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Abstract Rainfall is recognized as one of the main factors

that influence the triggering of landslides in mountainous

regions. The city of Nova Friburgo, which is located in the

elevated regions of Rio de Janeiro—Brazil, suffers con-

stantly from landslides usually associated with extreme

rainfall events. Under this framework, an empirical study

was conducted to analyze records from the rain gauge Ypu

jointly with landslides dataset in order to define accumulated

precipitation thresholds associated to the occurrence of mass

movements in the referred municipality. In addition, we

examined the relationship between the Ypu rainfall dataset

and the rainfall estimated by Tropical Rainfall Measuring

Mission (TRMM) satellite for the pixel in which the rain

gauge Ypu is located to assess the representativeness of both

types of measurements in our case study due to the rugged

features of the relief. The TRMM data revealed a similar

behavior to the Ypu in situ data surface, highlighting a cor-

relation of 0.5 (R2 = 0.25). The study showed that the

integrated analyses between the rainfall and landslides pro-

vided important information to contribute to decision mak-

ing in the city of Nova Friburgo—RJ, especially with regard

to the issuance of warnings and alerts to the responsible

agencies and population.

Keywords Landslides � Rainfall thresholds � Mountainous

regions � Nova Friburgo—RJ � TRMM � GIS

Introduction

The mountainous region of Rio de Janeiro (Região Serrana

do Rio de Janeiro—RSRJ), located in the mountain ridge

named Serra do Mar, suffers constantly with problems of

landslides and floods, which are almost always associated

with intense rainfall events and sometimes with long-term

rainfall. The beginning of the year 2011, for example, was

marked by multiple landslides in this area, which, due to its

magnitude and incalculable human losses, shook the entire

country. Nova Friburgo was one of the most affected

municipalities, and this event became known as ‘‘Mega

Disaster’’ with international repercussions, and the United

Nations Organization (UN) classified it as the 8th worst

slide in world history, also considered the greatest weather

disaster in Brazil’s history. Thousands of slides (close to

3000 slides) were identified in Nova Friburgo between

January 11 and 12, 2011, using geoprocessing, satellite

images and visual mapping (SMADUS 2013).

Problems related to landslides occur in cities across the

world. Dowling and Sant (2013) addressed the global
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impacts of debris flows in the period 1950–2011, providing

evidence that higher numbers of deaths tend to occur in

developing countries. The analysis also indicated that the

most common trigger for fatal events is the extreme pre-

cipitation, due to atmospheric phenomena events such as

cyclones and monsoon storms; however, more rare events

not directly related to rainfall such as earthquakes are the

ones that tend to create streams debris with the greatest

total of deaths. Seluchi and Chou (2009) conducted a study

for the mountainous region of Serra do Mar—southeastern

Brazil, where he identified that the sliding events were

mainly related to the presence of the South Atlantic Con-

vergence Zone (SACZ) or to the passage of cold fronts.

Furthermore, we identified synoptic patterns associated

with these weather events, noting that these systems differ

from the climatologic studies, showing more intense fea-

tures for frontal systems and a movement setting locked

configuration for SACZ affected events. The study aims to

help predict weather conditions that cause landslides in the

Serra do Mar, since such patterns can be identified between

72 and 48 h in advance.

Different studies have been conducted with the aim of

contributing to the solution of problems related to land-

slides, seeking to minimize losses and material and human

damage. Most of these research works focuses on estab-

lishing a rainfall threshold, hereafter simply called

threshold, based on correlation between rainfall and land-

slides as a support to warning systems emphasizing the

worth of such relationships as recognized in the literature

(Tatizana et al. 1987a, b; Lumb 1975; Costa Nunes 1982;

Soares 2006), among others. Usually these studies, though

physically based, are empirical, since the peculiarities of

each region might influence considerably the results.

There are many factors that influence the outbreak of

landslides beyond the precipitation itself (e.g., climatic

conditions, soil type, vegetation cover, slope and among

others). Therefore, detailed studies are needed to recover

aspects of geological and geomorphological of the con-

sidered region, among other features, which are not,

unfortunately, readily available to allow obtaining rainfall

rates that could serve in principle as a better and reliable

guideline for warning of slipping on slopes, taking into

account mainly physical–mathematical models. On the

other side, it is possible to make a correlation between

landslides and rainfall records, making the process much

more streamlined in the absence of detailed information.

