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ABSTRACT

Global climate change and the consequent occurrence of extreme events will impact
societies on a large-scale, with intense rainfall tending to trigger a greater number of hazards
caused by climatic events, especially landslides. The incidence of this type of event is
conditioned by the combination of several environmental and human factors, such as land use
and cover patterns, geomorphological characteristics, and extreme climate. This study
analyzed, through the classification of land use and cover and simulation of rainfall, future
scenarios in the Paraitinga River watershed, in the southeastern region of Brazil. Precipitation
data were used from the MIROC5/Eta model, using the scenario RCP 4.5 (Representative
Concentration Pathway) from the IPCC (Intergovernmental Panel on Climate Change) and
comparing data from past (1971-2000) and future (2021-2050) periods. The results estimate an
increase in consecutive dry days and intense and very intense rainfall, pointing to heavy and
concentrated rainfall in the future. An increase of 31.8% in accumulated precipitation over 72
hours that triggers landslides was also predicted, and this increase encompasses 41.6% of the
areas of medium and high frequency of incidence of this type of geological event in the study
area.

Keywords: Atlantic Forest, climate simulation, MIROC5/Eta.

Cenario futuro (2021-2050) dos extremos de precipitacdes que
desencadeiam deslizamentos de massa - estudo de caso da bacia do Rio
Paraitinga, SP, Brasil

RESUMO

As mudancas climaticas globais e a consequente ocorréncia de eventos extremos
impactardo toda a sociedade, sendo que chuvas intensas tendem desencadear maior quantidade
de perigos climaticos, destacando-se os movimentos de massa. A incidéncia deste tipo de
evento estd condicionada a conjugacdo de diversos fatores ambientais € humanos, tais como
padrdo de uso e ocupacdo do solo, caracteristicas geomorfoldgicas e aspectos climaticos
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extremos. Para tanto, este estudo buscou analisar, por meio da classificacdo de uso e ocupagéo
do solo e de simulagéo climética das precipitacdes, os cenarios futuros na bacia hidrografica do
rio Paraitinga, na regido sudeste do Brasil. Os dados de precipitacdo foram gerados pelo modelo
MIROCS5/Eta, utilizando o cenario RCP 4.5 (Representative Concentration Pathway) do IPCC
(Intergovernmental Panel on Climate Change) e comparando dados do periodo passado (1971-
2000) e futuro (2021-2050). Os resultados estimam um aumento de dias consecutivos secos e
precipitacfes intensa e muito intensa, apontando para chuvas fortes e concentradas no futuro.
Apontam ainda para o aumento de 31,8% nas precipitacdes acumuladas de trés dias que
desencadeiam movimentos de massa, sendo este acréscimo de 41,6% nas areas de média e alta
frequéncia de incidéncia deste tipo de evento geoldgico na area de estudo.

Palavras-chave: Mata Atlantica, MIROC5/Eta, simulacdo climética.
1. INTRODUCTION

Natural disasters related to landslides occur around the world and the losses related to such
events range from loss of vegetation, soil and even cases involving deaths in urban areas (Silva
et al., 2014). Landslides can be related to a combination of several natural and man-made
factors, including land use and occupation, terrain slope and intense rainfall.

In the Serra do Mar region, Brazil, a study by Vieira et al. (2018) on the susceptibility and
evaluation of models for predicting the occurrence of landslides points out that the existence of
susceptible and prone areas for the occurrence of this event is related to local topography, slope
angle and landforms. Regions with smooth relief and inclination up to 30° have low
susceptibility, while areas with an inclination greater than 40° and 400 m in altitude are very
unstable and conducive to the triggering of landslides.

Batista and Julien (2019) point out that the areas with the highest occurrence of landslides
are related to the highest levels of precipitation (whether of convective or frontal origin), with
the slope and angle of the terrain having a strong influence on the outbreak of landslides.

When comparing the increase of urbanization in areas with high slope in California and on
the coast of southeastern Brazil, Oliveira-Folharini et al. (2018) point out that in both countries
the population's vulnerability to landslides is increasing. This is due to the expansion of
occupation in high-risk areas, mainly due to precarious construction in Brazilian municipalities,
where there is disorderly and unplanned urbanization. This fact is a consequence of poverty and
poor living conditions and will tend to affect an increasing number of inhabitants, since climate
simulation models predict more intense rains during the summer period.

Mendes et al. (2017) carried out an analysis of landslides in the municipality of Sdo José
dos Campos in March 2016 and concluded that precipitation alone would not be enough to
trigger the registered landslides. The authors concluded that anthropogenic factors affecting the
terrain have a strong influence on the triggering of landslides, with emphasis on cuts on slopes
with highly inclined terrain, on cuts into landforms with steep inclination and on water overflow
on slopes due to the leaking of large-volume domestic water storage boxes.

