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ABSTRACT

The municipality of Petrópolis, in the Serrana Region of the state of Rio de Janeiro, is o� en 
hit by natural disasters, such as landslides. Most of the � mes, such events are triggered by 
meteorological events. Due to this problem, this study was carried out based on the rela-
� onship between atmosphere and soil, to highlight this rela� onship and make it possible 
to draw up strategies for preven� on and mi� ga� on of the impacts of such events. Data 
from the occurrence of landslides, classifi ed according to type, were used in conjunc� on 
with the precipita� on records in the municipality of Petrópolis in a given � me series and, 
through graphic computa� onal tools, correla� ons and temporal and spa� al analysis were 
generated. The preliminary results showed the highest rela� onship between rainfall ac-
cumula� ons and certain slide classifi ca� ons. An example was in the case of mud races, in 
which it showed the rela� onship of these events with the characteris� cs of the place of 
occurrence.
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1. INTRODUCTION

According to the Brazilian Ins� tute of Geography and 
Sta� s� cs (IBGE, 2020), the municipality of Petrópolis, loca-
ted in the Serrana Region of the state of Rio de Janeiro, is 
the 16th in territorial area of the state, and is divided into 
fi ve districts: Petrópolis, Casca� nha, Itaipava, Pedro do Rio 
and Posse. According to Figure 1, the municipality has as an 
important characteris� c the spa� al diversity and land use, 
being formed by rural and urban areas, with an average al� -
tude of 845 meters.

Figure 1. Districts of the City of Petrópolis
Source: Petrópolis City Hall and Google.

The municipality of Petrópolis is located in the Environ-
mental Protec� on Area (APA) of the Mountainous Region of 
Petrópolis, created in 1982, with the Atlan� c Forest as the 
predominant biome, according to the Chico Mendes Ins� -
tute for Biodiversity Conserva� on (ICMBio, 2020). The pur-
pose of the crea� on of this APA was the preserva� on of the 
remnants of the Atlan� c Forest, the sustainable use of natu-
ral resources, the conserva� on of its cultural and landscape 
ensemble, and the improvement of the quality of life in the 
region. However, with the passage of � me and the urban 
development of the municipality, na� ve vegeta� on was re-
placed by secondary vegeta� on or was deforested to give 
way to irregular and disordered occupa� ons (Guerra et al., 
2007), which increases the vulnerability of the region.

The municipality of Petrópolis is mostly located in the 
Piabanha Hydrographic Region (RH IV), and par� ally in the 
Guanabara Bay Hydrographic Region (RH V) (INEA, 2013), 
which are managed by commi� ees that aim, among others, 
to improve the quality of the hydrographic basins and to act 
ac� vely in issues related to pollu� on and deforesta� on in 
that area (INEA, 2020).

The municipality of Petrópolis, which is located in a re-
gion with expressive declivity and relief, is o� en hit by natu-

ral disasters, such as overfl ows, fl oods and landslides - the 
focus of this study. As an example, the Quitandinha River is 
responsible for the largest history of overfl ow occurrences 
in the state, with a rapid response � me to the rains that oc-
cur in the basin’s contribu� on area (Carmo et al., 2018). The 
viability of these events, added to the growing urban occu-
pa� on, some� mes disorganized, exposes the city to events 
that have great destruc� ve poten� al, as it has already oc-
curred several � mes. In 2011, the Serrana Region of the sta-
te of Rio de Janeiro was hit by more than 3,000 landslides, 
resul� ng in the death of thousands of people and genera� ng 
serious damage to the urban and rural infrastructure of the 
region (Coelho Ne� o et al., 2013).

The geological event called landslide has diff erent defi -
ni� ons with small diff erences between them. According 
to Highland and Bobrowsky (2008), it is understood as the 
downward movement of soil, rocks and organic material, 
under the eff ect of gravity, and also the geological forma-
� on resul� ng from this movement. These authors stated 
that the events can be classifi ed according to occurrence, 
extent, movement rate, triggering mechanism, and eff ects. 
It is also possible, within the classifi ca� on of each event, to 
trace some of its predictability and therefore seek mi� ga� ng 
measures.

For it to be classifi ed as a natural disaster, whether in 
cases of landslide or overfl ow, there must be an impact on 
the region in rela� on to the human popula� on or the en-
vironment. Disasters can be well understood if analyzed as 
a result of the complex interac� on between a poten� ally 
harmful physical event, such as those men� oned above, and 
the vulnerability of a society exposed to it, according to Licco 
(2013). These events can have diff erent degrees of impact 
and the people aff ected, as well as the region, can have dif-
fi culty in restructuring that can take years.

