characterized by multiple source areas, both at
upstream and middle reaches of the channel (Fig. 4A). In-channel debris is also an important characteristic of the
catchments in the study region (Figs. 3C, 3D, 4B, 4C, 4D), which can contribute to increasing the severity of
debris flows. In-channel debris can be observed in upstream (Fig 4C), middle (Fig. 3C) and downstream reaches
of the catchments, suggesting that these materials are leftovers from past-debris flows or from recent, localized

slope failures along the channel length that were not mobilized.
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Superficial Soil |

Bedrock *,*,| Alluvial sediments // / Regolith Saprolte

.

N 'z 4 . =

R . R ;ﬁ ;A > = 9/.;,’*"‘\, '\}\‘ < 4 & . . -
Figure 3: Debris-flow dynamics in the study area. A) Debris-flow initiation mechanism in smaller gullies/catchments at the
study area, triggered by shallow landslides at the headwaters’ region. B) 1975 debris flow that occurred in one of the streams
of catchment 1. Photo from Prof. Dr. Milton Kanji, retrieved from Gramani (2001). C) Overview of the stream where the
1975 debris flow occurred, showing intense accumulation of rock boulders on the channel (Coordinates: 365926.79 m E,
7368058.54 m S). D) Upstream view of catchment 20, showing intense stony debris accumulation on the channel, as well as

Large Wood (Coordinates: 350665.03 m E, 7358314.49 m S).
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Figure 4: Debris-flow dynamics in the study area. A) Scheme of the initiation mechanism of the 1985 and 1994 debris-flow
events, characterized by multiple source areas. B) Upstream view of catchment 7, showing intense stony debris accumulation
in the channel, as well as fractured bedrock outcrops at the margins (Coordinates: 360256.69 m E, 7367963.72 m S) C)
Overview of the upstream section of catchment 19, showing intense stony debris accumulation on a channel. A strong
structural control is observed in the catchment (Coordinates: 350847.96 m E, 7360336.15 m S). D) Downstream view of the
upstream section of catchment 7, showing an area with less accumulation of debris in the channel. Areas with intense stony
and woody debris deposition are intercalated with areas with few accumulations along the catchment, suggesting that smaller
debris-flow might have occurred more recently in small gullies or that slope failures occurred but did not trigger a debris-
flow event, accumulating the material in the channel. (Coordinates: 360256.69 m E, 7367963.72 m S).

The standardization procedure of the influencing factors of the catchment that registered debris flows during the
events of 1985 and 1994 and the single-factor evaluation, conducted to identify the most impactful subclasses, is
shown in Table 5. The lower the rank, the greater its impact on the occurrence of debris flows. The table for the
catchments that did not register debris flows is available as Supplementary Information. Based on the optimal
model-fitting results (higher AUC) obtained through the LR and on the priority of factors added to the model, the
following sequence was established: (1) Rainfall, (2) Soil cover, (3) Basin slope, (4) SPL, (5) TWI, (6) Forest
cover, (7) Lithology, (8) Slope aspect, and (9) Basin relief (Table 6).

Several studies at Serra do Mar highlight that rainfall is the main debris-flow initiation factor (Lacerda 2007;
Kanji et al. 2007; Vieira et al. 2010, Vieira and Gramani 2015) and our analysis statistically corroborates the
statement. 10 rainfall index subclasses were identified across the study area (Table 5), based on the rainfall
distribution patterns. For the 1985 events, the subclass 200 — 220 mm is associated with a higher density of debris-
flow triggering landslides, while for the 1994 event the subclass 270 — 290 mm is associated with a higher density
of landslides. These results potentially indicate that a > 200 mm rainfall accumulated in 48 hours can initiate high-

magnitude, multiple-source debris flows.
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Table 5: Standardization of the influencing factors and single-factor ranking.