Soil moisture, probabilistic mathematical models, stability analysis and local geotechnical
parameters must be considered in the analysis of landslide deflagration. When analyzing the
occurrence of landslides in the municipality of Campos do Jord&o/SP in the beginning of 2000,
Mendes et al. (2018) considered natural and anthropogenic factors. The results showed that the
volume of precipitation and the geotechnical conditions were not enough to trigger the
landslides, which caused 10 deaths, but rather this was due to anthropogenic factors, such as
cuts along the slope, inadequate construction practices, and leaking pipes. The results also point
out that the current Civil Defense and CEMADEN alert systems would be suitable for alerting
to the events that occurred in the early 2000s, but that the combination of previous precipitation
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and pipe leakage left the soil close to moisture saturation at the beginning of the rainy season,
thus triggering landslides.

Konig et al. (2019) developed a study in the city of Campos do Jord&o/SP analyzing the
occurrence of landslides caused by anthropic modification of the relief, using the Shalstab
mathematical model and WorldView-2 high resolution satellite scenes. The geotechnical
parameters loaded into the Shalstab model identified the land stability classes along an urban
slope in a promising way, similar to those in existing risk maps. However, in areas classified as
stable it was possible to identify landslide scars through satellite scenes, from which it was also
possible to identify that anthropic actions are responsible for triggering landslides, highlighting
bare soil, sparse vegetation, inadequate building standards, vertical cuts on the slopes, weight
overload, and leakage of pipes that induce landslides in urban areas.

The continuous excessive emission of greenhouse gases and their respective concentration
in the atmosphere is continuously reaching higher levels, with 413 ppm of CO: registered in
April 2020 (NOAA, 2020). This may generate a series of risks such as a threat to unique natural
systems, occurrence of extreme events and events that are still unknown, and expansion of the
distribution of impacts associated with extreme events. These changes can generate a series of
impacts added to those related to climate change (Silva Dias, 2014).

When analyzing climate change in Brazil, Marengo (2014) indicated that changes of
different magnitudes are projected for the Brazilian territory, even though global climate
models have uncertainties in their simulations. The results indicate that the southeastern region
of Brazil tends to present an increase in average temperatures and extreme rainfall events, which
may trigger an increase in the occurrence of natural disasters such as floods and landslides.

Under the assumption that regions with hills, mountains and anthropogenic interference
are more susceptible to the occurrence of natural disasters, with emphasis on landslides, this
study analyzes the future changes in accumulated precipitation that triggers natural disasters
related to landslides in the Paratinga River watershed, state of Sdo Paulo, Brazil.

2. MATERIAL AND METHODS

2.1. Study area

This study was carried out in the Paraitinga River watershed (Figure 1), located in the Vale
do Paraiba region, state of Sdo Paulo, Brazil, with a total area of 2,785.4 kmz2. The confluence
of the Paraitinga and Paraibuna Rivers form the Paraiba do Sul River, one of the most important
in the country, which is about 1,180 km in length, and the damming of these rivers forms the
Paraibuna Dam (Marengo and Alves, 2005).
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Figure 1. Study area and climate simulation grids.
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The region has Serra do Mar mountains in its southern and eastern portion as the limit of
the watershed with mountainous areas that reach 1,600 m in altitude, to the northeast is Serra
da Bocaina mountains with altitudes that exceed 2,000 m and in the center is the Paraitinga
River. In the northern region is the Serra de Quebra-Cangalha mountains with altitudes that can
reach 1,450 m in altitude. This geographical region is called Plateaus and Sierra of East-
Southeast Atlantic (Ab'Saber, 2003) and presents intense atmospheric turbulence due to its
geographic formation, causing great spatial variability of rainfall (Silva and Simdes, 2014).

2.2. Climate simulation data

The data used in this research were daily precipitation, generated by climate simulation
using the MIROC5 model, regionalized by the Eta model. The resolution grid used was 20x20
km, using the scenario RCP 4.5 (Representative Concentration Pathway) as a reference, with
precipitation being homogeneous throughout the simulated area. The climate simulation data
has been evaluated in previous studies, demonstrating that there are uncertainties inherited from
global climate models related to mountainous areas (Chou, 2014a) and the radiation balance at
the top of the atmosphere where there are incoming short waves (SW) and outgoing long waves
(LW) that vary between climate simulation models and observational estimates (\Watanabe et
al., 2010).

