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ABSTRACT  
 

ÁVILA DÍAZ, Álvaro Javier, M.Sc., Universidade Federal de Viçosa, February, 
2016. Extreme rainfall indices in Brazilian mountain regions and potentially 
induced hydrological hazards. Adviser: Flávio Barbosa Justino. Co-Advisers: 
Carlos Fernando Lemos and Marcelo Cid de Amorim 
 

In order to understand the rising number of flash floods and mass movements in the 

densely populated region of southeastern Brazil, this study analyzes the spatial and 

temporal changes in precipitation from 1978 to 2014. We focus on the sensitivity of 

mountainous regions, specifically the Rio de Janeiro (RJMR) and Santa Catarina 

(SCMR) regions. Daily rainfall observations are aggregated into annual and seasonal 

indices, and RClimdex is used to evaluate a suite of precipitation and extreme event 

indices. Results show positive annual and seasonal precipitation trends during all 

seasons except for the winter season in the RJMR. Diverse change points in their 

time series, spatial differences in the trends at individual stations, and trends 

associated with elevation suggest that despite the close proximity of these two 

regions, climate impacts are not uniform across all of southeastern Brazil. Climate 

mechanisms responsible for the observed precipitation trends are identified, but 

additional work is needed to isolate the causes. Statistically significant positive 

correlations are discovered between mass movements/flash floods events and annual 

maximum 1–day and 5–day consecutive precipitation, and these indices may be 

useful indicators of natural hazard events for this region. 

 

  



 

  x 
 

RESUMO 
 

ÁVILA DÍAZ, Álvaro Javier, M.Sc., Universidade Federal de Viçosa, fevereiro de 
2016. Índices extremos de precipitação nas regiões montanhosas de Brasil e seus 
potenciais riscos hidrológicos. Orientador: Flávio Barbosa Justino. Coorientadores: 
Carlos Fernando Lemos e Marcelo Cid de Amorim 
 

O recente aumento do número de inundações e movimentos de massa na região 

densamente povoada no sudeste do Brasil, o presente estudo analisa as alterações 

espaciais e temporais na precipitação durante o período de 1978-2014, nas regiões 

montanhosas dos estados brasileiros do Rio de Janeiro e Santa Catarina. Avaliou-se a 

presença de tendência nas series sazonais, anuais e do conjunto de índices extremos 

de precipitação onde foi usado o software Rclimdex. As series são calculados a partir 

das series precipitação diária. Com base nos resultados observou-se que nas escalas 

anuais e sazonais se tem um aumento de precipitação, exceto para a temporada de 

inverno na região montanhosa de Rio de Janeiro. Além disso, foram encontradas de 

mudanças abrutas em diferentes anos para as séries de tempo analisadas, diferenças 

espaciais nas tendências em estações individuais e tendências associadas com 

elevação sugerem que apesar da proximidade destas duas regiões, os impactos do 

clima não são uniformes em todo o sudeste do Brasil. Os mecanismos de clima 

responsáveis pelas tendências de precipitação observada são identificados, mas 

trabalho adicional é necessário para isolar as causas. Por outro lado, o número de 

desastres naturais de tipo hidrológico como os movimentos de massa/enchentes estão 

aumentando. Este tipo desastre mostrou correlações positivas significativas com os 

índices 1-day (máximo de precipitação anual em um dia) e o 5-dias (máximo de 

precipitação anual em cinco dias consecutivos), sendo assim índices que podem ser 

úteis indicadores de eventos de risco hidrológicos para estas regiões. 
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CHAPTER 1.0  

 

GENERAL INTRODUCTION 

 

Hydrological hazards such as flash floods, droughts, and mass movements 

cause significant losses to the agriculture and hinder economic development 

throughout the world (e.g., Devereux 2007, Middleton and Sternberg 2013). The 

resultant social, environmental, and economic effects created by these hazards in 

densely populated areas such as Brazil, Europe, and Asia have led government 

institutions to evaluate advanced and dynamic approaches to forecasting the severity 

of these events (Bof et al., 2013; McCright e Dunlap, 2003).  

In addition, statistical methods and on-site observations have been used to 

support decision makers in mitigating drought impacts (Anderson et al., 2015; Chen, 

Chen e Yang, 2015; Qing, Zhu-guo e Liang, 2011; Zeng et al., 2015; Zhang et al., 

2014). Insofar as flash floods are concerned, however, there is further need to 

understand the link between these events and precipitation variability (frequency and 

magnitude).  

Globally, floods are the most frequent among all natural disasters (Kahn, 

2005) . In particular, the number of reported extreme precipitation and related flood 

events has increased significantly over the last twenty years (Espinoza et al., 2014; 

Silva Dias et al., 2013). These hazards generate a significant financial and economic 

burden, signified by an increase in insured damages(Boers et al., 2014; Cavallo et 

al., 2013). Moreover, as King et al (2015) argue, precipitation extremes may differ 

dramatically in many locations in the near future, a remarkable threat to life and 

livelihoods of people.  