Thus, this type of study is in a certain sense more tailored

for operational purposes as it also provides reliable and

straightforward results whenever critical thresholds of rain

can be established (Keefer et al. 1987; D’orsi 2011). Sen-

gupta et al. (2010) reported the success of such alternative

approach in which the study identified a landslide threshold

if the 15-days normalized cumulative rainfall exceeded

250 mm. However, it is worthwhile to mention that it is not

always possible to obtain precipitation thresholds by a

certain mathematical expression, such as the exponential

relationship between accumulated rainfall and duration of

rain, which is the most used.

Indeed, the thresholds are important elements in warning

systems, which, in turn, must be composed of several other

basic components such as rainfall forecasting, nowcasting,

monitoring real-time rainfall with the support of weather

radar, satellites and rain gauge network, as mentioned by

Aleotti (2004), whose work reinforces that this type of

correlation is highly dependent on the quality of the data-

base used and highlights the importance of determining

accurately the time of onset of the critical precipitation and

time of the collapse. In addition, Glade et al. (2000) showed

regional differences in susceptibility of certain areas under

the same condition trigger due to in a study developed for

northern New Zealand, in which the authors calculated

thresholds using an empirical model of daily rainfall that

combines the antecedent precipitation and precipitation on

the day of the event. These differences relate both to the

database sliding as to the variation of the existing physical

conditions between regions. Wasowski (1998) stated that

there are several problems when attempting to establish

specific correlations between rainfall and landslides,

including the effect of anthropogenic changes, the vari-

ability in precipitation patterns and the physical difference

between landslides differing for time periods. Guzzetti et al.

(2008) established new global thresholds of intensity-du-

ration rainfall based on a Bayesian statistical approach. The

limits obtained were lower than the overall thresholds pre-

viously established, indicating that shallow landslides and

debris flows could be triggered by rainfall conditions less

severe than known hitherto.

A good knowledge of the area to be studied is funda-

mental for the analysis of both rainfall and landslides. In

this sense, the use of GIS (Geographic Information System)

and remotely sensed images can contribute to a better

understanding of the geology and geomorphology of the

region of interest. It is evident that, for the study of natural

disasters, an interdisciplinary approach would be recom-

mended because currently there is a major limitation in

explaining the nature of certain phenomena. On the other

hand, due to this restriction, many studies focus on quan-

tification of these accidents based only on rainfall datasets

(Lifen et al. 2013). This work addresses the relationship

between rainfall and landslides by conducting a physical-

based empirical study with the objective to establish rain-

fall thresholds from the occurrence of mass movements in

Nova Friburgo, Rio de Janeiro. The thresholds obtained

from rain gauge data of just 3 years long were then faced

with rainfall satellite measurements acquired by TRMM

(Huffman et al. 2007).
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Materials and methods

Study area

The study area is the municipality of Nova Friburgo,

located in the mountainous region of the state of Rio de

Janeiro, Brazil (Fig. 1). The municipality has a total pop-

ulation of 173,321 inhabitants and covers an area of

938.5 km2, whose coordinates are latitude 22�1605500S and

longitude 42�3105200W, with an average altitude of 846 m.

Its main economic activities are tourism, horticulture, goat

farming and industry (SMADUS 2013). The climate is

quite humid and mild, predominantly associated with the

Atlantic Forest biome (IBGE 2007), currently in advanced

stages of deforestation, with replacement by pasture and

agriculture. The soils are slightly thick and subject to the

process of leachate with high vulnerability for occurrence

of mass movements. The relief is very heterogeneous and

uneven, with the presence of mountains and valleys in

almost its entire length (Dantas et al. 2001).

The slope is an important factor for the occurrence of

landslides. Figure 2 shows predominant high slopes

throughout Nova Friburgo, which are striking features of

RSRJ.