Sij (km?) sij (km?) M;j Xij Ranking
Influencing Parameter Subclasses
1985 1994 1985 1994 1985 1994 1985 1994 1985 1994
0-16 11.11 7.564 0.0139 0.0100 0.0013 0.0013 0.0082 0.0089 6 6
16 - 35 9.11 2928 0.0546 0.0242 0.0060 0.0083 0.0396 0.0556 5 5
35-53 10.60 3.904 0.1729 0.0747 0.0163 0.0191 0.1075 0.1284 4 4
Catchment Slope (%)
53-70  10.10 4.636 0.3402 0.1627 0.0337 0.0351 0.2221 0.2357 3 3
70 - 90 7.07  3.66 0.3383 0.1572  0.0479 0.0429 0.3155 0.2884 1 1
90-172 252 1464 0.1176 0.0617 0.0466 0.0422 0.3072 0.2831 2 2
AcMn 14.1 12.46 0.2112 0.1256 0.0150 0.0101 0.1911 0.2455 3 2
PSeMc 6.6 3.34 0.1295 0.0704 0.0196 0.0211 0.2502 0.5137 1 1
PSEOM 2.1 0 0.0131 - 0.0062 - 0.0795 - 7 -
PSEOYt 0.9 0 0.0136 - 0.0151 - 0.1922 - 2 -
Lithology AcMp 6.7 0 0.0218 - 0.0033 - 0.0415 - 6 -
PSpX 1323 25 0.0779 0.0140 0.0059 0.0056 0.0752 0.1367 5 3
PSEOY 1.8 0 0.0240 - 0.0134 - 0.1703 - 4 -
PSpF 0 0.54 - 0.0023 - 0.0043 - 0.1041 - 4
AcMg 0 0.17 - 0.0000 - 0.0000 - 0.0000 - 5
106-130 1.94 0 0.0086 - 0.0044 - 0.0494 - 8 -
130-160 3.13 0 0.0227 - 0.0073 - 0.0807 - 7 -
160 -200 4.41 0 0.0630 - 0.0143 - 0.1586 - 2 -
200-240 2.52 0 0.0496 - 0.0197 - 0.2190 - 1 -
240-270 5.30 0 0.0408 - 0.0077 - 0.0854 - 6 -
Rainfall
270-300 8.80 0.46 0.0314 0.0008 0.0036 0.0097 0.0396 0.49900417 9 1
300-330 8.61 648 0.0916 0.0620 0.0106 0.0011 0.1181 0.0574785 4 5
330-360 6.64 8.71 0.0936 0.0942 0.0141 0.0016 0.1566 0.08405372 3 4
360-400 9.10 6.92 0.0759 0.0346 0.0083 0.0028 0.0927 0.14608149 5 3
400 - 420 - 1.85 - 0.0080 0.0900 0.0042 - 0.21338212 - 2
0-20 4.08 4.62 - - - - - - 9 9
20-150 10.08 4.35 0.0138147 0.0133 0.0014 0.0030 0.0107 0.0231 8 8
150-300 822 290 0.05832625 0.0306 0.0071 0.0105 0.0555 0.0798 7 6
300-400 525 207 0.1025044 0.0178 0.0195 0.0086 0.1526 0.0649 5 7
Relief 400-500 5.18 2.00 0.1049369 0.0318 0.0202 0.0159 0.1582 0.1201 4 3
500-600 4.78 1.97 0.1051464 0.0585 0.0220 0.0297 0.1717 0.2244 2 2
600-700 434 202 0.1048253 0.0779 0.0241 0.0386 0.1886 0.2919 1 1
700-820 697 3779 0.0877866 0.0574 0.0126 0.0152 0.0985 0.1146 6 4
820-930 1.54 0.32  0.03235324 0.0035 0.0210 0.0107 0.1642 0.0811 3 5
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422 Table 5 (Cont.): Standardization of the influencing factors and single-factor ranking.

Sij (km?) sij (km?) M;; Xij Ranking
Influencing Parameter Subclasses
1985 1994 1985 1994 1985 1994 1985 1994 1985 1994
Flat 0 0.0020 - - - - - - 10 10

North 1.18  0.8060 0.0253 0.0194 0.0214 0.0240 0.1418 0.1547 4 1

Northeast 2.89 3.1152 0.0641 0.0353 0.0222 0.0113 0.1468 0.0730 2 8

East 5.53  4.5445 0.1264 0.0629 0.0229 0.0138 0.1514 0.0891 1 5
Southeast 8.55 5.4996  0.1513 0.0826 0.0177 0.0150 0.1172 0.0967 5 3

Slope Aspect
South 842 53920  0.1043 0.0640 0.0124 0.0119 0.0821 0.0764 7 7
Southwest 4.82 1.7920  0.0752 0.0235 0.0156 0.0131 0.1032 0.0844 6 6
West 9.93 0.8973 0.0770 0.0131 0.0078 0.0146 0.0514 0.0938 9 4
Northwest  6.84 1.0694  0.0622 0.0161 0.0091 0.0151 0.0602 0.0971 8 2
North 1.49 0.5600  0.0329 0.0204 0.0220 0.0365 0.1460 0.2347 3 9
Oto4 11.09 4.14 0.3831 0.1537 0.0345 0.0371 0.4627 0.4539 1 1
4106 22.58 10.12 0.4206 0.2094 0.0186 0.0207 0.2495 0.2532 2 2
6to8 8.63 4.24 0.1182 0.0661 0.0137 0.0156 0.1836 0.1908 3 3
™ 8toll 493 274 0.0344 0.0182 0.0070 0.0067 0.0934 0.0814 4 4
11to15 493 217 0.0040 0.0037 0.0008 0.0017 0.0108 0.0208 5 5
15t022 029 034 - - - - - - - -
-9 to -4 1.06 038 0.1057 0.0469 0.1002 0.1234 0.4012 0.4547 1 1
-4to -2 286  1.08 0.1757 0.0612 0.0614 0.0564 0.2457 0.2079 2 2
2t0-05 150 0.84 0.0211 0.0101 0.0141 0.0120 0.0564 0.0441 6 6
S -0.5t0 0.5 19.90 11.87 0.4036 0.1863 0.0203 0.0157 0.0812 0.0578 5 5
05t01.5 1833 7.29 0.4407 0.1989 0.0240 0.0273 0.0963 0.1005 4 4
1.5t06 6.10  2.60 0.1816 0.0953 0.0298 0.0367 0.1191 0.1351 3 3
LAV3 5.16  14.23 0.0658 0.1638 0.0128 0.0115 0.2115 0.4420 3 2
CAl 1.4 0 0.0191 - 0.0136 - 0.2263 - 2 -
LAV1 312 0.014 0.3350 - 0.0107 - 0.1780 - 4 -
CA2 3.2 2.2 0.0250 0.0316 0.0078 0.0144 0.1296 0.5520 5 1