Brief but often intense rainfall events in mountainous particularly pose a 

concern as these regions are susceptible to dangerous flash floods and mass 

movements. However, mountainous regions represent complex topography 

(Beniston, 2003); their characteristics (e.g., shape, extension, altitude, and vegetation 

cover) vary greatly among climate regimes both spatially and temporally  

(Kohler e Masalli, 2009; Skansi et al., 2013; Stephenson et al., 2014; 

Tramblay, Adlouni, El e Servat, 2013; Valverde e Marengo, 2014; Wang e Li, 2015). 

Furthermore, localized extreme precipitation events occur within the context of 

changes in large-scale atmospheric flow. Recent studies on trends in sea surface 
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temperatures (SSTs) (e.g., Haylock et al 2006) and atmospheric circulation (e.g., 

Clem and Fogt 2015) near South America demonstrate that precipitation patterns in 

this region are dependent on remote tropical influences (Pereira et al., 2014) 

Therefore, fundamental questions may be posed related to the link between 

climate (and weather) and topographic features. One is whether the rate of warming 

within mountainous regions is changing at a different rate than the rest of the global 

land surface (Rangwala e Miller, 2012). Secondly, are short-term extreme 

precipitation events occurring more or less frequently as a function of topographic 

characteristics (Marengo et al., 2009)?. These questions are specifically important for 

several tropical countries that are exceptionally vulnerable to shifts in precipitation 

patterns and related hydrological hazards, often affecting human life, health, food 

and water supplies, ecosystems, and infrastructure (Chadwick et al., 2015). 

Indeed, the understanding of precipitation patterns across distinct timescales 

is essential for the development of public policies, proper management of 

hydrological resources, and mitigation of their impacts on human activity and 

environment (Anderson et al., 2015). In mountain regions, the causes of floods are 

complex and closely related to water conservancy facilities and soil structure (Wu et 

al., 2015). In addition, coastal mountainous regions often experience a combination 

of high moisture content in the lower atmosphere and forced ascent that creates 

thermodynamically unstable conditions and may result in torrential precipitation 

(Seluchi e Chou, 2009) 

Extreme weather events have severely impact Brazil in the last 3 decades 

(Dereczynski, Silva e Marengo, 2013; Silva Dias et al., 2013). In particular, two 

events in southern Brazil are described as the region’s worst weather tragedies in 

history. In January 2011, heavy rainfall sparked flash flooding and mudslides across 

the highlands of the state of Rio de Janeiro in southeastern Brazil. According to 

Brazilian official sources, the floods and mass movement claimed the lives of 916 

people and left 35,000 people homeless (Marengo e Alves, 2012). The second event 

also occurred in southern Brazil, affecting 1.5 million people in the Santa Catarina 

State in November 2008. Flooding and deadly mudslides resulted in 120 casualties 

and left 69,000 people homeless (Fundação Brasileira para o Desenvolvimento 

Sustentável - FBDS, 2009).  

This study focuses on trends in annual, seasonal, and extreme precipitation 

indices in order to address rising concerns of mass movements and flash floods in 
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southeastern Brazil. Section 2.1 describes our study regions and data. Section 2.2 

demonstrates precipitation trends, illustrates the complex interaction between 

topographic features and the spatial weather/climate variability, and identifies key 

relationships between annual precipitation and extreme precipitation indices that may 

be used in advanced warning systems of natural hazards. Finally, chapter 3 

summarizes the results and discusses the implications of these findings.  

The results shown below are submitted for publication in the Journal 

Environmental Research Letters. The reference number for this article is ERL-

102313. Authors of the article are Álvaro Ávila, Flávio Justino, Aaron Wilson, David 

Bromwich and Marcelo Amorim. First and second author of the Department of 

Agricultural Engineering of the Universidade Federal de Viçosa (Brazil), the third 

author from Polar Meteorology Group, Byrd Polar and Climate Research Center of 

The Ohio State University (USA). The fourth author works in the Atmospheric 

Sciences Program, Department of Geography, The Ohio State University (USA). The 

fifth author of the Universidade Federal Rural do Rio de Janeiro, Três Rios, Rio de 

Janeiro (Brazil). 
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CHAPTER 2.0 
 

2.1. METHODOLOGY 

 

2.1.1. Study region 

 

The two areas evaluated in this study, the Rio de Janeiro Mountain Region 

(RJMR) and the Santa Catarina Mountain Region (SCMR) (figure 1), are located in a 

rock formation called the Serra do Mar. This mountain chain extends along the 

southeastern coastline of Brazil from Rio de Janeiro to Santa Catarina state, with 

some peaks exceeding 1000 m. Heavy rainfall with subsequent floods and mass 

movements (Seluchi, Chou e Gramani, 2011) frequent this region.  