Dantas et al. (2001) suggests that these extensive

mountainous areas (cliffs, mountains and hills) should be

intended primarily for the preservation and restoration of

the Atlantic Forest, associated with the implementation of

agro-forestry and forestry systems and a low density or

ecotourism, and not for urban occupation. Considering the

fact that the urbanization is a trigger to landslides, Fig. 3

shows the use and soil occupation of the region, which

includes the large urban area, the main place where there

are landslide occurrences in the city. These aspects cor-

roborate with Nunes (2015) that considered the landslides

have as many human actions contributing to change the

unstable balance of the slopes, where rampant occupation

that alters these local low thresholds of stability, especially

in the humid tropical environment, strong contributor to the

advent these events, which are related to the disorderly

occupation of risk areas and various human actions (re-

leases and concentration of rainwater leaks in the water

network, excessive slopes in cuts, landfills run improperly

and removal of vegetation) and as with the rainfall, the

Fig. 1 Location map of the study area—Nova Friburgo, RJ

Environ Earth Sci (2016) 75:1358 Page 3 of 12 1358

123



triggering element of such occurrences. According to

Cascini et al. (2005), several situations may occur with

respect to landslide hazard in which urban areas are con-

cerned, which highlights large landslide zones that are

generally affected by slow movements that may be per-

manent or occasional; old villages or new urban areas may

extend onto these unstable areas. First, because an active

landslide zone generally presents a gentler slope than

adjacent stable zones and thus is assessed as more favor-

able for settlements; then because the fast development of

the suburbs of a city located in a valley may induce

inhabitants to occupy unstable slopes in the vicinity of the

city center, where stable areas are not available. Some

examples highlight that the major risks in urban areas

derive from the unplanned development during centuries as

well as from the growth of marginal housing in landslide-

prone areas which imply cut and fill in slopes without

appropriate design, construction of leaking sewage and

water pipes and a concentration of flow in creeks during

rainfall events that accelerate the erosion process and

destabilize the slopes along their banks.

Data collection

The following datasets were used for this research work:

• Rain gauge—record derived from a weather station from

environmental agency of the state of Rio de Janeiro

(INEA—Instituto Estadual do Ambiente), which pre-

sents daily rainfall for the area of study covering the time

period from November 2008 to December 2011; the

study examined the data of rain gauge Ypu with latitude

22�1704500S and longitude 42�3103500W;

• Landslides—information provided by the Civil Defense

of the municipality of Nova Friburgo/RJ, with the

number of landslides between January 2008 and

December 2011;

• TRMM rainfall—dataset provided by algorithm 3B42

V7 (Huffman et al. 2007), with a spatial resolution of

0.25� 9 0 25� and temporal resolution of 24 h for the

3-year period from November 2008 to December 2011,

covering latitudes between 22.25�S and 22.50�S and

longitudes between 42.50�W and 42.75�W, correspond-

ing to the pixel containing Ypu rain gauge.

Fig. 2 Map of slopes
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Methodology

Initially, we sought to identify the location with the highest

concentration of slip events based on latitude and longitude

of the neighborhoods. A review of four rainfall stations

available with minimum time series of 3 years was pro-

ceeded. Rainfall correlation matrix of these posts/stations

highlighted theYpu station as representative of the rainfall in

the region affected by landslides. Then, an evaluation of the

precipitation measured at Ypu station was performed for the

period of study in contrast to the dataset obtained from the

climatological precipitation of Nova Friburgo (1961–1990),

which was developed based on a weather station of the

Brazilian National Institute of Meteorology (INMET—In-

stituto Nacional de Meteorologia), as shown in Fig. 4.

The next step required to set the rainfall thresholds

involved the separation of the records of landslides asso-

ciated and non-associated with rainfall that took place in

Nova Friburgo once landslides can occur due to other

reasons. For this separation, criteria defined by Soares

(2006) (A, B and C) and by Tatizana et al. (1987a, b) (T)

were used. These criteria are, in fact, the minimum volume

of accumulated precipitation that needs to be achieved

before registering the landslide associated with rainfall, and

they are entirely empirical. Tatizana et al. (1987a) devel-

oped the T criterion to differentiate the sliding cases

associated and non-associated with rain in Cubatão—São

Paulo based on an exponential curve

I ACð Þ ¼ K � AC4dð Þ�0:933;

where I(AC), hourly intensity; AC4d, amount of accumu-

lated rain referring to 4 days before the event; K, condi-

tioning parameter to the geotechnical conditions of the

slope, the intensity of landslides and breaking model.