Soil cover

CA3 2.42 0 0.0372 - 0.0154 - 0.2546 - 1 -
A 3.12 1.9 - 0.0003 - 0.0002 0.0000 0.0061 6 3

Others 2.6 3.59 - - - - - - - -

Mangrove  0.07 0 - - - - - - - -

Bare soil 0.2 0.5 0.0007 - 0.0037 0.0000 0.0753 - 6 -
Others 4.1 3.7 0.0159 0.0049 0.0039 0.0013 0.0800 0.0340 4 4
Am 6.73 5.6 0.0970 0.0263 0.0144 0.0047 0.2974 0.1192 1 3
Forest cover
AA 5.25 2.25 0.0587 0.0352 0.0112 0.0156 0.2308 0.3977 3 1
H 7.65 2.24 0.0296 0.0053 0.0039 0.0024 0.0797 0.0602 5 5

Ab2 2406 7.8 0.2760 0.1193 0.0115 0.0153 0.2367 0.3889 2 2

423

424 Among the geomorphometric parameters, soil cover shows a higher impact on debris-flow initiation, according

425 to the statistical analysis (Table 7). Cambisols (Ca2 and Ca3) are associated with a higher tendency to trigger
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debris flows (Table 5), which can be related to the high boulder content that can facilitate rainfall infiltration
(Rossi and Pfeifer 1991). Soil samples 1 to 3 were collected in Ca3 type soil, showing bulk density that varies
from 1284 — 1755 kg m, high sand content (50% to 80%, Sandy Loam/Loam) and high internal friction angle
(35°to 37°). The deeper the collection depth, the higher the stone content and bulk density (Table 3). Ferralsols
(LVal and LVa3) dominate in the study area, as is typical of humid tropical and subtropical regions, and do not
show a particularly strong tendency to trigger debris flows, which can be related to a more developed and stable
soil profile.

Slope angle is another significant morphometric factor that influences debris-flow initiation, due to the direct
influence on surface run-off, vegetation and soil cover, loose material accumulation and groundwater infiltration
(Lacerda 2007). Slope varies from 0 to 172 % in the catchments, with the range of 70 to 90% (35° to 40°) the most
prone to trigger debris flows at the study area, followed by the range of > 90% (> 40°). In general terms, the higher
the slope the greater the tendency to slope failure, although in very steep slopes (>40°) the accumulation of
mobilizable material might not be sufficient to initiate debris flows.

The SPI is another strong indicator of debris-flow triggering areas, as it influences the transport and erosion
potential of the river/stream (de Rosa et al. 2019). SPI can be used to characterize debris-flow initiation (Low
SPI), transport (High SPI) and deposition areas (Low SPI) (Chen et al. 2017), and, as we can see in our results
(Table 5), areas with a low SPI are more prone to debris-flow initiation due very low stream flow in the hillslopes.
Areas with a high SPI index (1.5 to 6) can also contribute to debris-flow development, which can be associated
with the erosion of lateral slopes as a result of stronger flow power. Moreover, the catchments in the region have
a moderate/high drainage density (Table 2), which suggests a fairly impermeable substratum that results in
overland flow that can acquire high erosive power — contributing, thus, to debris-flow entrainment.

The relationship of Topographic Wetness Index (TWI) with debris flows has been demonstrated by other studies
(e.g., Nikolova et al. 2020), with high TWI areas having the ability to collect more surface water, i.e., associated
to debris-flow deposition in flatter areas. In the study region, the lower the TWI the higher susceptibility to debris
flows initiation, since the main initiation areas are in steep portions at higher altitudes in the hillslopes.

Based on the LR model results, rainfall, soil, SPT and TWI are the most relevant parameters (Eq. 14) that should
be used in the prediction of debris flow in the region, due to a higher AUC (0.892, Table 6) in the output ROC
curve and high-significance of all the variables (p < 0.05) in the statistical evaluation of the model (Table 7). An

LR model with all the influencing factors produced a similar AUC (0.892) in the ROC analysis (Table 6), although
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not all of the variables showed significance in the statistical evaluation (Table 7). For susceptibility studies in the
region, therefore, we suggest the use of Equation14.