The MIROCS climate model (Model for Interdisciplinary Research on Climate, Version
5) was developed in Japan, and the model has 256 x 224 global simulation grids, with 49
atmospheric vertical levels (Watanabe et al., 2010). The Eta downscaling regionalization model
is available at CPTEC/INPE (Brazil) for climate change studies (Chou et al., 2014a).

The precipitation data were compared by simulation grid, and periods were analyzed using
Pearson's Correlation Test, which is an adequate measure to assess the degree of linear
association between two different variables (Silvestre, 2016).

Two temporal cut-offs were considered, one from a past period (1971-2000) and another
from a future period (2021-2050). The region was spatialized with points numbered 1 to 10,
and grid P4 was disregarded in this research (Figure 1) because it is outside the drainage area
of the hydrographic basin. This spatialization method is similar to that used by Silva et al.
(2019).

2.3. Topographic maps

To produce topographic maps and the delimitation of the Paraitinga River watershed,
declivity data extracted from the TOPODATA Project database was used, with 30 m of spatial
resolution (INPE, 2019), a product that is derived from the SRTM (Shuttle Radar Topography
Mission). Through these scenes, a hypsometry model was created and contour lines with 25 m
equidistance were generated to delimit the ridging lines and a 3D model of the research area
(Figure 2).

Serra da Bocaina

Scale 1:750000

Figure 2. 3D model of the study area.
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For the delimitation of the Paraitinga watershed, a scene from the Landsat 8 Satellite OLI
sensor, with 30 m of spatial resolution was used (USGS, 2019). Topographical maps of the
Brazilian Institute of Geography and Statistics (IBGE) were also used, on a scale of 1:50,000
(Table 1). These maps were registered to the georeferenced project and a mosaic was built for
the correct delimitation of the Paraitinga watershed.

Table 1. Topographic maps to delimit the Paraitinga River watershed

Maps Maps code Projection Datum

Séo José do Barreiro  SF-23-Z-A-1V-2  UTM Zone 23 Corrego Alegre
Rio Manbucaba SF-23-Z-A-IV-4 UTM Zone 23 Corrego Alegre
Guaratingueta SF-23-Y-B-VI-4 UTM Zone 23 Corrego Alegre
Lagoinha SF-23-Y-D-111-2 UTM Zone 23 Corrego Alegre

Source: IBGE (2019).

2.4. Delimitation of landslide risk areas

For the delimitation of landslide risk areas, the reports of the Integrated Plan for Water
Resources of the Paraiba do Sul River Basin were used, produced by AGEPAP (Water
Management Association of the Paraiba do Sul River watershed), in the section Vulnerable
Areas and Extreme Critical Events (AGEVAP, 2013). From this report and its cartographic
bases, the risk areas in the Paraitinga watershed basin were defined, based on the occurrence of
landslides, with: i) low frequency, ii) medium frequency, and iii) high frequency (AGEVAP,
2013).

Maps of land use and land cover were constructed to identify areas of human occupation
on steep slopes, which are susceptible to landslides. According to Camarinha et al. (2014), areas
not occupied by human activities and which have native vegetation cover have a low risk of
landslides, while mountainous areas with high declivity and human occupation have a high risk
of accidents.

From the slope maps generated to delimit the area of Paraitinga River watershed, the region
was separated into three distinct categories according to slope. Based on the results obtained by
Vieira et al. (2010), we classified: i) stable areas (inclination up to 30°); ii) medium stability
area (inclination between 31 and 39°) and; iii) unstable areas (inclination greater than 40°).

2.5. Land use and land cover and future scenarios

Land use and land cover (LULC) has a strong influence on the occurrence of natural
disasters related to landslides (Hughes and Schulz, 2020). In order to understand the dynamics
of the occupation of the Paraitinga watershed, two LULC maps were produced, for the years
2002 and 2019, using the software ArcGIS 10.3 (https://www.arcgis.com/index.html).

The satellite used to generate the LULC maps of 2002 was the Landsat 7, ETM + sensor
with a 30 m spatial resolution, path 218, row 076, acquired on October 15, 2002. For the LULC
map of 2019 the Landsat 8 satellite’s OLI sensor was used, with 30 m of spatial resolution. The
scene was acquired on October 13, 2019, path 218, row 76. Both scenes underwent an
atmospheric correction process for the multi-temporal comparison between the sensors
(Chander et al., 2009; Vermote et al., 2016).

Both LULC maps were classified using five categories: i) native vegetation, ii)
reforestation, iii) urbanization/bare soil, iv) water bodies and, v) fields/pastures. The
fields/pastures classification is a general classification that combines areas based on a
predominance of hills and mountains which have low aptitude for agricultural activities.