Thus, only the records of landslides plotted above the

curve were associated with rain. Soares (2006) established

similar criteria A, B and C, but more appropriated to Angra

dos Reis—Rio de Janeiro. In the present study to Nova

Friburgo, we use all the criteria mentioned in the definition

of landslide events that may be associated with rain.

Table 1 shows the criteria A, B, C and T computed for 24,

48 and 72 h in advance of the landslide. In order to confirm

that a criterion is met, it is necessary that the accumulated

volume of precipitation reaches the minimum threshold set

Fig. 3 Land use and land cover, highlighted urban areas and landslides
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to 24 or 48 or 72 h. It is worthwhile to note that criterion A

is less rigid, while the T criterion is the most rigorous in

considering the landslide as a consequence of a meteoro-

logical cause. Once keeping in mind this framework of

analysis for classifying slip events, time series of cumu-

lative rainfall for 24, 48, 72 and 96 h are created for each

of the criteria. The threshold is then set based on the

straight line that allows the number of landslides plotted

under this baseline be equal or close to the number of cases

without slip events situated above the referred crosscut.

It was observed that several dates related to precipitation

events that met the less rigorous criterion A were not

included in the database of slip events of the Civil Defense

of Nova Friburgo basically due to two situations:

• The landslide registered in the database occurs a fewdays

after soil waterlogging due to significant accumulated

volume of precipitation before the date of the slip event;

• Significant accumulated volume of rain after the land-

slide (48, 72 and 96 h) due to the accumulated rainfall

that had already caused the slip event in previous days.

In this context, these dates were also considered as asso-

ciated with landslides, although there is no slip event effec-

tively registered in the database of the Civil Defense of Nova

Friburgo in those days, but up to 2 days before or after the slip

events. It is noteworthy that there is a difficulty when working

with databases of landslides, because the registration is done

after the event itself, conditioned to the time in which the

citizen takes to communicate the municipal civil defense.

The comparison between the estimated TRMM rainfall

and the observed precipitation at Ypu station was evaluated

through statistical measures for the entire data period of

analysis. Since TRMM data are provided on standard time

(UTC), while the data of the meteorological station are in

local time, the times of both datasets were synchronized. In

Fig. 4 Ypu station and pixel of TRMM data

Table 1 Criteria A, B, C and T computed for 24, 48 and 72 h in

advance

Criterion Accumulated rain

24 h 48 h 72 h

A 50 mm 60 mm 100 mm

B 50 mm 75 mm 120 mm

C 75 mm 120 mm 150 mm

T 100 mm 150 mm 200 mm
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addition, there was the need to make corrections taking into

account the commonly called summer time in Brazil. The

following statistical indicators were used:

• Sample mean value (SMV)

1

n

Xn

i¼1

Xi

where xi, data value of the variable of interest; n, total

number of data.

• Bias (systematic error)

1

n

Xn

i¼1

Ei � Oið Þ

where Ei, rainfall measured by TRMM; Oi, rainfall

measured by rain gauge; n, total number of data.

• RMSE (root mean square error)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

Ei � Oið Þ2
s

where Ei, rainfall measured by TRMM; Oi, rainfall

measured by rain gauge; n, total number of data.

• Coefficient of variation of the RMSE (CV-RMSE)

CV ¼ RMSE

O

where RMSE, root mean square error; O, average value

of the rainfall measured by rain gauge.

• Linear correlation coefficient (CORR)

Pn
i¼1 Ei � El

� �
Oi � Oi

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 Ei � El

� �2q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 Oi � Oi

� �2q

whereEi, rainfall measured by TRMM;El, average value

of the rainfall measured by TRMM;Oi, rainfall measured

by the rain gauge; Ol, average value of the rainfall

measured by rain gauge; n, total number of data.