Some� mes, landslides and overfl ows occur in the same 
period and even simultaneously, because they are linked to 
the occurrence of rain in the region, which is a major trigger 
for natural disasters. Therefore, it is necessary to know the 
poten� al for extreme events to occur at the site, considering 
possible scenarios as to atmospheric condi� ons. In other 
words, it is necessary to study the region in order to predict 
the reac� on of these occurrences to the extreme weather 
condi� ons.

Intense rains hit the Serrana Region, especially in sum-
mer, characterized as the rainy season. In this � me of the 
year, the biggest occurrences of landslides were registered, 
mainly in the last years. It is worth no� ng that these events 
are the result of a combina� on of geological, geomorpho-
logical, hydrological and clima� c factors, in addi� on to the 
disorderly occupa� on of the slopes, according to Salles and 
Amaral (2013).
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According to D’orsi (2011), in the Southeast Region of 
Brazil, the events of heavy rainfall with consequent slippa-
ge are frequent and over the years dozens of new episodes 
are recorded. In general, as these processes have a serious 
and nega� ve impact on society and the surrounding envi-
ronment, several studies are conducted through diff erent 
methodologies around the world in order to establish and 
be� er understand the rainfall rates capable of triggering 
these events.

Thus, the objec� ve of this work is to sta� s� cally relate 
the events of landslides with the occurrences of rain in the 
city of Petrópolis so that, from this informa� on, the bodies 
responsible for the management of the city (Civil Defense 
and the City Hall of Petrópolis) can always be in synchrony 
with professionals from each of the areas concerned and, 
consequently, use this informa� on to draw up strategies for 
preven� on, guidance, mi� ga� on and resilience in the case 
of events.

2. DATA AND METHODS

F or this study, data from the occurrences of landslide 
events in the municipality of Petrópolis, between the years 
1940 and 1990, obtained by the Ins� tute of Technological 
Research (Insti tuto de Pesquisas Tecnológicas – IPT), were 
used. The IPT counted on data acquired from direct observa-
� ons, personal reports and records in newspapers and ma-
gazines published at the � me. The authors also used data 
from landslides between 2000 and 2015, provided by the 
Laboratory of Cartography (GEOCART) of the Department of 
Geography of the Federal University of Rio de Janeiro, and 
they were approached with diff erent methodology in rela-
� on to data from the previous period.

The data of the landslides were correlated with the pre-
cipita� ons of the Petrópolis rain sta� on, of the IPT - Post 1, 
located in the fi rst district of the municipality. Together with 

this informa� on, the vic� m counts associated with each re-
corded event were considered, in order to relate the type of 
event to the poten� al danger it presents.

The recorded slide events were previously classifi ed by 
GEOCART, in fi ve categories, according to the IPT method-
ology: slide (E), block fall (QB), block rolling (RB), mud race 
(CL), and miscellaneous (D), as adapted in Table 1.

From the data obtained by the IPT and GEOCART ins� -
tutes (each in a given period and according to the volume 
of data for each period), separate analyses were carried out 
for each set of informa� on. This grouping was done in order 
to present a temporal analysis of the IPT data, between the 
years 1940 and 1990, and a spa� al analysis of the GEOCART 
data, between the years 2000 and 2015.

In order to elaborate the rela� onship between the oc-
currences of events, the classifi ca� on regarding the type of 
geological event and the accumulated rainfall in the sta� on, 
the data was processed so that spurious rainfall recording 
data could be excluded. The data processing evaluated the 
incidence of systema� c errors in the recording of rainfall in 
the rain gauge used. A� er being analyzed and confi rmed as 
spurious, the data were disregarded in the analysis.

The data analysis was done through mathema� cal and 
graphical computa� onal tools, being performed in stages. 
The mathema� cal and graphical computa� onal tool used 
was the R program, executed through the Rstudio so� ware. 
As a graphic tool, the spa� al geoprocessing program QGis 
was used. Both programs are free. Through the R program, 
where the data treatment was performed, results related to 
the occurrences of events and accumulated rain in temporal 
analysis were generated, using the correla� ons and averag-
es as sta� s� cal metrics, for example. In rela� on to the QGis 
program, products of spa� al analysis were generated based 
on the points of occurrence of events in the municipality.

Chart 1. Slide Classifi ca� on

Code Classifi cati on Type of event

E Slide It groups the terminologies related to soil movement used by newspapers: 
falling barriers, sliding, crumbling and slipping

QB block fall Cases related to the detachment of blocks and rock slabs with free fall move-
ment

RB block rolling Cases related to the rolling of boulders and blocks of rock

CL mud race Material mobiliza� on processes involving soil and rock, with large amounts of 
water, developing along drains

D miscellaneous Cases where there was a lack of clarity in the informa� on. E.g.: landslide, 
which could be related to slippage or collapse of a building, undermining, etc.