For the land use change (LUC) simulation in 2036, the maps produced in ArcGIS 10.3
were exported to the Qgis 2.18.0 software (https://qgis.org/en/site/) and simulated by the
MOLUSCE 3.0.13 plugin (https: //plugins.qgis.org/plugins/molusce/). The Modules for Land
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Use Change Simulations (Molusce) Plugin was produced based on technological cooperation
between Nextgis and Asia Air Survey and aims to analyze land-use changes and create future
scenario maps through simulation (NEXTGIS, 2020).

The MOLUSCE Plugin implements three processes for the simulation of land-use change:
1) separates the raster categories in period A (past), period B (present) and generates rasters of
the variables between the analyzed periods (change maps); ii) trains the model that predicts
changes between the past and the present; iii) predicts future changes using derived models
(MOLUSCE, 2020).

2.6. Determination of extreme rainfall and frequency of occurrence

For determination of extreme rainfall, the Quantis technique was used, which was initially
developed by Pinkayan (1966). According to Xavier et al. (2002), the Quantis technique is a
method based on a series of precipitation data (x), and the Quantis (Qx) represents a percentage
variation of precipitation (x) as a function of (Q), defined by Equation 1:

F(x) = P[X < x] (1)

When F(x) is known for x1, x2, x3, x4 and x5, the Quantis are determined. This technique
was used to determine heavy and very heavy daily rainfall, analyzing the variation in
precipitation for the past period (1971-2000) and classifying daily rainfall for the future period
(2021-2050).

The monthly and annual precipitation frequency was calculated using the R95p, CDD,
Rx5day index, developed by ETCCDI (Expert Team on Climate Change Detection and
Indices), using the ClimPACT2 index standardization software (Alexander and Herold, 2016).
The definition of the indices (Zhang and Yang, 2004; Alexander, 2016 and Alexander et al.,
2019) is shown in Table 2:

Table 2. Definition of the ETCCDI index.
ID ID name ID definition Equation Units

Maximum number of consecutive

CDD Consecutive dry days days less than 1 mm RRij < 1mm Day
w
Annual total daily precipitation R95pj = z RRwj
R95p Very wet days greater than the 95" percentile wel mm
where: RRwj > RRwn95
Rx5day Maximum 5-day Monthly maximum consecutive 5- RxSdayj = ( RRK)) mm

precipitation amount  day precipitation greater than 1 mm

2.7. Definition of critical thresholds for landslide deflagration

The definition of precipitation thresholds that trigger landslides is complex, since their
outbreak depends on a combination of several factors, including the geological structure of the
terrain, the slope of hills, precipitation and especially the anthropic inducing factors.

The southeastern region of Brazil, especially the mountainous areas of S&o Paulo state, has
great propensity for the occurrence of natural disasters such as landslides (Almeida et al., 2016).
Santoro et al. (2010) analyzed the occurrence of landslides in Sdo Paulo State (regions of
Campinas, Baixada Santista, Litoral Norte, Sorocaba, ABCD Paulista and Vale do Paraiba) and
demonstrated a high correlation between terrain conditions, anthropic inducing factors and
precipitation accumulated over 72 hours, and the occurrence of landslides, and the results of
this research were adopted by the Preventive Civil Defense Plan (PPDC) of S&o Paulo state as
a threshold for the outbreak of landslides.

According to Tatizana et al. (1987a) landslide susceptibility is highly variable in the
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various sectors of the Serra do Mar mountains, reflecting variations in conditions such as
geology, geomorphology, slope, vegetation cover, rainfall, and slope position. The relationship
between rainfall and landslides can be given by Equation 2, and the Critical Precipitation
Coefficient (CPC) by Equation 3.

I(Ac) = k - Ac™0933 )
Where:
I: Sufficient intensity for landslide outbreak

Ac: Accumulated precipitation in the previous four days

K: Constant dependent on the geotechnical conditions of slopes and the intensity of
landslides

CPC = £ . Aci=09% 3)
K
Where:

Li: Intensity of hourly precipitation

Aci: Accumulated precipitation in the previous four days

Tatizana et al. (1987b) applied equations relating precipitation and landslides and defined
a landslide zone for the municipality of Cubatdo/SP, located in the Serra do Mar mountains,
which was divided into four distinct zones: induced landslides, sparse landslides, generalized
landslides and mud landslides.

In an analysis of landslides in the municipality of S&o Bernardo do Campo/SP, Molina et
al. (2015) demonstrated that the cumulative precipitation considered sufficient to trigger
landslides is 50 mm in one day, 80 mm in two days, 120 mm in three days and 150 mm in four
days. Rainfall above 100 mm is enough to trigger landslides without accumulating precipitation
in the previous days.