Z =198+ 1.54TWI + 4.6S5PI + 6.47S1 — 4.3950 — 15.4P (14)
Although with a weaker statistical significance in predicting debris-flow initiation in the study area, vegetation is
the sixth most influencing factor and is associated with a strong control over the strength of the superficial soil
layer, representing a slope-stabilizing factor since it can affect surface runoff and create obstacles for flow
propagation (Liu et al. 2021). Am (Medium-height broadleaf vegetation), AA (Broadleaf and bush vegetation)
and Ab2 (Broadleaf vegetation) are associated with a higher tendency to initiate debris-flow and are characterized
by medium-height broadleaf vegetation, weakly (Ab2) to strongly (Am, AA) degraded by the pollution of the
region (especially acid rain) (Mattos and Matsukuma 1990). The effect of pollution on vegetation may contribute
to weakening their support of the soil, leading more easily to slope failures.

Table 6: Results of the ROC analysis of the validation tests of the LR models, according to the Area Under the Curve

(AUC) of the ROC Curve.
Fact 1 factor 2 factor 3 factor 4 factor 5 factor 6 factor 7 factor 8 factor 9 factor
actors model model model model model model model model model

Rainfall 0.853 - - - - - - - -

Lithology 0.755 0.768 0.863 0.859 0.876 0.882 0.882 - -
Slope 0.595 0.853 0.879 - - - - - -
Relief 0.641 0.752 0.837 0.84 0.882 0.879 0.869 0.879 0.892

Soil 0.709 0.876 - - - - - - -

Vegetation 0.598 0.859 0.863 0.866 0.873 0.886 - - -

TWI 0.605 0.853 0.878 0.876 0.892 - - - -
SPI 0.503 0.846 0.876 0.889 - - - - -
Slope aspect ~ 0.536 0.683 0.866 0.856 0.882 0.885 0.881 0.886 -

Lithology is intrinsically associated with the soil type and vegetation of a region, especially in areas with well-
developed regolith such as Serra do Mar. Even though a more explicit relationship between lithology and debris-
flow initiation is not observed in our analysis, Proterozoic stromatic migmatites (PSeMc), occurring at higher
elevations in the catchments, are more prone to debris-flow initiation, accompanied by the other migmatites types
(AcMn, AcMp, AcMg) and granitoid rocks (PSEQY) (Table 5). Schists (PSpX) and Phyllites (PSpF) show a
lower tendency, which can be related to a more developed and stable regolith, as a result of a weaker strength to
weathering.

Slope aspect and relief are the two least relevant factors to debris-flow initiation among the selected influencing
parameters (Table 6). In the study region, the slope direction most prone to debris-flow initiation varied according

to the event, with the eastern and northeastern slopes associated with a higher tendency to initiate debris flows in
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the 1985 event, and in the 1994 event the northern and northwestern slopes. This is directly related to the rainfall
direction of these events: eastern-northeastern in 1985 and western-northwestern in 1994.

The relative relief can control the type of vegetation in the hillslopes, as well as influence both SPI and TWI. In
study region, however, relief did not play a prominent role in debris-flow initiation, with the 600 — 700 elevation
range showing a higher tendency to trigger slope failures that can lead to debris flows. This elevation range is
associated with stromatitic migmatites (PSeMc) and the 70 — 90% slope range, which shows a stronger influence
on debris-flow initiation.

Table 7: Statistical validation of the LR models, showing the regression coefficients (B) and relevant statistical parameters.

Factor B Standard Error Wald test Degrees of P-value
Freedom

Rainfall -27.758 10.622 6.829 1 0.009
Soil -1.117 4.652 0.058 1 0.081
Basin slope 14.851 9.501 2.443 1 0.011
E SPI 0.214 6.068 0.001 1 0.097
% TWI 2.332 3.667 0.404 1 0.053
§ Forest -17.270 8.846 3.811 1 0.051
: Geology -3.434 4.994 0.473 1 0.049
Slope aspect 3.249 8.618 0.142 1 0.071
Elevation -6.832 10.188 0.450 1 0.050
Constant (Bo) 7.282 3.630 4.025 1 0.045
Rainfall -15.379 6.195 6.163 1 0.013
E Soil -4.39 3.596 1.491 1 0.022
g Basin slope 6.468 6.962 0.863 1 0.035
Ei SPI 4.594 4.332 1.125 1 0.029
" TWI 1.537 2.783 0.305 1 0.048
Constant (Bo) 1.978 1.679 1.388 1 0.024

Furthermore, applying the LR model to assess the areas with a high susceptibility to debris-flow initiation at the
study site, catchments 20, 19, 17, 16, 15, 14, 12, 10, 9 and 7 are those most susceptible overall (Fig. 5). The
northeastern portion of catchment 1 also shows a high percentage of highly susceptible areas (Fig. 5), which can
be related to steeper slopes and the more widespread occurrence of Cambisols in the headwaters’ region. The
statistical results of the debris-flow susceptibility assessment are available as Supplementary Information.