Source: Adapted from database of the Ins� tute of Technological Research, São Paulo.
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Due to methodological diff erences between the ins� -
tutes men� oned, the total number of relevant cases, a� er 
data processing and spurious data removal, was discrep-
ant: for example, the data counted by IPT showed a higher 
number of cases compared to those counted by GEOCART, 
which did not take into account personal reports and news, 
for example.

Correla� ons were made using informa� on made avail-
able on the Petrópolis City Hall website regarding maps and 
cartography, based on data from the Geographic Informa-
� on System (GIS), in which maps were obtained with infor-
ma� on on hydrography, popula� on density, urban and rural 
occupa� on of the region, among others. Among the most 
relevant data are those obtained in the Shu� le Radar Topog-
raphy Mission (SRTM) for the year 2000, such as those relat-
ed to al� tude, relief and slope, which were georeferenced 
with the records of landslides in the municipality, in order to 
establish a spa� al rela� onship between the events.

3. RESULTS AND DISCUSSIONS

In Figures 2a and 2b are the histograms with the total 
number of landslides per decade. In both periods there is a 
tendency to increase the number of cases. Most of the reg-
istered cases were classifi ed as slippages, according to the 
coun� ng of both ins� tutes. Even if the data regarding slip-
ping cases and unclassifi ed cases were extracted from the 
analysis, a tendency of increase in the number of landslide 
occurrences would be observed over the decades, even if a 
decrease in these records occurred, as in the 1950s (Figure 
2a). This trend is also present in the GEOCART informa� on, 
although its data series is not as extensive as that of the IPT. 
It was observed that in six years, between 2010 and 2015, 
about 80% of the total cases observed in the previous de-
cade, from 2000 to 2009, were recorded (Figure 2b).

Figure 2a (Left ). Total landslides per decade for the IPT between 
1940 and 1990, excluding cases of slippage and those not 

classifi ed.

 Figure 2b (Right). Total landslides per decade referring to 
GEOCART between 2000 and 2010.

This trend found in Figures 2a and 2b was also observed 
in a very expressive way in Figure 3a, which indicates the 
density of landslides in the periods under analysis according 
to the TPI. In Figure 3b, in rela� on to GEOCART, the records 
of accounted events showed a posi� ve peak in the total of 
events in 2011 and a decrease in the years 2014 and 2015, 
which can be a� ributed to the occurrence of meteorological 
events in those years.

Figure 3a and Figure 3b. Density of slides counted by IPT (le� ) and 
GEOCART (right).

Figures 4a, 4b, 4c and 4d show the temporal distribu� ons 
of the 24h, 48h, 72h and 96h rainfall accumula� ons, respec-
� vely, in rela� on to the type of event and number of fatali-
� es. The largest records were the slippage cases, which were 
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not related to the precipita� on, as well as those events clas-
sifi ed as diverse, where it would not be possible to establish 
correspondence. Therefore, these data could be hidden in 
this correla� on, besides being disregarded in these results. 
Together with these results, for each event the vic� m count 
was considered in order to profi le the destruc� ve poten� al 
of the types of landslide treated. A greater correspondence 
between Mud Running (CL) events was observed, with high-
er precipita� on and vic� m count values, especially for the 
48h and 72h accumula� ons.

The diff erence between the data volume of the ins� tutes 
proved to be an important criterion to be considered in the 
approach of the data of each ins� tute, making it necessary to 
adapt the results for the volume and type of data obtained. 
Thus, in the GEOCART data, the correla� on between the 
events and the precipita� on records was not sa� sfactory.

Using the same data for IPT, in Figures 5a, 5b, 5c and 5d, 
there are boxplots for the 24h, 48h, 72h and 96h accumulat-
ed, respec� vely. One can no� ce a smaller dispersion of data 
in the event CL when related to the accumulated of precip-
ita� on, mainly in the accumulated of 72h, even considering 
outlier points.

Figures 6a, 6b, 6c and 6d show, respec� vely, the rela-
� onships established for the 24h, 48h, 72h and 96h (from 
1940 to 1990) accumulated precipita� on, Smooth func� on. 
This func� on has shown, in a so� ened form, a tendency of 
increasing the precipita� on accumula� on in the sta� on in 
rela� on to the 24h accumula� on (Figure 6a), with small dis-
persion between the data. In rela� on to the trend in 48h 
(Figure 6b), stability was observed among the accumulated, 
but with greater dispersion among the data, mainly at the 
beginning of the � me series. In the 72h and 96h trends (Fig-
ures 6c and 6d) similar behaviors were observed, with less 
marked eleva� on and greater dispersion at the beginning of 
the � me series.