Mendes et al., (2015) studied the occurrence of landslides in the municipality of Sdo José
dos Campos/SP and reported that rainfall between 20 to 50 mm in 24h and 50 mm in 72h are
fundamental to triggering induced landslides in the study area. Furthermore, this critical
threshold of rainfall is related to various inducing factors such as cut slopes and embankments
caused by houses built in the region.

Oliveira et al. (2016) applied the equations proposed by Tatizana et al., (1987b) to the
municipality of Nova Friburgo/RJ and confirmed the relationship between accumulated
precipitation and landslides. However, they emphasized that a mud landslide is very restricted
in occurrence and is associated with major disasters. Thus, their results point out the occurrence
of induced landslides with thresholds of 40 mm in one day, 60 mm in two days, 80 mm in three
days and 100 mm in four days.

Considering the exposure to landslides in the Vale do Paraiba, we adopted as rainfall
thresholds for triggering landslides the same ones used by the Civil Defense Plan of Sdo Paulo
State, established by Resolution CMIL/CEPDEC 21-610 (S&o Paulo, 2019), with reference in
the study of Santoro et al. (2010), which defines the thresholds for the Vale do Paraiba at 60
mm in 24h, 80 mm in 48h and 100 mm in 72h. These thresholds vary according to the
geographic region of Séo Paulo state.
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3. RESULTS AND DISCUSSION

3.1. Analysis of landslide risk areas

Through the interpolation of data generated from AGEVAP (2013), Vieira et al. (2010)
and the construction of LULC maps the areas susceptible to landslides was estimated (Figure
3). In the Paraitinga watershed, the municipality of Paraibuna presents medium frequency of
landslides, and S&o Luis do Paraitinga has a high frequency (AGEVAP, 2013).
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Figure 3. LULC (2019), slope relief and landslide frequency in the Paraitinga Watershed.

The LULC in the Paratinga River Basin in 2019 was fields and pastures (53.4%), native
vegetation (28.7%), reforestation (8.8%), urbanization and bare soil (8.4%) and water bodies
(0.7%). The mapping of LULC in 2002 was also carried out and the variation between 2002
and 2019 was used for future projection.

LULC underwent significant changes between the years 2002 and 2019, with a strong
increase in the presence of urbanization and bare soil (221.0%), with most of this increase
relative to bare soil due to urbanization processes, which represents a reduction in the quality
of land use in the region. There was a significant increase of reforestation (158.2%), with a
decrease in fields and pastures (-17.7%) and water bodies (-5.2%), and there was practically no
change in native vegetation (1.1%).

From the LULC maps of the years 2002 and 2019, the year 2036 was simulated using the
Molusce algorithm. The simulation demonstrates little difference between the years 2019 and
2036, with an increase in reforestation (6.0%), and urbanization and bare soil (1.9%). There
was no change in fields and pastures, and a decrease in water bodies (-8.3%) and native
vegetation (-2.2%) (Table 3).

The simulation of land use and occupation predicts that in the future there will be a
tendency to maintain the characteristics of the areas that are most susceptible to landslides, due
to the similarity of LULC in the study area for the year 2019 (Table 3).
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Table 3. Evolution of LULC in the Paraitinga watershed.

2002 2019 2036 A
Area o Area . Area . 2002-2019 2002-2036 2019-2036
(km2) (km2) (km?) (%) (%) (%)
Native 7829 284 7918 287 7745 281 1.1 1.1 22
vegetation
Reforestation 941 34 2429 88 2575 9.3 158.2 173.7 6.0
Urbanization/ 2,5 56 9357 g4 2370 86 221.0 227.0 1.9
Bare soil
Water bodies 194 07 184 07 169 06 52 13.1 83
Field/Pasture 17889 649 14719 53.4 14719 534  -17.7 17.7 0.0
Total 2757.8 100 2757.8 100 2757.8 100 0 0 0

Analyzing the municipalities with medium and high frequency of landslides, Paraibuna
has a predominance of fields and pastures (36.1%), and relief with a slope greater than 30°
(Figure 3). This fact supposes that landslides may be primarily related to natural conditions
such as terrain slope and LULC because this region is inserted in an area that has a stability
classification that ranges from medium to unstable with respect to the occurrence of landslides.

The municipality of Sdo Luiz do Paraitinga has a predominance of fields and pastures
(55.6%) and complex terrain, and in the center of the region there is a predominance of reliefs
with up to 30° of slope, and stable areas in relation to landslides. However, the portions to the
north (Serra de Quebra-Cangalha mountains) and south (Serra do Mar mountains) have large
areas with an inclination of more than 40°, an unstable area with occurrence of landslides
(Figure 3).