4.2 Debris-flow simulation

Based on the LR susceptibility analysis, catchments 20, 19, 17, 16, 15, 14, 12, 10, 9, 7 and 1 are simulated using
RAMMS. The model was calibrated based on the debris-flow event of 1985 in catchments 14, 12, 10, 9, 8, 7 and
1, while catchments 14, 15, 16, 17 and 19 were calibrated based on the 1994 event. Catchment 20 was not modeled
as no debris flow was recorded both in 1985 and 1994. The initiation areas were determined according to the

landslide inventories, and a bulk density of 1,900 kg m™ was assumed for the source areas and the entrainment
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zone, according to past debris flow studies in bedrock channels (Takahashi 2006), as well as based on our
geotechnical sampling and tests (Table 3).

The volume of the landslides that initiated the debris flows in each catchment is shown in Table 5. Considering
the whole study area, the magnitude of the 1985 landslide event is estimated at ca. 540,900 m?, while the
magnitude of the 1994 landslide event is estimated at ca. 227,000 m®. The magnitude of the debris flows (i.c.,
volume of sediments mobilized) at each catchment is estimated based on magnitude equations from Marchi et al.

(2019), as suggested by Cabral et al. (2021) for catchments at Serra do Mar (Table 8).

351000 354000 357000 350000 363000 366000
' Legend 3
5. £
Bl 9% R
” .| Catchment
9 Reservoirs and =3
g { Drainage system -3
Susceptibility classes
o
g“ . High -Medium [:] Low

7364000

7362000

=
7360000

7358000
f

LS Universal Tranverse Mercator Projection (UTM)
[, ‘ \ 4 Datum SIRGAS 2000, 238 z0ne g
8 g £
) 0 15 3 =
357000

A

351000

354000

T
360000

Figure 5. Map showing the overall susceptibility to debris-flow initiation of the 20 catchments at the study area,
based on the LR model.

Figure 6 shows the calibration results based on the coverage index (Q2), which aided the identification of the best-
matched simulations (Fig. 7 and 8), based on the comparison of the runout distances observed and those modeled
by RAMMS. One of the parameters subjected to most uncertainties during modeling is erosion depth, as no
comprehensive information for any of the modeled catchments was available. In our simulations, we adopted for
all the catchments two maximum erosional depths: 3 m at upper and intermediate reaches, and 0.5 at lower reaches
of the catchments. A 3 m erosion depth was reported by Kanji et al. (2007) in catchment 17 (1994), which we

extrapolated for all the other catchments in the study region.
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Another limitation was the lack of available information about catchments 19, 14, 12, 7 and 1, since no deposition
pattern could be interpreted from aerial photographs. Even though we performed calibrations in these catchments
in the same manner as the others, the best matched parameters adopted were those of with p equal to the channel
slope of the downstream portion of the catchment and & was assumed to be similar to the general trend of the area
(=200 m s2). The lack of depositional fan at these catchments, and at most of the catchments in the study region,
is related to the debouchment into the rivers Mogi, Perequé and Cubatio, which receive most of the sediments of
the 20 studied catchments, as reported by Tatizana et al. (1987) and Kanji et al. (2007).

Calibration of the debris flows recorded in 1994
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Figure 6: Calibration using the coverage index (€2) of the debris-flow simulations for the selected catchments at the study
area. The closer the coverage index is to 1, the more representative the simulation.

Table 8 RAMMS-2D results and characteristics of the debris flows. Est. = estimated, Max. = maximum.

Flow parameters

Catch Year of Initiation Est.
¢ the | 3 Magnitude Runout Max. Max. Max Max.
men event O UM (m?) m? Flow erosion . Impact
(m’) n (m s?) velocity
height depth pressure
1 1985 68,422.3* 2.5x 10* N/A* 0.1 300 32m 0.88 m 3096 ms'  1917.55 kPa
7 1985 131,737.6 2.5x10° N/A* 0.05 200 8.6 m 3.67m 23.62ms! 111538 kPa
8 1985 33,976.8 1.1x10° 480 m 0.05 200 55m 1.3 m 2425ms?  1175.73 kPa
9 1985 25,740.7 1.3x10° 270 m 0.05 180 4m 0.74 m 1404 ms'  354.74 kPa
10 1985 78,865.6 2x10° 700 m 0.05 180 4.7m 1.74 m 1425ms’! 406.1 kPa
12,14 1985 85,409.3 24x10° N/A* 0.05 200 54m 1.59 m 30.87ms'  346.35kPa
14 1994 82,632.1 2x10° N/A* 0.05 200 5.6m 1.8 m 32.93ms'  550.87 kPa
15, 16 1994 10,150.7 0.8x10° 510 m 0.03 200 4.7m 21lm 16.75ms'  561.26 kPa
17 1994 43,702.46 1.7x 10° 400 m 0.05 200 53m 2.84m 1248ms'  296.13 kPa
19 1994 17,673.8 0.8x10° N/A* 0.05 200 29m 145m 3098 ms! 1919.98 Pak

