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Abstract

Natural disasters and finding suitable areas to dispose of municipal solid waste
(MSW) are two major global challenges, both of which have several influences
in the water resources and are related to climatic change, especially in developing
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countries like Brazil. Currently the risk of natural disasters is not utilized in
the process of locating areas to dispose of MSW. This study, using geographic
information system (GIS), analyzed spatially the susceptibility for landslide
and flooding hazards in MSW disposal sites in Sdo Paulo state, Brazil. The re-
sults showed that more than 90% of sanitary and ditch landfills are located in
null, very low and low hazard classes (P0, P1 and P2). However, in this remain-
ing 10% of landfills we still have approximately 55% of the total municipal solid
waste disposed into susceptible areas with middle, high and very high hazard
classes (P3, P4 and P5). This shows that Sdo Paulo MSW disposal sites need
more attention and control to prevent the occurrence of landslide/flooding and
consequently the mitigation of environmental, economic and social impacts. In
addition, the use of GIS is proved to be an appropriate tool to carry out this
type of analysis, so we recommend that the risk of natural disasters should be
taken into consideration in the process of finding landfill areas. Mainly, be-
cause, there is a tendency for extreme weather events to increase causing more
flood and landslide events and consequently contributing to water scarcity and
water degradation.
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1. Introduction

The Brazilian National Sanitation Policy establishes the principles for the provi-
sion of public sanitation services, such as water supply, sewage treatment and man-
agement of municipal solid waste (MSW) [1]. The proper disposal of solid waste
is intrinsically linked to the preservation of the environment and public health
[2]. It has been identified that the waste production in Brazil is growing in greater
proportion than the population [3]. Thus, the proper final disposal of MSW is of
great importance, because the environmental cost of inadequate provision is re-
lated to the contamination of soil, groundwater and atmosphere [4].

The Brazilian National Solid Waste Policy—PNRS (2010) establishes that just
the untreatable solid waste must be disposed of in landfills, in order to minimize
environmental impacts and prevent damage to public health [5]. According to
PNRS the disposal of MSW in open dumps and uncontrolled landfills should
have ended by the year 2014; however, this did not happen. About 3344 Brazili-
an cities still have their solid waste disposed of in inappropriate places [6]. The
improper disposal of solid waste brings imminent danger to public health, be-
sides being related to recurrent phenomena in Brazil, such as floods and landslides.

In Brazil, few landfills are properly managed, and the risks of natural disasters
in these places are not taken into consideration. The problem gets worse when
solid waste is disposed of in inappropriate places such as hillsides, due to the fact
that the natural process of MSW decomposition causes instability on the ground
surface. With the occurrence of heavy rainfall and human interventions, the soil
becomes unstable and susceptible to landslides, which heightens the erosion and
displacement of soil sediments in rivers, increasing the probability of flooding
and consequently the population vulnerability to disaster risk [7].

According to the Brazilian National Civil Defense Policy, disasters are the re-
sult of damaging effects, which can be caused by natural or human processes on
a vulnerable ecosystem, resulting in economic, social and environmental damage
[8]. The intensity of the disaster depends on the magnitude of the event and vul-
nerability of the system. Natural disasters caused by floods and landslides are some
of the main problems. Every year property and human life losses happen in sev-
eral Brazilian cities [9].

Floods are environmental hydrometeorological problems that are derived from
natural hazard phenomena [10]. The magnitude and frequency of these pheno-
mena is a function of the distribution and intensity of precipitation, water infil-
tration, soil saturation and morphological/morphometric characteristics of the
drainage basin [11]. The intensification of anthropogenic changes in the environ-
ment, such as soil sealing, rectification and siltation of watercourses, makes rain-
water runoff in lowlands and valleys slower than runoff in natural conditions
[12]. According to the Emergency Database—(EM-DAT), in 2014 the victims of
natural disasters in the Americas tripled, compared to the average annual during

2004-2013. In Brazil, with only four floods throughout the year, there were 500
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victims [13].

Land mass movements involve materials that cover the slopes surfaces, such
as rocks, vegetation and soil. These processes are called landslides and occur in
high land and mountainous regions, especially those where the climate is very
wet, such as South and Southeast Brazil. Mass movements are natural processes
that can be intensified by the indiscriminate growth of urban occupation in in-
appropriate places without land use planning [11].