3.2. Distribution of precipitation in the Paraitinga watershed

The total average precipitation for the period 1971-2000 for the study area was 1363.0mm,
a result similar to the climatological normal for the municipality of Taubaté/SP which has an
average rainfall of 1360.9mm (INMET, 2019) and also to the results obtained by Silva and
Fisch (2019) of 1363.1mm. Precipitation in the rainy season (October to March in the southern
hemisphere) is 917.1mm, and in the summer period (December to February) is 493.9mm,
results similar to those obtained by Horikoshi and Fisch (2007), Santos and Fisch (2016) and
Brasiliense et al. (2020).

For the period 2021-2050 the average precipitation was 1338.9mm, which represents a
decrease of -1.8% between the analyzed periods, a result similar to that found by Chou et al.
(2014b) and Lyra et al. (2018). The rainfall in the rainy season was predicted to be 875.4mm,
which represents a decrease of -4.5% between the analyzed periods, and for the summer period
it was 441.2mm, a decrease of -10.7%. The comparative analysis between the rainy periods
shows that, despite the decrease in precipitation being -1.8%, the greatest decreases will occur
in the summer period, the time of the year that is most favorable for the occurrence of natural
disasters related to landslides.

When analyzing the monthly rainfall averages between the past and future periods, it was
observed that in winter (June) there was an increase in precipitation of 46.5%, while in July this
increase was 16.3%. It is noteworthy that the monthly values of these months are small, on the
order of 30-40 mm, and therefore even a small rain event between 5 to 10 mm would cause a
significant increase in their relative values.

In the rainy season, there was an increase of precipitation in September (11.1%) and
October (25.9%), while in all other months there was an average monthly decrease. In the
summer period there was a decrease in rainfall averages during all months, with decreases of -
6.25%, -12.6% and -13.6% in December, January, and February, respectively (Figure 4).
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Average monthly rainfall for each analyzed period

200

2 150
;i 100
3
0
S T N R S R S S
@;@ & R
W R Y
o = ¢

1971-1990 m 2021-2050

Figure 4. Average monthly rainfall in the Paraitinga Watershed.

When analyzing rainfall between the past and future periods (Figure 5) there was no
significant change in the irregular distribution of precipitation in the Paraitinga Watershed, with
the values demonstrating a high correlation between the analyzed periods, a similar result to
that obtained by Silva and Simdes (2014) and Silva et al. (2020).
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Figure 5. Distribution of precipitation and Pearson's Correlation Test between the
analyzed periods in the Paraitinga Watershed.

Examining the rainfall by the simulated grid in the past period during the rainy season, the
time of the year most favorable for the occurrence of landslides (Table 4), the location with the
highest precipitation was Py (1452.0mm) located in the extreme northeast of the region, in the
regions of the Serra da Bocaina mountains and Serra do Mar mountains, which has a strong
influence on orographic precipitation. This region presents a low frequency of landslides due
to the low presence of urbanized areas and bare soil (8.97%).

Precipitation in the rainy season at points Pz (1061.8mm), Ps (1000.0mm) and Pg
(1452.0mm) are located in the region with the highest altitudes in the study area, with grid P3
having a high incidence of landslides, in the municipality of S&o Luiz do Paraitinga, where there
is a predominance of LULC of fields and pastures (52.2%), complex terrain and the presence
of cuts and embankments in the slope. These data suggest that there is a direct relationship
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between the presence of areas with no shrub vegetation and the occurrence of landslides.

Table 4. Precipitation by simulated grid and analyzed periods

Average precipitation Average precipitation Average precipitation in
(mm) in rainy season (mm) summer season (mm)

1971- 2021- A 1971- 2021- A 1971- 2021- A

Grid 2000 2050 (%) 2000 2050 (%) 2000 2050 (%)
P 12857 12782 -06 8554 8118 -51 4720 4036 -145
P, 12802 12629 -14 8363 7917 -53 4480 3901 -12.9
Ps 15736 15768 0.2 1061.8 10305 -2.9 5799 5207 -10.2
Ps 869.2 8571 -14 5598 5224 -6.7 2920 2433 -16.7
Pe 14802 14811 0.1 10000 9715 -2.8 539.0 4853 -10.0
P 13913 13443 -34 9325 8779 -59 4987 4475 -10.3
Pg 9042 8865 -20 590.6 5516 -6.6 3060 2600 -15.0

P9 2100.8 20449 -2.7 14520 14104 -29 785.2 753.2 -4.1

P1o 1381.7 13180 -46 965.3 910.3 -5.7 5240 467.0 -10.9
Average 13630 13389 -1.8 917.1 8754 -45 4939 4412  -10.7

Precipitation in grid Py (855.4mm), located in the municipality of Paraibuna has a medium
frequency of landslides, where LULC is predominantly fields and pastures (39.1%), and slope
greater than 30°, again suggesting the relationship between slope and occurrence of landslides.