* Direct discharge in the drainage system of the region. Indirect effects of debris flows include floods and silting.
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528 Moreover, even though the debris flows at the study area exhibit a very high content of stony debris, most of the
529 larger boulders (>1 m) are interpreted to deposit along the debris flow route and are not carried for long distances.
530  Most of the damage in the downstream areas of the catchments is due to the smaller boulders (< 1 m), fine
531 sediments and woody debris. These interpretations are supported by witnesses of the 1985 and 1994 events and
532 the field campaigns that were conducted in the study area, where voluminous boulder deposits in areas with gentler
533 slopes at upper/intermediate reaches of channel were observed (Fig. 4D). Moreover, the geomorphic
534 characteristics of the studied catchments are similar to others at Serra do Mar, where comprehensive

535  characterizations of recent debris flows have been made (e.g., Cabral et al. 2021).
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537 Figure 7: Comparison between modeled and observed run-out distance of the 1994 debris-flow event for the selected
538  catchments.
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The average runout distance, according to the simulations, is ca. 470 m, with the largest distance observed in
catchment 10 (700 m) and the shortest in catchment 9 (270 m). Maximum flow heights (Fig. 9 and 10) are observed
in catchment 7 (8.6 m, 1985) and in catchment 14 (5.6 m, 1994), where initiation volume is higher. Overall, flow
height in the studied catchments averages 5 m. The average peak velocity of the debris flows is 23.1 m s}, with
the highest velocities observed in catchment 14 (30.87 m s!) and catchment 1 (30.96 m s™!). Maximum impact

pressures are observed in catchments where steep knickpoints are observed (catchments 19, 1, 7 and 8).

Basin | Variation § Variation
360910 362

362510

@

o

-

o

()]
357870
355200

<

-

3

o~

-

355200

LEGEND

— Scenarios Best-fit scenario —— Observed run-out
Figure 8: Comparison between modeled and observed run-out distances of the 1985 debris-flow event for the selected
catchments.
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Figure 10: RAMMS modeling results showing maximum flow height. A) Catchment 17 (1994). B) Catchment 19 (1994). C)
Catchment 1 (1985).

4.3 Rainfall analysis

The rainfall patterns that have historically triggered debris flows in the study area show that the phenomena are
mainly initiated by high-intensity, short-duration rainfall, as also highlighted by other studies in the region (e.g.,
Tatizana et al. 1987; Kanji et al., 2007), with the rainfall accumulated 48 h prior to an event suggested as the most
critical by our analysis (Fig. 11). Such pattern of short-duration/ high-intensity precipitation is also observed in
other parts of the world (e.g, Taiwan, Chang et al. 2011; Japan, Fukuoka 1980; New Zealand, Selby 1976).

The short return periods (<10 years) of the rainfall events that have initiated debris flows (Table 4), including the
very large ones from 1985 and 1994, indicates that large events (>10° m?) can potentially occur every decade in
the study site. However, as table 4 highlights, the number of debris-flow events has been declining in Cubatio in
the past two decades (2000 — 2020) when compared to the previous ones (1980 — 2000), including in magnitude
and, consequently, damage. Studies in the region have suggested that the environmental recuperation of the region
during the 1990s has helped to stabilize the vegetation of the hillslopes (e.g., Massad 2002), which may assist in

the stabilization of the soil and lead to fewer occurrences of slope failures and debris flows. However, such an
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effect is challenging to determine, especially considering that, in our statistical analysis, vegetation cover does not

play a very strong effect on debris flow initiation at the study area.
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Figure 11: Daily rainfall indices up to 4 days (96 hours) prior to debris-flow events in the study region (blue bars). The
phenomenon’s initiation is more strongly influenced by the rainfall accumulated 48 hours prior to an event, as highlighted by
the cumulative percentage graph (orange lines).

Due to this lack of recorded events in the last two decades, the rainfall thresholds established by Tatizana et al.
(1987) are still relevant for the study region, even though it fails to classify the 1999 and 1976 events as debris
flows. As pointed out by Segoni et al. (2018), rainfall thresholds should not be interpreted in an absolute manner,
especially in complex and large areas. These two specific debris-flow cases were localized and triggered by
landslides, falling above the localized landslide curve, highlighting how geomorphic characteristics also control
the debris-flow development in a catchment.