Results and discussion

The cumulative amount of rainfall per month in rain gauge

Ypu (columns), monthly climatological rainfall (continuous

curved line), average rainfall at Ypu (continuous straight

line) and climatological average rainfall (dotted straight line)

between the months of November 2008 and December 2011

are shown in Fig. 5. Note that rainfall at Ypu station has

accumulated above themonthly climatological rainfall along

for at least 1 month of the summer quarter (December–Fe-

bruary), while the accumulated rainfall of Ypu station

remained very close to the monthly climatological rainfall in

the winter quarter (June to August). Observe also that the

monthly rainfall for December 2010 and January 2011 was

the highest recorded in the Ypu station within the study

period, both with values[420 mm in those months reaching

almost twice the climatological value. The average precipi-

tation in the Ypu station was 132 mm, while the average

climatological rainfall was 112 mm for the same time

Fig. 5 Monthly rainfall at Ypu station (columns) (mm); monthly climatological rainfall (continuous curved line) (mm); average rainfall at Ypu

(continuous straight line) (mm); climatological average rainfall (dotted straight line) (mm)—November 2008–November 2011
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period; that is, the average rainfall for the rain gauge was

approximately 18 % higher than the average climatological

rainfall between November 2008 and December 2011.

Figure 6 shows the relationship between cumulative

rainfall 24, 48, 72 and 96 h without landslides (blue cross)

to the cumulative rainfall with landslides (red diamonds).

Fig. 6 Accumulated rainfall

distributions for 24, 48, 72 and

96 h in advance with respect to

each day—November 2008–

November 2011; landslides

detected accordingly with

criterion A are marked as

diamonds filled and opened;

straight line depicts the adopted

threshold
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To consider only the landslides associated with weather

causes criterion A was applied, which is based on accu-

mulated precipitation according to Table 1. Thus, the dia-

monds filled in red represent slips registered in the Civil

Defense of Nova Friburgo database that have weather

cause. Empty red diamonds are slips data associated with

weather causes, included due to the delay in landslides

database. In total, 24 dates were marked as fulfilling the

criterion A (red diamonds filled and empty). It was possible

to determine thresholds that discriminate rainfall events

with landslides of those without any records. These values

correspond to the rates of 40 mm in 24 h, 60 mm in 48 h,

80 mm in 72 h and 100 mm in 96 h, in the criterion A (the

least restrictive).

Although the criteria B and C are shown in Table 1, the

results for them were not presented since the application of

Criterion A for the Nova Friburgo municipality was enough

to define rain thresholds that can trigger landslides.

Figure 7 is similar to Fig. 6, but with the application of

T criterion in association landslides by weather causes. The

criterion T is more restrictive than the criterion A with

respect to the selection of which slip event is associated

with rainfall. Because of this, the number of considered

landslides associated with the rainfall diminishes, since it

must meet increasingly higher rainfall rates, making the

thresholds found to have an increasing tendency since the

criterion turns to be more restrictive. However, it is note-

worthy that generally these higher thresholds associated

with more restrictive criteria do not separate only events

with landslides from those without occurrences, but they

identify events made up of multiple landslides and even

major disasters, as shown in Fig. 7, highlighting the dis-

tribution of accumulated rainfall in 24, 48, 72 and 96 h.

According to the rainfall data available for the Ypu station,

only four dates of landslides met this criterion, being three

of them (November, 12, 13 and 14, 2011) associated to the

so-called ‘‘Mega Disaster’’. The thresholds correspond to

rates of 85 mm in 24 h, 130 mm within 48 h, 180 mm in

72 h and 210 mm in 96 h. The data in Fig. 7 warn that

rainfall events that reach these thresholds can be associated

with new disasters in Nova Friburgo.

According to Figs. 6 and 7, Table 2 was produced by

substituting the data Ypu station by precipitation from

TRMM precipitation data (pixel highlighted in Fig. 4).

Although TRMM data have reasonable correlation with

data from Ypu station (correlation 0.5—Table 3) was

clearly identified precipitation thresholds for the occur-

rence of landslides due to weather causes only to criterion

A (32 records). These thresholds are similar to those

obtained with the data of Ypu station also for criterion A.

This result encourages the use of TRMM as an alternative

to in situ data in the City of Nova Friburgo. On the other

hand, the use of T criterion resulted in only 2 slips records

by weather causes, which prevented the detection of a

threshold for the occurrence of landslides.