Landslides are a major geomorphological risk and Brazil is among the top ten
countries affected by this kind of natural disaster in the world. Under this cir-
cumstance, the decision makers need tools and instruments to know the risks in
certain areas and, therefore, take preventative measures [14]. This study aims to
identify the susceptibility of landslides and flooding hazard in municipal solid
waste final disposal sites in the state of Sdo Paulo, Brazil. It uses spatial analysis

methods and statistics to consider classes of probability of these hazardous events.

2. Description of the Study Area

Séo Paulo state is the most populous Brazilian state, with approximately 44,396,484
inhabitants in 2015 living in an area of 248,222.362 km’ [15]. Sdo Paulo is also
the biggest producer of municipal solid waste (MSW), generating 39 thousand
tons per day [16] (Figure 1).

3. Methods

The materials used for the development of this study were flood and landslide
hazard maps, published by the Environment Department of the State of Sdo Paulo
in partnership with the FUNCATE and the Geological Survey to identify the ba-
sic unit compartments of the physical environment [17].
To prepare the flood map, Sdo Paulo (2014) calculated the flood hazard index
using (Equation (1)):
P_u =04%(1-SL)+0.3*DD +0.3*HS (1)

where: SL = Slope; DD = Drainage Density, HS = Hydric Surplus.
To prepare the landslide map, Sdo Paulo (2014) developed the landslide
hazard index based on five equations for different slope scenarios (Equations

(2)-(6)):

Scenario 1—Slope between 0° - 6°
P_gse =0.8*SL+0.05*TR+0.05*DD +0.05* HS + 0.05* FI (2)

Scenario 2—Slope between 6° - 12°
P_gc =05*SL+0.125*TR +0.125*DD +0.125* HS + 0.125* FI (3)

Scenario 3—Slope between 12° - 18°
P_ge =02*SL+0.2*TR+0.2*DD +0.2*HS +0.2* FI 4)

Scenario 4—Slope between 18° - 24°
P_gc =0.5*SL+0.125*TR+0.125* DD + 0.125* HS + 0.125* FI (5)
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Figure 1. Map of the state of Sdo Paulo, Brazil. The figure represents the location of Brazil in the globe and the Sdo Paulo state

location in Brazil.

Scenario 5—Slope upper than 24°
P_gc =0.8*SL+0.05*TR+0.05* DD +0.05* HS + 0.05* FI (6)

where: SL = Slope, TR = Temperature Ranges; DD = Drainage Density; HS =
Hydric Surplus; FI= Foliation Intensity.

In the flood and landslide hazard maps, Sdo Paulo (2014) divided the danger
level into six classes PO to P5, where PO is a null probability and P5 is the maxi-
mum probability of the hazardous event occurring. The PO class was set accord-
ing to geomorphological criteria. For example, on the landslide hazard map the
flat areas were classified as PO, likewise, the steep areas on the flood hazard map
were classified as PO. The definition from the limits of P1 and P5 classes was set
following the method of Natural Jenks breaks and were classified as follows: P1
(Very Low), P2 (Low), P3 (Medium), P4 (High) and P5 (Very High).

The geographical coordinates from the final disposal sites of municipal solid waste
for the 645 municipalities in the state of Sdo Paulo were available by CETESB in
spreadsheets used for the assessment of Waste Quality Index (WQI), which is
the basis for the annual Inventory of Solid Waste. Because some of Sdo Paulo’s
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cities use consortia to dispose solid waste, there are currently 420 final MSW
disposal sites cataloged and evaluated by CETESB in 2015.

After visual assessment through RapidEye satellite images for the years 2013
and 2014, provided by the Ministry of Environment (MMA), it was found that
some of the waste disposal sites were dislocated. So the points were edited visually
on the images to correct location errors, and the areas of the sites were defined.

The spatial analysis was performed with the ArcGIS 10.2 software, by overlay-
ing the hazard maps (landslide and flood) and the disposal municipal solid waste
areas assessed by CETESB. Thus, it was possible to conduct a spatial analysis to
check where the landfills are included in each hazard class of landslide/flood
maps and classified statistically how much municipal solid waste is disposed of

in susceptible areas.

4. Results and Discussion

This section presents the spatial and statistical results for the municipal solid

waste disposal sites in each class of flood and landslide hazard maps.

4.1. Landslide Hazard in Municipal Solid Waste Disposal Sites

In order to evaluate the landslide hazard susceptibility of municipal solid waste
disposal sites in Sdo Paulo state (Figure 2) we developed a spatial and statistical
analysis for each hazard class.