The effect of the geomorphic aspects on debris flow development can also be observed when rainfall is correlated
with the volume of the landslides that initiated the event and the estimated debris-flow magnitudes. Considering
the effect of the 48-h accumulated rainfall on the volume of material mobilized in the slopes a positive Spearman
correlation between rainfall and landslide magnitude is observed for both 1985 (0.62) and 1994 (0.81) events,
highlighting the direct effect of rainfall over slope failure. However, when the effect of rainfall on debris-flow
magnitude is considered, such relationship is weaker, showing a low positive Spearman correlation index both for
the 1985 event (0.3) and for the 1994 event (0.51). These results can potentially indicate the strong influence of
entrainment on debris-flow magnitude in the study region. The graphs with the correlation analysis are available
as Supplementary Information.

Even though the region is covered by at least 13 rain gauges, the lack of hourly rainfall data for events before
2013 is a shortcoming that challenges an accurate analysis and correlations. Hourly data is available only for

restricted locations, mostly in the oil refinery region (Catchment 17). A suggested update in the rainfall thresholds
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would be the adoption of 48-h accumulated rainfall instead of 96 h, as our analysis demonstrate. Moreover, in a
possible implementation of an Early Warning Systems in the region, field information about the catchments should
also be considered, due to the intense in-channel debris accumulation in virtually all of them, which can be
remobilized in future events — even by localized landslide events if the rainfall is intense enough.

The main question raised from our analysis is why debris-flow events were more frequent during the 1980s and
1990s, and, since the year 2000, few isolated debris flows occurred, but not to such extent as the 1985 and 1994
events. Climate studies focused on the area of Cubatdo have indicated that the broader region will experience
more extreme conditions, with drier conditions in the dry season (winter) and wetter conditions in the rainy season
(summer), with a projected increase of heavy rain events (Marengo et al. 2021). An increase in dry periods has
already been starkly identified in the Brazilian southeast, due to the increased warming in the region since 1961

that led to the intense drought of 2014 (Nobre et al. 2016) and a more recent one in 2021.

4.4 Hazard zonation

As rainfall is identified as the most influencing factor in debris-flow initiation at the study area, a hazard zonation
matrix is thus proposed based on rainfall accumulated in 48 h, as well as the depositional areas and flow behavior
patterns modeled by RAMMS.

Five levels of hazard are interpreted: very high, high, medium, low, and very low (Table 9). Very high-hazard
areas are those where the model simulated a > 1 m flow height and velocity of > 1 m s’ as also proposed by
Hiirlimann et al. (2006), and humans and infrastructures are directly affected. High hazard areas are those where
the debris flow runout can reach up to 1 m in height and velocity of up to 1m s, and infrastructures may be
directly impacted. Medium hazard areas are those that are not directly impacted by the sediments transported in a
debris flow, but can exhibit flooding or silting that may impact infrastructures. Areas with low hazards are those
that can experience some kind of side impacts of the debris flows, such as floods, but are inhabited, or areas with
retention structures installed, as is the case of catchment 19. Areas with very low hazard are those where no
impacts of any sort are expected.

Based on the hazard level matrix and on the infrastructures at hazard in each catchment (Table 10), a hazard
zonation map was created for the 20 catchments (Fig. 12). The map shows the zonation based on a rainfall of over
> 200 mm in 48 h, which can be adapted to different hazard levels according to rainfall indices. Catchments 19,
16, 15, 11, 10 and 9 exhibit an overall higher hazard in the region (Table 10), due to a higher probability of debris-
flow related damages to humans and infrastructures. Retention structures in such catchments could potentially

decrease their hazard level.
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Table 9: Hazard level matrix developed for the study area, based on different rainfall indices and the impacts on
infrastructures and population.

Rainfall index in 48 hours

> 200 mm <200 mm, > 150 mm
: . : -1
Direct flow height > Im; velocity > 1 m s
impacts flow height < 1m; velocity < 1 m s™
z
) ) floods or silting
z Indirect
@n impacts Areas with retention structures
installed; Remote areas
No
impacts

<150 mm, >100 mm

Table 10: Infrastructures, both public and private, at hazard in each catchment and overall hazard level, for a 200 mm

rainfall in 48 h.
Catchment Elements at hazards Overall Catchment
Hazard level
Railways from the company MRS Logistica; Fertilizer company “Yara Cubatdo”, Container .
1 « » Medium
storage company “Rodopark
2 - Low
3 - Low
4 - Low
5 - Low
6 - Low
7 Container storage company “Depotce” Medium
8 - High
9 Fertilizer company “Mosaic Fertilizantes do Brasil” High
10 Petrochemical company “Copebras”; industrial gas company “White Martins” High
11 Chemical plant “Birla Carbon Brasil” High
Petrochemical company “Braskem”, Logistic company “Brado Logistica”, Chemical industry
13 “Hidromar”, Carbocloro Oxypar Chemical Industries; Industrial gas company “Messer Gases”, Low
Three transportation companies
12, 111’ 15, Electrical substation High
17 Petrobras oil refinery Medium/Low
Vila Light ( Residential area with approximately 140 houses, 60 of which have residents),
18 FAFEN (Oil refinery), Thermoelectric Plant “Euzébio Rocha”; Fertilizers company “Yara High
Brasil”
19 Hydropower plant “Henry Boden”, with electrical subestations High
20 Anchieta and Imigrantes Highway, Vila Fabril (residential area with more than 400 houses), oil High