The RJMR (21.3–23.3 °S, 42.3°–43.3 °W) covers an area of 9.5 km2 and 

occupies 21.8 % of the state (figure 1). With 108 people per km2 in 2010 (Brazilian 

Institute of Geography and Statistics (IGBE), http://www.ibge.gov.br/estadosat/), this 

densely populated area is governed by a warm and rainy climate (figure2) in summer 

(October-March) and mild, dry weather in winter (April-September) (Dereczynski, 

Silva e Marengo, 2013). Based on a network of 35 rain gauges for the period 1978–

2014, the annual mean precipitation is 1481 mm.  

The SCMR (26.3–29.0 °S, 52.0°–49.0 °W) covers an area of 22.2 km2 or 

23.3% of the state’s territory (figure1). According to the IBGE, the population 

density in 2010 was 18 people per km2. The annual mean precipitation (1978–2014) 

is 1652 mm, distributed more equally throughout the year compared to the RJMR, 

with no specific dry period (figure2).  

The main differences between these two mountainous regions are the larger 

amplitude of the seasonal cycle (figure2) and higher population density in RJMR as 

compared to SCMR. Nevertheless, both regions have experienced a number of mass 

movements and flashfloods in recent decades due to extreme precipitation events 

(Dereczynski, Silva e Marengo, 2013).  

 

2.2.2. Data 

 

The Brazilian National Water Authority (ANA; http://hidroweb.aneel.gov.br) 

provided daily precipitation data for 1978–2014. We calculated seasonal 

http://www.ibge.gov.br/english/
http://www.ibge.gov.br/english/
http://www.ibge.gov.br/english/
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precipitation totals based on the austral seasons of summer (DJF), autumn (MAM), 

winter (JJA), and spring (SON). The altitudes of the selected stations (figure1) range 

from 10 m to 1980 m in the RJMR and 80 m to 1200 m in the SCMR. In order to 

keep the record as complete as possible, we only analyzed stations with at least 90% 

of the data for the period. We used Multivariate Imputation by Chained Equations 

technique (Buuren e Groothuis-Oudshoorn, 2011; Costa et al., 2012; Lopo et al., 

2014; Silva et al., 2014) to process any remaining missing data.  

Guided by the Expert Team on Climate Change Detection and Indices 

(ETCCDI; http://etccdi.pacificclimate.org/), 12 precipitation indices (table 1) and 

statistics were calculated using ―R‖ software. RClimdex was developed by the 

Environmental Canada in order to indicate extreme events (e.g., Zhang and Yang 

2004, Wang and Li 2015). Quality control of the data was conducted using the 

RHtest V3 (Wang e Feng, 2010), which identifies step changes in a time series by 

comparing the goodness of fit of a two-phase regression model with that of a linear 

trend for the entire series (Wang et al., 2010). The procedure detects shifts in the 

differences between the time series of the monthly mean precipitation anomalies of a 

candidate station and those of a three neighboring stations (Stephenson et al., 2014). 

Testing indicated that the precipitation data used does not show significant biases, 

resulting in 35 and 27 stations in the RJMR and SCMR, respectively (figure 1). 

We used the nonparametric Mann–Kendall (M-K) test (Kendall, 1975; Mann, 

1945) for trend analysis. Additionally, the Sen Estimator was applied to estimate the 

linear trend (Sen, 1968). The combination of the M-K test and Sen Estimator has 

been successfully used in many climate studies (Dereczynski, Silva e Marengo, 

2013; Skansi et al., 2013; Tramblay, Adlouni, El e Servat, 2013; You et al., 2011). 

Long-term climate records may exhibit regimes shifts, as once dominant patterns are 

altered due to natural or anthropogenic causes (King et al., 2015; Parmesan e Yohe, 

2003). Therefore, we used the Pettitt test (Pettitt, 1979) to detect abrupt change 

points in the time series of precipitation and indices. A similar approach has been 

applied to identify regional trends and change points in Asia (Chen, Chen e Yang, 

2015; Duan et al., 2015; Wang e Li, 2015; Wu et al., 2015). Finally, we used 

Pearson’s coefficients of correlation to identify statistical links between extreme 

precipitation indices and annual mean precipitation (AMP), elevation of stations, and 

hydrological hazards. 

 



 

  6 
 

2.2.  RESULTS AND ANALYSIS  

  

2.2.1. Annual and Seasonal Precipitation 

 

Figure 3 (left column) shows the seasonal precipitation trends for the RJMR. 