In Fi gures 7 and 8, with the data obtained with GEOCART 
from 2000 to 2015, one can fi nd, respec� vely, the al� tude, 
relief and slope of the region (obtained from the SRTM prod-
uct) and the spa� al distribu� on of landslide occurrences. 
Based on urban occupa� on data, it was possible to establish 
a rela� onship between landslide events with relief and land 
use. The cases of landslides are related to downward move-
ments of materials in downhill regions, under the eff ect of 
gravity. Consequently, regions of lower al� tude, lower areas 
near these higher slope points, are more aff ected by these 

Figures 4a (upper right). Correla� on between the types of landslide and the number of vic� ms with the accumulated 24-hour rainfall 
in a � me series related to the IPT. Figure 4b (upper left ). Correla� on between the types of landslide and the number of vic� ms with the 

accumulated 48-hour rainfall in a � me series related to the IPT. Figure 4c (bott om right). Correla� on between the types of landslide 
and the number of vic� ms with the accumulated 72-hour rainfall in a � me series related to the IPT. Figure 4d (bott om left ). Correla� on 

between the types of landslide and the number of vic� ms with the accumulated 96-hour rainfall in a � me series related to the IPT. 
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Figures 6a (upper right). Smooth func� on of the 24h accumulated precipita� on trend in � me series referring to the IPT. Figure 6b 
(upper left ). Smooth func� on of the 48h accumulated precipita� on trend in � me series referring to the IPT. Figure 6c (bott om right). 

Smooth func� on of the 24h accumulated precipita� on trend in � me series referring to the IPT. Figure 6d (bott om left ). Smooth func� on 
of the 24h accumulated precipita� on trend in � me series referring to the IPT.

Figures 5a (upper right). Boxplot of the types of landslide by the accumulated rainfall in 24h for IPT. Figure 5b (upper left ). Boxplot 
of the types of landslide by the accumulated rainfall in 48h for IPT. Figure 5c (bott om right). Boxplot of the types of landslide by the 

accumulated rainfall in 72h for IPT. Figure 5d (bott om left ). Boxplot of the types of landslide by the accumulated rainfall in 96h for IPT.
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events and face greater consequences. However, this study 
area can s� ll be be� er explored and developed as it is rele-
vant and essen� al in several sectors.

Figure 7. SRTM product with al� tude, relief and slope data for the 
region, 2000.

Source: Petrópolis City Hall and Google.

Figure 8. Spa� al representa� on of the GEOCART landslide points 
for the period between 2000 and 2015.

4. CONCLUSIONS

This work highlighted the close rela� onship between soil 
and atmosphere studies. Combining these issues is benefi -
cial when it comes to management. Likewise, it would be 
possible to integrate other areas of knowledge in order to 

op� mize processes and be� er understand the causes, im-
pacts and consequences of a given phenomenon.

The observed results show the tendency of increase in 
the events of landslides over the years, as well as a certain 
tendency of increase in the accumula� on of precipita� ons, 
mainly referring to 24 hours. This tendency to increase the 
occurrence of events shows that there is a real need to know 
the types of events, their causes and damages, in order to 
try to predict the occurrence of these phenomena so that 
ini� a� ves can be taken in the short term to minimize the 
consequences. In cases of CL, for example, where there is a 
greater rela� onship between the accumulated rain and vic-
� m count, the accumulated 72h (3 days before the event) 
showed greater associa� on with the occurrence of the 
events, as well as had some rela� onship with the accumu-
lated 24h, 48h and 96h. Factors such as these, associated 
with a study of the treated region, can be taken into consi-
dera� on when drawing up preven� on plans for the events 
in order to reduce the danger and consequently the damage 
that can be caused.

It is observed that meteorological events are related to 
the largest number of occurrences of landslides, mainly in 
the Serrana Region, which in its characteris� c is formed by 
relief and declivity. Adding these factors to the land use in 
the region, it is possible to have as a result the most vul-
nerable places in cases of landslides and it is necessary to 
have be� er strategies together with the responsible agen-
cies. According to Figure 8, in the region with the highest 
urban occupa� on, 1st District of Petrópolis, the number of 
landslide events was higher in rela� on to other districts. This 
same region, as seen in Figure 7, is between points of higher 
relief and al� tude.

Finally, the integra� on of studies from diff erent areas is al-
lied to risk and disaster management. In addi� on, knowled-
ge in these areas can be applied to various occurrences. The 
Municipality of Petropolis is commonly aff ected by extreme 
events (landslides and overfl ows) and city departments, 
such as the Civil Defense, for example, need to act together 
with technical professionals in order to be� er understand 
the par� culari� es of the region and the events that aff ect it.
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