pipelines

Areas that have not shown any history of debris-flow occurrence since 1975, such as catchment 20, were classified

as high hazard areas in the context of >200 mm rainfall in 48 h, based on the LR susceptibility analysis. These

catchments exhibit voluminous in-channel deposits of stony material (Fig. 3D), which contribute to increasing

their potential hazard to residential areas and infrastructures that are located within their limits. The average runout

distance with a 470 m radius was assumed as a very high hazard area, in catchments where no debris flows were

recorded.
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Catchment 17, which has an extensive history of debris flows, is classified as a medium/low hazard level, due
mainly to the retention structures installed and the removal of in-channel debris deposits promoted after the 1996
debris flow.
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Figure 12: Debris-flow hazard zonation of the study area, based on the runout distances of the debris flows that occurred in
the study simulated using RAMMS, on rainfall intensity (200 mm in 48 h), as well as on the elements at hazard.

As DeBortoli et al. (2017) point out, the mapping of vulnerability of the community is necessary in risk analyses,
since it is critical to prevent and reduce the risk to which communities/industries are exposed. Such mapping,
however, demands a more in-depth and multidisciplinary approach. Moreover, the expansion of the city towards
mountain areas, especially by socially vulnerable communities, can increase the risk of new events, even those
with smaller magnitudes.

The multi-step hazard assessment here proposed and applied in the hazard zonation of Cubatdo joins other studies
that aimed at creating new methodologies that can help to mitigate future landslide-related damage, such as the
works of Cardinali et al. (2002), Hiirliman et al. (2006; 2008), Wu et al. (2018), Huangfu et al. (2021), among
many others. When assessing debris-flow hazard, especially in areas where the initiation factor is landslides, it is
necessary to combine analysis of all the factors that can lead to the initiation of the phenomena (Steger et al. 2021),
as well as aspects of their dynamics, represented mainly by the runout distance (Corominas et al. 2013; Frank et

al. 2017). The transition from landslides to debris flows occurs especially during periods of heavy rainfall,
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although, as demonstrated in our analysis and other studies (e.g., Takahashi 2001; Corominas et al. 2013; Hungr
1997), rainfall intensity is not always directly related to the magnitude of an event.

The combination, therefore, of different, data-driven methodologies is fundamental to ensuring the reliability of
the hazard evaluation, focusing on the different aspects related to a phenomenon. As pointed out by Wu et al.
(2018), LR is considered one of the most reliable methods in landslide susceptibility assessment, identifying the
main characteristics that influence the phenomenon in a particular region. When combined with the state-of-the-
art, numerical model RAMMS, which provides concrete, physically-based results (Frank et al. 2017), the hazard
evaluation can reliably represent the potential impact of future debris-flow events in a region. Moreover, the
inclusion of rainfall analysis provides good indication of future events probability and the different associated
hazard levels.

5 Conclusions

Our study proposed a multi-step hazard assessment, applied in 20 river catchments located in the municipality of
Cubatdo, Latin America’s largest petrochemical site. The LR analysis highlighted that rainfall is the main
influencing factor on debris-flow initiation, and the back-analysis of rain events suggests that the precipitation
accumulated 48 h prior to an event plays a more significant role in debris-flow deflagration than the current 96-h
model proposed in the rainfall thresholds developed for the region. The numerical simulation in the most
susceptible catchments further showed the different flow behavior patterns and runout distances that supported
the creation of a hazard zonation matrix with five levels of hazard (very low to very high).

The rainfall thresholds established for landslides in the region are considered generally efficient in the
representation of the precipitation patterns that can lead to debris-flow initiation. A suggested update in the rainfall
thresholds would be the adoption of 48-h accumulated rainfall instead of 96 h, as our analysis demonstrates.
Moreover, in a possible implementation of an Early Warning Systems in the region, geomorphic information of
the catchments should also be considered, due to the voluminous in-channel debris deposits that occur in most
catchments, which can be remobilized by future debris-flow events.

Hazard zonation maps, in conjunction with vulnerability studies, can subsidize the creation of risk management
programs, establishing the guidelines that should be followed during emergency situations. Even though there is
an observed decrease in the number of recorded debris-flow events in the study area (from 6, between 1980-2000,
to 2, between 2001-2022), the projected increase in the frequency of extreme precipitation events due to climate

change in the Serra do Mar region can mean that, in the near future, large magnitude debris-flows events (>10°
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m?) may occur in the study area. The region, therefore, should be prepared for the negative effects of this natural
hazard.
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