Positive trends are found for the annual (30.67 mm decade-1), summer (4.95 mm 

decade-1), autumn (12.16 mm decade-1), and spring (12.20 mm decade-1) time series, 

while a negative trend is found for winter (−2.90 mm decade-1). We argue that the 

positive trend in annual precipitation is the result of increasing autumn and spring 

precipitation. Although the M-K test reveals that none of these trends are statistically 

significant at P < 0.10, it is important to note that these trends implicate an enhanced 

amplitude of the seasonal cycle with wetter (dryer) conditions in the rainy (dry) 

season (Da-Rocha et al., 2014; Solman et al., 2013). For the SCMR (figure3; right 

column), the annual total precipitation increased at a rate of 72.05 mm decade-1, the 

result of positive trends in all seasons (though not significant at P < 0.10). 

Discussion on the potential climate mechanisms related to the observed trends in 

precipitation is presented in the upcoming sections.  

Box and whisker plots (figure 4a) further demonstrate the variability of linear 

trends for all 35 and 27 stations in the RJMR and SCMR during 1978–2014. Figure 

4a shows annual precipitation trends in the RJMR region (1) vary widely with 

magnitudes between −161.68 and 370 mm decade-1. Summer and autumn similarly 

show large variations in precipitation trends, while winter and spring (drier seasons) 

show smaller ranges in their trends. About 60% of stations show positive trends in 

annual precipitation with 17% of stations demonstrating significant positive trends 

(figure 4b).  

For summer, autumn and spring, the majority of RJMR stations show positive 

trends with a small percentage of those trends being significant. Interestingly, during 

the winter season downward trends are present in roughly 70% of the stations with 

approximately 10% of those representing significant negative trends. This is well 

correlated with more frequent La Nina-like SST patterns in the Niño 3.4 region 

during JJA and increased blocking in the South Atlantic (Clem e Fogt, 2015).  

The SCMR stations (2) reflect smaller spatial variation compared to RJMR, 

with annual precipitation trends between −49.08 and +134.72 mm decade-1 (figure 

4a). However, more than 85% of stations have increasing annual trends with 33% 
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stations showing significant positive trends (figure 4c). The seasonal variability is 

similar to the annual variation insofar as the amplitude of the spatial distribution is 

concerned, with all seasons showing large percentages of positive trends (75–95%) 

(figure 4c). The greatest number of significant seasonal trends in the SCMR is found 

in spring (19%), the same season found to have significant correlations with the 

Oceanic Niño Index. Though many of the positive station trends are not significant 

during winter and spring, the overwhelming number of positive trends is still 

concerning, as recurrent precipitation in short intervals from September to March 

may be linked to mass movements and increased loss of life (Seluchi e Chou, 2009). 

Interestingly, Pettitt tests reveal that despite the close proximity of these two 

regions, the RJMR and SCMR exhibit diverse change points in annual and seasonal 

precipitation time series. For instance, the seasonal time series reveal abrupt shifts in 

the RJMR (SCMR) in summer 2001 (1991), autumn 2003 (1982), winter 1990 

(2010), and spring 1994 (1996). While some of these years correspond to ENSO 

events (1982, 2001, and 1996), additional climate/weather drivers such as South 

Atlantic SST variability must be considered (Barreiro, 2010; Cavalcanti et al., 2015; 

Diaz, Studzinski e Mechoso, 1998).  

 

2.2.2. Extreme Precipitation Indices and Regional Trends 

 

Figure 5 shows that PRCPTOT (see table 1 for descriptions) is largely 

increasing in the RJMR (figure 5a) and the SCMR (figure 5b), with positive trends in 

~60% and ~90% of the stations, respectively. Similar results are found for daily 

thresholds of RX1day, RX5day, and R95 indices, with positive trends in the majority 

of stations (more positive in the SCMR region). Light precipitation days (NW and 

R10mm) show more negative trends in the RJMR stations, with moderate (R20mm) 

and heavy (R30mm) days demonstrating no change or positive trends. On the other 

hand, all four annual count precipitation thresholds show positive trends in most 

stations for the SCMR.  

Within the RJMR, there are only small changes in the trends in CDD as the 

percentage of stations with positive, negative and stationary trends out of the total 

stations are close to 50%, 40% and 10%, respectively. However, CWD shows a 

downward trend in most stations 57%. In the SCMR, both CDD and CWD show 
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more stations with negative trends. In summary, both regions have been experiencing 

greater rainfall, but this precipitation is occurring in heavier downpours and 

especially in the RJMR, with fewer consecutive wet days.  

Figure 6 shows increasing trends in several precipitation indices (PRCPTOT, 

RX1day, RX5day, R95, R20mm, R30mm, and CDW) predominantly located in the 

southeastern part of the RJMR, while negative trends in CDD are noted in the west. 