For the future period, the irregular spatial distribution of precipitation remained throughout
the Paraitinga Watershed. The results point to the maintenance of high volumes of precipitation
in the rainy season for grids P1 (811.8mm) with medium frequency of landslide occurrence and
P3 (1030.5 m) with high frequency.

3.3. Delimitation of extreme rainfall
The Quantis technique was used to characterize the rainfall intensity for both periods (past
and future) and data were classified according to Table 5.

Table 5. Classification of precipitation by the Quantis technique.

Quantis Precipitation classification Variation of Quantis Variation (mm)

Q (0.15) Very mild x<0.15 x <10.2 mm

Q (0.35) Mild 0.15<x<Q0.35 10.2 mm <x>23.8 mm
Q (0.50) Normal 0.35<x <Q0.65 23.8 mm < x >44.0 mm
Q (0.65) Intense 0.65 <x<Q0.85 440 mm <x > 57.6 mm
Q (0.85) Very intense x> 0.85 X > 57.6 mm

Source: PINKAYAN, 1966

In the past period, the highest number of occurrences of intense and very intense rainfall
was in grid Pg (77 occurrences), located northeast of the study area and at the beginning of the
elevation of the Serra do Mar mountains, followed by grid Pz (22 occurrences), a region of high
frequency of landslides and P7 (20 occurrences).

For the future period, the grid of greatest occurrence of intense and very intense rainfall
was predicted to be grid P9 (62 occurrences) located in the high altitudes of the Serra da Bocaina
mountains and Serra do Mar mountains, followed by grid P3 (30 occurrences) and grids Ps and
Ps (24 occurrences), a region of high frequency of landslides in the municipality of S&o Luiz
do Paraitinga.

The results indicate that there will be a tendency for change in the occurrence of intense
and very intense rainfall between grids Ps and Po when comparing the past and future periods,
followed by an increase in the average of this type of precipitation (Table 6).
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Table 6. Occurrence and comparison between the analyzed periods of
intense and very intense rainfall.

1971-2000 2021-2050 1971-2000 to 2021-2050
Grid Occurrence Occurrence A%
P1 15 22 46.7%
P2 13 12 -7.7%
P3 22 30 36.4%
Ps 8 24 200.0%
Ps 12 24 100.0%
P7 20 19 -5.0%
Ps 77 7 -90.9%
P 4 62 1450.0%
P1o 10 12 20.0%
Average 20.1 235 194.3

Allied to the increase in the occurrence of intense and very intense rainfall (194.3%), there
will be an increase of 13.3% in consecutive dry days (CDD) when comparing the past and future
periods. In all simulation grids there will be an increase in CDD, with grid P3 having the lowest
CDD increase (5.11%), and the highest in grid Ps (25.11%).

The occurrence of very wet days (R95p) will increase by 0.7% when comparing the past
and future periods, with rainfall with percentiles above the 95" predicted to occur with the same
frequency when comparing the analyzed periods. The R95p had great variability in the study
area with some simulation grids increasing and others decreasing.

The grids of greatest increase in R95p (P1, P3, Ps and Pe) are in the municipalities of
Paraibuna and Sdo Luiz do Paraitinga, where there is a medium and high frequency of
landslides. This indicates that there is a probable tendency to increase the frequency of
landslides, since the increase in the 95" percentile precipitation events will occur in the most
propitious areas for landslides.

The Maximum 5-day precipitation amount (Rx5day) demonstrates an increase of 15.8%
between the past and future periods, but with certain specificities that need to be analyzed. The
grid P7 is in the northeast region of the study area and was the only one with an increase between
the periods analyzed, which was very intense (160.8%). The results indicate that grid P7 will be
strongly influenced by the Atlantic Ocean, with an increase in the frequency of uninterrupted
rainy days. The results from other simulation grids demonstrate a decrease of Rx5day when
comparing the past and future periods. If the grid P; was excluded from the average, the
decrease between the analyzed periods would be -2.3% (Table 7).