It may be noted that the landfills on the Northwest are less susceptible to the
danger of landslide than the ones on the Southeast, closer to the Mantiqueira/Mar
mountain range. It is observed that 392 landfills are inserted in null, very low and
low hazard landslide classes (PO, P1 and P2, respectively); six sanitary landfills and
11 ditch landfills' in the medium hazard landslide class (P3); three sanitary land-
fills and seven ditch landfills in the high landslide hazard class (P4) and only one
sanitary landfill in a very high hazard landslide class (P5) (Table 1).

Table 1. Municipal solid waste disposal sites in the state of Sdo Paulo according to hazard
landslide class.

Landslide Hazard  Number of Ditch Number of Sanitary Ton of MSW/Disposed

Class Landfills Landfills per Day
PO + P1 + P2 313 79 19,257.54
P3 11 6 11,428.84

P4 7 3 8043.59

P5 0 1 150.79
Total 331 89 38,880.76

Source: [16] [17].

'Ditch landfills, is a confining technique of disposal municipal solid waste on the ground without
compaction and consequently with less requirements for implementations used in the state of Sdo
Paulo and regulated by decrees 44,760 and 45,001 both implemented in 2000. This procedure allows
small towns, with a population under to 25,000 inhabitants and daily generation of MSW less than
ten tons, have their waste be disposal without the necessity to implement a landfill [18].
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Figure 2. Map of landslide hazard in MSW disposal sites in the state of Sdo Paulo, Brazil. The quantity of municipal solid waste

disposed by day is in tons, in ditch and sanitary landfills, is represented by circles and triangles respectively. The more waste is

disposed, the bigger is the geometric forms. Ascending order of landslide classes are indicated in ascending order of grayscale. The

map also contains landslides hazard classes, which are represented by color scale.

In Séo Paulo state 5.4% of the ditch landfills and 11.2% of the sanitary landfills
are located in higher classes of hazard landslide (P3, P4 and P5). If we just con-
sider the five largest landfills (Sao Paulo*, Sdo Paulo**, Mau4, Caijeras and San-
tos) they receive together 17,896.67 tons of MSW per day, which is 46% of all
MSW disposed of in the state (Table 2).

Ditch landfills, which are usually the smallest, located in medium, high and
very high landslide hazard classes (P3, P4 and P5) receive daily 76.74 tons of
municipal solid waste. Sanitary landfills, which are usually the large ones, also
located in these same hazard classes P3, P4 and P5 receive daily 19,546.82 tons of
solid waste. Together, sanitary and ditch landfills receive approximately 19,624
tons per day, accounting 50.5% of the total municipal solid waste disposed of in

susceptible landslide hazard areas in Sdo Paulo state (Figure 3).

4.2. Flood Hazard in Municipal Solid Waste Disposal Sites

In order to evaluate the flood hazard susceptibility of municipal solid waste disposal
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Table 2. Municipal solid waste disposed of in landfills that are in middle, high and very
high classes (P3, P4 and P5) of hazard landslide.

Classes Sanitary Landfills = MSW/Day (tons) Ditch Landfills MSW/Day (tons)

P5 Jardindpolis 150.79
Apiai 12.82
Igarata 5.16
Sdo Paulo™ 6550.00 Cristais Paulista 4.17
P4 Santos 1454.82 Barra do Turvo 2.26
Juquia 8.59 Rifaina 2.20
Natividade da Serra 1.99
Redengéo da Serra 1.58
Piquete 9.31
Itariri 7.42
) Divinolandia 5.41
Sao Paulo 5676.56
Pedro de Toledo 5.25
Maua 2585.55
Guapiara 5.06
Caieras 1629.74
P3 Nova Campina 4.36
Itapevi 777.15
Tapirai 4.05
Jambeiro 507.92
Areias 1.81
Santo André 205.70
Itapirapua Pta 1.40
Itaoca 1.27
Ribeira 0.88

Source: [16] [17]. *Landfill located at Av. Sapopemba, n° 22,254—CTL. **Landfill located at Estrada Pro-
fessor Edmundo Rosset, n° 7450—Vila Bela-SP-CDR.

0.39%

.

20.69%___——4

49.53%

29.39%

PO+P1+P2 = P3 = P4 " PS5

Figure 3. Percentage of municipal solid waste disposed of in sanitary and ditch landfills
according to the landslide hazard classes in the state of Sdo Paulo.
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sites in Sdo Paulo State (Figure 4) we developed a spatial and statistical analysis
for each hazard class.