In the SCMR (figure 7), many stations demonstrate significant (p < 0.10) positive 

trends in PRCPTOT, NW, R10mm, R20mm, and R30mm. This is particularly true 

for the NW and R20mm, both of which are strong indicators of soil water quantity, 

potential floods and mass movements (figures 7g and 7i). These results support the 

findings of Silva and Dereczynski (2014) who identified statistically significant 

increases in the annual total rainfall in the coastal lowland of the Rio de Janeiro 

municipality (between +40.0 and +320.0 mm decade-1).  

In our study, stations with the highest value of PRCTOT are also located at low 

elevation (Represa do Paraíso in RJMR (382.1 mm decade-1) and Meleiro in SCMR 

(135.5 mm decade-1)). This behavior is associated with the sea-breeze circulation 

coupled to the valley to mountain flow that penetrates inwards to the Rio the Janeiro 

plateau. This mesoscale circulation further interacts with the urban heat island 

frequently triggering convective storms (Dereczynski, Silva e Marengo, 2013; Freitas 

et al., 2007; Silva Dias et al., 2013).  

Figure 8 shows trends in seasonal precipitation based on the elevations of our 

stations. In the RJMR, there is a tendency for decreasing (increasing) trends of 

precipitation in stations at higher (lower) elevations for all seasons. The strongest 

correlations are significant (p < 0.10) in autumn (R = −0.38) and winter (R = −0.46), 

but are weaker in spring (R = −0.31) and absent in summer (R = −0.07). This 

suggests that topography plays an interactive role with climate dynamics, particularly 

in autumn and winter in the RJMR (figures 8b and 8c). The correlation coefficients 

are close to zero and not significant for all seasons in the SCMR, revealing less 

importance of meso-scale processes in this region compared to the RJMR, where the 

land-sea breeze dominates during autumn and winter. In summer however, large-

scale dynamics related to frontal systems and the presence of the South Atlantic 

Convergence Zone produce precipitation that is distributed throughout southeastern 

Brazil (Cavalcanti et al., 2015). 
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Figure 9 illustrates the relationship between precipitation indices and elevation. 

With the exception of NW, both the RJMR and SCMR regions reflect negative 

correlations between increasing elevation in the various precipitation indices. 

However, the relationship is more robust in the RJMR as statistical significance (P < 

0.10) is achieved for PRCPTOT, SDII, R10mm, and R20mm. Moreover, the regional 

trend demonstrated by RX1day, RX5day, R95, and R99 indicates that extreme 

precipitation events have occurred mainly at lower altitudes (table 2).  

In the next elevation band (300–600m), negative values for SDII and CDD are 

found in the RJMR and CWD for the SCMR. As elevation increases, mean trends 

become weaker except for the highest elevations in the RJMR. In the SCMR, 

positive trends are found in almost all indices (except for CDW, table 2).  

These results highlight the complexity of precipitation in mountainous regions 

with a high level of spatial distribution and temporal variability (Basist, Bell e 

Meentemeyer, 1994; Chen, Chen e Yang, 2015; Rangwala e Miller, 2012; Wang e 

Li, 2015; Zhang et al., 2014). Furthermore, urbanization, deforestation, and other 

land-use aspects are likely to vary in the future, which may subsequently induce 

distinct change in the spatial distribution of precipitation extremes (Ghosh et al., 

2011; King et al., 2015). 

In order to verify whether the extreme precipitation indices have a connection 

with the change of annual total precipitation, Pearson’s correlation coefficients 

between annual mean precipitation (AMP) and extreme precipitation indices are 

shown in table 3. AMP and extreme precipitation indices are correlated significantly 

(P < 0.01), with values between 0.53 and 0.98. However, AMP and CDD show a 

lower (non-significant) correlation (R ≤ −0.15). These results agree with those 

obtained by Wang and Li (2015). More importantly, the correlation coefficients 

between AMP and the number of heavy precipitation days (R10 mm, R20 mm and 

R30mm) show significantly higher correlations, with values between 0.93 and 0.98.  

This indicates that heavy, short interval precipitation is a more significant 

driver of annual precipitation, and highlights the susceptibility of this region to 

experience flash flooding and mass movements. Similarly, correlations in the SCMR 

are statistically significant at the 1% and 5% significance levels for practically all 

indices except for SDII and RX1day. Note the stronger correlation (0.82) in RX5day 

in the SCMR compared to RJMR suggests that although the precipitation is mainly 

occurring in heavier downpours, the events are of longer duration in the SCMR. 
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2.2.3. Potential Climate Mechanisms Related to Precipitation Changes 

 

South America is influenced by numerous climate/weather mechanisms from 

daily to inter-annual timescales (e.g., Mechoso et al 2005, Raia and Cavalcanti 2008, 