Table 3 shows the values of Bias, RMSE, coefficient of

variation of RMSE (CV-RMSE) and correlation (CORR)

calculated from the accumulated rainfall in 24 h obtained

by the TRMM satellite and by the rainfall station Ypu for

the period between November 2008 and December 2011.

The results revealed that the TRMM overestimated the

total accumulated rainfall in Ypu station (positive BIAS),

presenting a high RMSE (12.8 mm) and high coefficient of

variation of the RMSE. The correlation (R2 = 0.25) was

significant at the level of confidence of 95 % with value

similar to that observed in other studies that used TRMM

data (Nicácio 2008; Paca 2008; Pedrosa 1994). In terms of

average value, the sample mean for TRMM dataset pre-

sented results very close to that found for the rain gauge

Ypu, with rainfall of 5.4 mm and 4.3 mm, respectively.

Fig. 6 continued
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Fig. 7 Accumulated rainfall

distributions for 24, 48, 72 and

96 h in advance with respect to

each day—November 2008–

November 2011; landslides

detected accordingly with

criterion T are marked as

diamonds filled and opened;

straight line depicts the adopted

threshold
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Conclusions

We conclude that the most urbanized region of Nova Fri-

burgo concentrates most of the records of landslides.

Between November 2008 and December 2011, the summer

seasons presented accumulated rainfall above the clima-

tological rainfall, while the winter seasons behaved very

close to the climatological rainfall in the studied region. On

average, the mean value of the rainfall time series from the

rain gauge Ypu was above the mean climatological rainfall

by 18 %.

The rainfall time series of the rain gauge Ypu allowed

the defining of rainfall thresholds from which landslides in

Nova Friburgo can be forecasted. The values found were:

• Rainfall of 40 mm/h in 24 h or;

• Rainfall of 60 mm/h in 48 h or;

• Rainfall of 80 mm/h in 72 h or;

• Rainfall of 100 mm/h in 96 h.

It should be emphasized that these thresholds were

obtained by the less restrictive criterion ‘‘A’’ because we

showed that this threshold is enough to trigger landslides.

Thus, it is recommended that this criterion should be used

operationally for issuing warnings. The remaining criteria

(B, C and T) have generated thresholds that might lead to

multiple or even catastrophic landslides due to high rate of

accumulated rainfall.

The TRMM dataset proved to be a good alternative to

evaluate the correlation between rainfall and mudslides as

it allowed obtaining thresholds near or equal to those found

with the rainfall data of Ypu station. In comparing the data

from TRMM and the rainfall observed data, the average

values of both series were very close, and the correlation

coefficient, though relatively low (CORR = 0.5), is con-

sistent with those values obtained in other studies that used

TRMM rainfall. It is noteworthy to mention that the

evaluation was performed with a single rain gauge and a

single pixel of the satellite and still showed to be consistent

in this situation, though probably the major factor for

obtaining high values for RMSE. Although it is recom-

mended to use this satellite information on larger spatial

scales, the results indicated that the TRMM data showed a

similar trend with respect to the rainfall measured on the

ground.

The thresholds found for Nova Friburgo might serve as a

basis for issuing weather warnings as well as for the

implementation of an early warning system about the

possibility of large landslides. It is recommended that this

research work be extended for a longer period in order to

be able to evaluate the influences of interannual meteoro-

logical systems at larger scales with rainfall events asso-

ciated with landslides in the studied region. Moreover, it is

also important to compare the spatial information from

weather radar data, which is not available up to this

moment in the region, to TRMM dataset, in order to verify

Fig. 7 continued

Table 2 TRMM rainfall thresholds for 24, 48, 72 and 96 h

Criterion Threshold (TRMM)

24 h 48 h 72 h 96 h

A 40 mm 70 mm 90 mm 100 mm

T a a a a

a Threshold was not obtained by the method

Table 3 Statistical measures

for datasets TRMM and Ypu

station

TRMM 9 Ypu

BIAS (mm) 1.2

RMSE (mm) 12.8

CV—RMSE 3.0

CORR 0.5
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the performance of the remotely sensed satellite data for

different rainfall events. Finally, it is also suggested that

other rainfall rain gauges be installed to provide a better

assessment and understanding of the rainfall spatial dis-

tribution in Nova Friburgo and nearby regions of the

mountainous of RSRJ.
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