Table 7. ETCDDI index in the study area

CDD (days) R95p (mm) Rx5day (mm)

Grid 1971-2000 2021-2050 A% 1971-2000 2021-2050 A% 1971-2000 2021-2050 A%
P1 18.7 213 13.7 231.3 239.0 33 100.8 99.7 -11
P2 16.6 18.1 9.0 235.6 2353 -0.1 94.8 88.1 -7.1
Ps 18.3 19.2 51 268.5 282.2 51 113.3 111.3 -1.8
Ps 22.4 24.8 10.8 163.5 165.8 1.4 71.4 72.7 1.8
Ps 17.7 20.0 125 253.8 266.5 5.0 103.5 103.2 -0.2
Pz 16.4 17.7 7.7 262.9 255.1 -3.0 97.8 255.1 160.8
Ps 19.6 24.6 25.1 173.0 170.0 -1.7 71.7 71.6 -0.1
Po 14.4 16.6 15.1 394.8 386.2 -2.2 147.6 140.7 -4.7
P10 17.8 21.6 21.1 2443 240.5 -1.6 86.3 81.8 -5.2

Average 18.0 20.4 13.3 2475 249.0 0.7 98.6 113.8 15.8
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This indicates that the precipitation events tend to be more concentrated, increasing the
occurrence of landslides specifically in the areas where they occur with medium and high
frequency (municipalities of Paraibuna and S&o Luiz do Paraitinga), especially when combined
with the increase in 3-day consecutive precipitation events.

For the definition of the landslide trigger threshold, the PPDC parameters were used, which
were developed by Santoro et al. (2010), and which consider the accumulated rainfall in 72
hours as the main trigger of landslides.

The results suggest that in the past period the grid Ps had the highest occurrence of
accumulated precipitation in 72 hours (63 occurrences above the threshold) and low frequency
of landslides due to the low presence of urbanized areas and bare soil. The other grids that had
greater occurrence of precipitation above the thresholds that trigger landslides were P1, P3, Pe
and Pz, which are located in the municipalities of Paraibuna and S&o Luiz do Paraitinga, which
have medium and high frequency of landslides, respectively, thus justifying their occurrence.

For the future period, the models predicted the permanence of the areas with the highest
occurrence of accumulated precipitation above the threshold that triggers landslides, with the
grid Pg having the highest incidence (49 occurrences above the threshold). However, the grids
located in the areas of medium and high frequency of landslides will suffer a strong increase in
precipitation above the threshold that triggers landslides (P1 60.0%, P3 25.0% and Pg¢ 40.0%).

The comparison between the past and future periods indicates a strong increase (31.8%) in
the occurrence of precipitation above the threshold of 72 hours of accumulated precipitation
that triggers landslides, as used by the PPDC. If considering only the grids located in the
municipalities with medium and high frequency of landslides this increase may reach 41.6% by
2050 (Table 8).

Table 8. Incidence of accumulated precipitation above the threshold that triggers landslides.
(1971-2000) (2021-2050) A

24h 48h 72h 24h 48h 72h 24h 48h 72h

Grids 60mm 80mm 100mm 60mm 80mm 100mm 60 mm 80 mm 100 mm

P 4 6 5 3 6 8 -25.0%  0.0%  60.0%
P2 3 5 3 1 4 3 -66.7%  -20.0%  0.0%
P 3 5 8 5 10 10 66.7%  100.0%  25.0%
Ps 2 3 2 1 3 3 -50.0%  0.0%  50.0%
Ps 3 4 5 2 9 7 -33.3%  125.0%  40.0%
P 3 8 5 2 6 5 -333%  -250%  0.0%
Ps 1 1 1 1 3 3 0.0%  200.0% 200.0%
Ps 9 47 63 18 33 49 100.0% -29.8%  -22.2%
P1o 1 4 3 0 0 1 -3330% -100.0% -66.7%

Average 3.2 9.2 106 108 82 99  -157% 27.8%  31.8%

4. CONCLUSIONS

This study conducted an analysis of the change in precipitation between the past (1971-
2000) and the future (2021-2050) in order to analyze the profile of rainfall in the study area,
which is one of the main elements that triggers landslides.
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The results predict that there will be an increase in consecutive dry days (13.3%), followed
by a large increase in the occurrence of intense and very intense rainfall (194.3%) when
comparing the analyzed periods, pointing to a future scenario of intense and concentrated
rainfall without major changes in land use and cover in the future.

The accumulated rainfall of 72 hours obtained in this study and used as a critical
operational threshold for the triggering of landslides by Sdo Paulo State Civil Defense
Preventive Plan predicts an increase in the occurrence of landslides of 31.8% comparing the
past and future periods, and in the municipalities with medium and high frequency of landslides
(Paraibuna and S&o Luiz do Paratinga) the increase of precipitation of 72 hours that triggers
landslides will be 41.6% by 2050.
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