Liebmann and Mechoso 2011). This includes the South American monsoon 

(Bombardi e Carvalho, 2009), mesoscale convective systems related to the South 

American low-level jet (Salio, Nicolini e Zipser, 2007), variability in the South 

American Convergence Zone (ZCAS; Silva Dias et al 2013), and recently to the 

atmospheric-oceanic coupling in the western tropical Pacific (Seth, Fernandes e 

Camargo, 2015). Mendes and Cavalcanti (2014) argue that increased atmospheric 

blocking in the South Atlantic, with persistent and stationary frontal systems, has 

lead to an increase in precipitation in this region. Clem and Fogt (2015) link the 

recent positive trend in surface pressure in the South Atlantic to the influence of 

more La Niña-like conditions in the tropical Pacific.  

We analyzed the correlations between precipitation over the RJMR and SCMR 

and several climate indices. These included the Caribbean SST Index (CAB; Penland 

and Matrosova 1998), the Atlantic Meridional Mode (AMM; Chiang and Vimont 

2004), the Niño 3.4 SST index and its 3-month running mean (Oceanic Niño Index 

(ONI)), and the spatially averaged mean sea level pressure over two centers of action 

in South America and the South Atlantic (Mechoso et al., 2005). SCMR precipitation 

is well correlated with the ONI and AMM, but a weak relationship is found with 

CAB and the pressure dipole in South America and South Atlantic. ONI is correlated 

with precipitation in the SCMR most of the annual cycle, whereas the AMM is a 

stronger driver from June to December. Thus, trends in precipitation seem not to be 

related to variations in the monsoon intensity. 

A similar evaluation for the RJMR reveals that the AMM, CAB and the ONI 

are likely to play a substantial role in driving the precipitation variability. SST 

changes in the Caribbean, which are significantly correlated with the AMM, are 

associated with the modification of the northeast trade winds such that precipitation 

in South America is severely limited when the trade winds are weak (Marengo et al., 

2008). Weak trade winds reduce the amount of water vapor that is advected into the 

region. With limited moisture advection, the intensification of cold fronts near the 

RJMR and the formation of the ZCAS is tempered (Raia e Cavalcanti, 2008). 
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2.2.4. Precipitation Indices and Hydrological Hazards (H.H) 

 

Mass movements and flash flood events were compiled based on data from the 

Brazilian Atlas of Natural Disasters (Atlas Brasileiro de Desastres Naturais 1991–

2012; http://150.162.127.14:8080/atlas/atlas.html). Figure 10 shows that 49 mass 

movements and 97 flash floods were reported in the RJMR; 2 mass movements, 179 

flash floods, and 143 droughts occurred in the SCMR from 1991 to 2012. Flooding 

caused by local sewerage systems and drought was not included in this analysis. 

The time series are characterized by low frequency events prior to 2000 in the 

RJMR, with a substantial increase in flashfloods and an upward trend in mass 

movements thereafter (figure 10a). In the SCMR, flashfloods shows remarkable 

increases in frequency (figure 10b), with changes more severe since 2003. The 

correlations over the RJMR (R ≥ 0.78) are significant at the p < 0.01, but this is not 

the case for the SCMR. The temporal evolution of H.H is not clear because the 

correlation coefficients (R < 0.3) and slopes are not statistically significant.  

Pearson`s correlations between flash floods and precipitation indices, including 

RX1day and RX5day exceed 0.36 over the RJMR (table 4) which demonstrates that 

these indices, if predicted in advance, may be a good candidate for the natural 

hazards forecast. Similarly over the SCMR, Pearson`s correlation varies between 

0.49 and 0.70 (P < 0.05) for all precipitation indices, except for CDD.  

As demonstrated above, a significant increase in mass movements (2.2 events 

decade-1) is observed in the RJMR. Figure 10 shows that mass movements and flash 

floods events exhibited positive correlations and showed statistical significance with 

the RX1day and RX5day. The most important mass movements occurred in 2007 

(events = 13; Rx1day = 102 mm; Rx5day = 229 mm), 2009 (events = 6; RX1day = 

121 mm; Rx5day = 221 mm), 2010 (events = 6; RX1day = 97 mm; RX5day = 193 

mm), and 2012 (events = 9; Rx1day = 96 mm; Rx5day = 192 mm).  