When considering the spatial distribution of municipal solid waste disposal
sites in Sdo Paulo state, it is observed that most of them, about 414, are on hill-
sides or near them, so, in the flood hazard map, these areas are classified as null,
very low and low classes, (PO, P1 and P2) respectively. The six remaining are sa-
nitary landfills and are allocated as follows: three in medium (P3), one in high
(P4), and two in very high flood hazard class (P5) (Table 3).

Although most of the municipal solid waste is disposed of in areas of low
flood hazard we still have the landfills of Santos, Jardinépolis, Peruibe, Guata-
pard, Cachoeira Paulista and Pirassununga situated in areas susceptible to
flooding (Table 4). The other landfills located in middle, high and very high ha-
zard classes, (P3, P4 and P5) receive daily 3339.93 tons of municipal solid waste,
which corresponds to approximately 8.6% of the total solid waste daily disposal
in Sao Paulo state (Figure 5).

—
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Figure 4. Map of flood hazard in MSW disposal sites in the state of Sdo Paulo, Brazil. The quantity of MSW disposed by day is in
tons, in ditch and sanitary landfills, is represented by circles and triangles respectively. The more waste is disposed, the bigger is
the geometric forms. Ascending order of flood classes are indicated in ascending order of grayscale. The map also contains flood

hazard classes, which are represented by color scale.
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Table 3. Municipal solid waste disposal sites in the state of Sdo Paulo according to hazard

flood class.

Landslide Hazard  Number of Ditch Number of Sanitary Ton of MSW/Disposed

Class Landfills Landfills per Day
PO + P1 + P2 331 83 35,540.83
P3 0 3 1683.3
P4 0 1 51.04
P5 0 2 1605.59
Total 331 89 38,880.76

Source: [16] [17].

Table 4. Municipal solid waste disposed of in landfills that are in middle, high and very
high classes (P3, P4 and P5) of hazard flood.

Classes  Sanitary Landfills MSW/Day (tons) Ditch Landfills MSW/Day (tons)

Santos 1454.80
P5 0 0
Jardinépolis 150.79
P4 Peruibe 51.05 0 0
Guatapara 1301.60
P3 Cachoeira Paulista 327.36 0 0
Pirassununga 54.34

Source: [16] [17].

o 413%

013%__ —— ——

4.33%

91.41%
i
PO+P1+P2 = P3 = P4 = P5

Figure 5. Percentage of municipal solid waste disposed of in landfills according to the flood

hazard classes in the state of Sdo Paulo.
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5. Conclusions

This study revealed that the majority of landfills in Sdo Paulo state are located in
landslide and flood hazard low classes (PO, P1 and P2), 93.3% and 98.6% respec-
tively. Although these percentages cover much of the municipal solid waste dis-
posal sites, we still have 8.6% of the generated municipal solid waste settled in
areas of flood hazard and 50.5% in landslide hazard areas. From these findings, it
is noteworthy that some landfills are susceptible to both hazards, such as Santos
and Jardinoépolis. Therefore, we concluded that in Sdo Paulo state approximately
55% of municipal solid waste, which correspond to 21,357.54 tons per day, are
disposed of in susceptible areas for both landslides and flood hazards.

Rain is one of the main factors related to both hazards analyzed in this study.
During floods, rivers need to overflow their limits; many of Brazil’s rivers are
formed through fluvial systems. During a landslide, in addition to geotechnical
conditions of the areas, the accumulated amount of rainfall per time is one of the
most important factors. For this reason, the distribution of rainfall is directly re-
lated to flood and landslide hazards.

Climate models suggest that in the coming decades, there will be a decrease in
the amount of rainfall in Sdo Paulo state, but extreme events, such as heavy rains,
will intensify. Therefore, the number of sites that are located in hazardous areas
can increase, as the amount of MSW is disposed of in susceptible areas. The use
of GIS is proved to be an appropriate tool to carry out this type of analysis, so we
recommend that the risk of natural disasters should be taken into consideration
in the process of finding landfill areas. Mainly, because, there is a tendency for
extreme weather events to increase causing more flood and landslide events and
consequently contributing to water scarcity and water degradation.

These results in this study identified the Sdo Paulo’s MSW final disposal sites,
which require more attention and control to prevent the occurrence of landslides
and flooding. Prevention of these hazards will also reduce the environmental,
economic and social consequences inherent to these events. In conclusion, this type
of spatial analysis can help to promote the mitigation of these hazards and assist
in identifying new areas for siting landfills; and, analysis should take into ac-

count the current scenario of water resources and climate change.
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