Nunes and Silva (2013) analyzed the occurrences of extreme rainfall events in 

the eastern and northern regions of Santa Catarina State for the last 60 years (1951–

2010). They found a positive linear trend in most of regions indicating greater 

frequency of flash flooding events in recent decades. Figure 10 shows severe flood 

events in 1993, 1997, 1998, 2001, 2009, 2010 and 2011. In this study, AMP, 

PRCPTOT, RX1day, RX5day, R95, R99, NW, R10, R20, R30 and CWD also 

captured these extreme years (1997, 1998, 2001, 2010 and 2011). The 2011 and 2001 
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years recorded the higher values of AMP, PRCPTOT, RX1day, R95, R99 and the 

highest frequency of NW, R10, R20 and R30. 
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CHAPTER 3.0 
 

GENERAL CONCLUSIONS  

 

One of the major problems in mountainous regions such as the Andes, Asia, 

Northern America and Europe, are damages caused by floods and mass movements 

that are directly related to very intense rainfall and can be responsible for substantial 

socioeconomic impacts (Aristizábal et al., 2011; Diakakis, 2012; Gaume et al., 2009; 

Zandonadi et al., 2015) . These events in Brazil have been responsible for loss of life 

and have seriously affected the livelihoods of survivors (Silva Dias et al., 2013; 

Valverde e Marengo, 2014; Zandonadi et al., 2015). 

In this study, the majority of precipitation-related indices present positive 

trends, especially in the extreme precipitation indices (PRCPTOT, RX1day, Rx5day, 

R95 and R30mm). Similar to previous studies across South America (Alexander et 

al., 2006; Haylock et al., 2006; Skansi et al., 2013), it has been demonstrated that 

precipitation intensity has increased in most recent years. Regional averages of the 

annual precipitation in the RJMR and SCMR exhibit positive trends as well. 

Furthermore, we found an increasing trend in seasonal time scales in the SCMR. In 

the RJMR, a downward precipitation trend is found only for winter. 

We have suggested a number of mechanisms that may be responsible for trends 

in precipitation in this region including changes in atmospheric circulation (Clem e 

Fogt, 2015; Mendes e Cavalcanti, 2014), the South American monsoon (Bombardi e 

Carvalho, 2009), and others (Salio, Nicolini e Zipser, 2007; Silva Dias et al., 2013). 

Further investigation on the atmospheric dynamics involved will likely demand 

modeling simulations and will be addressed in future work.  

In both regions, higher values of RX1day and RX5day are currently associated 

with and are likely to lead to future severe flash floods and mass movements. It 

should be noted that although several extreme indices have been correlated with 

hydrological hazards, there may be other non-linear interactions and causes as well. 

Thus, precipitation indices should be analyzed under distinct time intervals such as 

between 1-5 days, and in larger periods (e.g 30 days), because in most cases the soil 

water capacity is not achieved by a single precipitation event. This approach 

increases the ability for indicating potential formation of mass movements, flash 

floods, and drought. 
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The RJMR and SCMR are typical longitudinal mountains that are influenced 

by topographic differences. Rainfall distributions have not only lateral differences 

but also variations with altitude. Comparisons between precipitation indices in these 

regions reveal distinct elevation characteristics with upward (downward) trends are 

most significant at low (high) altitudes. This indicates enhanced moisture availability 

at the lower troposphere allowing increased precipitation. On the other hand, in 

mountain peaks, precipitation events (in some cases snowfall) should become less 

frequent affecting human life by inducing changes in the production of crops, water 

availability that can result in food insecurity.  

Thus, natural disaster early warning, improvement of disaster prevention, and 

mitigation capability should be urgently posed in order to reduce the impact of these 

natural disasters on civilians. In this sense, results presented can be utilized by 

decision makers to establish initial thresholds for preventive measures.  

Importantly, this work demonstrates that although the annual and seasonal 

trends in precipitation do not reach certain statistical thresholds, their impacts on the 

environment are severe with increased trends in mass movements and flash flooding 

events. Thus, recent positive trends in precipitation in general and in heavier events 

specifically pose tangible, dangerous threats to human life despite the lack of 

statistical significance. 
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CHAPTER 4.0 
 

TABLES AND FIGURES  
 

4.1. Tables 
 
Table 1. Definitions of the 12 selected extreme precipitation indices 
Indices Desctiption Units 
PRCPTOT Annual total precipitation in wet days mm 
SDII Annual total precipitation in divided by the number of wet 

days in the year 
mm/day 

RX1day Annual maximum 1-day precipitation mm 
RX5day Annual maximum consecutive 5-day precipitation mm 
R95 Annual precipitation due to every wet days when RR>95th 

percentile of 1978-2014 daily rainfall 
mm 

R99 
Annual precipitation due to extremely wet days when 
RR>99th percentile of 1978-2014 daily rainfall 

mm 

NW Annual count of day when RR ≥1mm  Days 
R10mm Annual count of day when RR ≥10mm Days 
R20mm Annual count of day when RR ≥20mm Days 
R30mm Annual count of day when RR ≥30mm Days 
CDD Maximum number of consecutive days with RR< 1mm Days 

CDW Maximum number of consecutive days with RR≥1 mm Days 
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Table 2.Spatially averaged trend of precipitation indices in categorized elevation  

 
Altitude (m) 10-300 300-600 600-900 900-1200 1620-1980 

RJMR 
Percentage of stations (%) 

37 23 23 11 6 
SCMR 11 30 22 37 - 
RJMR PRCPTOT  

(mm/decade) 
44.56 59.44 -2.92 -12.29 37.60 

SCMR 129.08 59.49 63.10 64.14 - 
RJMR SDII  

(mm/d/decade) 
0.41 -0.18 0.12 -0.24 1. 06 

SCMR 0.90 0.29 0.01 -0.14 - 
RJMR RX1day 

(mm/decade) 
3.76 0.37 2.40 1.63 -2.67 

SCMR 2.57 0.49 1.88 1.04 - 
RJMR RX5day  

(mm/decade) 
3.60 0.57 2.80 0.72 2.80 

SCMR 9.66 1.75 3.27 0.07 - 
RJMR R95  

(mm/decade) 
14.37 4.62 14.35 11.17 -27.70 

SCMR 50.66 18.80 17.00 16.99 - 
RJMR R99  

(mm/decade) 
6.89 0.08 12.78 1.97 -4.03 

SCMR 26.32 6.75 7.23 3.05 - 
RJMR NW  

(days/decade) 
-0.69 2.24 -1.38 1.06 -6.04 

SCMR 0.95 1.72 2.24 4.70 - 
RJMR R10mm  

(days/decade) 
0.97 0.93 -1.40 -2.20 4.63 

SCMR 2.25 1.33 1.13 1.10 - 
RJMR R20mm  

(days/decade) 
0.51 0.74 -0.14 -0.74 2.02 

SCMR 2.26 1.17 1.05 1.11 - 
RJMR R30mm  

(day/decade) 
0.47 0.51 0.17 0.16 0.69 

SCMR 1.67 0.68 0.52 0.88 - 
RJMR CDD  

(days/decade) 
0.14 -1.25 -0.33 -1.38 1.23 

SCMR 0.36 0.01 0.01 -0.59 - 
RJMR CWD  

(days/decade) 
0.44 0.33 -0.17 -0.42 0.01 

SCMR 0.00 -0.07 -0.06 -0.22 - 
The elevation band with maximum magnitude is highlighted in light gray cells; Trends 

marked in bold are statistically significant at the 0.1 level. 
 
 
 
 
Table 3. Pearson´s correlation coefficients of precipitation indices 

  
PRCPTOT SDII RX1day RX5day R95 R99 NW R10 R20 R30 CDD CWD 

RJMR 
AMP 

1.00 0.61 0.53 0.58 0.76 0.54 0.90 0.95 0.97 0.93 -0.15 0.80 
SCMR 1.00 0.82 0.63 0.82 0.89 0.78 0.89 0.96 0.98 0.96 -0.44 0.55 

Correlation marked in bold are statistically significant at the 0.01 level.  
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Table 4. Pearson´s correlations coefficients between precipitation indices and 
hydrology hazards during 1991-2012 in the RJMR and SCMR. 

  
Mass movements Flash Floods 

RJMR 
AMP 

0.18 0.22 
SCMR - 0.73 
RJMR 

PRCPTOT 
0.18 0.22 

SCMR - 0.73 
RJMR 

SDII 
0.27 0.24 

SCMR - 0.52* 
RJMR 

RX1day 
0.42**  0.36**  

SCMR - 0.63* 
RJMR 

RX5day 
0.58* 0.39**  

SCMR - 0.55* 
RJMR 

R95 
0.23 0.14 

SCMR - 0.70 
RJMR 

R99 
0.35 0.22 

SCMR - 0.63 
RJMR 

NW 
0.03 0.09 

SCMR - 0.58* 
RJMR 

R10mm 
0.13 0.23 

SCMR - 0.60* 
RJMR 

R20mm 
0.15 0.23 

SCMR - 0.65* 
RJMR 

R30mm 
0.20 0.15 

SCMR - 0.70 
RJMR 

CDD 
-0.01 -0.07 

SCMR - -0.25 
RJMR 

CWD 
0.37**  0.35 

SCMR - 0.49* 
Correlation marked in bold are statistically significant at the 0.01 level. *Significant at the 
0.05 level; ** Significant at the 0.1 level. 
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4.2. Figures  

 

Figure 1. Geographical location of the RJMR (a) and SCMR (b) and the 
distributions of meteorological stations currently used.  
 

 
Figure 2. Annual cycle of monthly precipitation over RJMR and SCMR during 
1978-2014. 
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Figure 3. Inter-annual variation of seasonal precipitation over RJMR and SCMR 
from 1978-2014, T and P show magnitude trends and statistically significance. 
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Figure 4. (a) Annual and seasonal variability of precipitation linear trends over the 
RJMR (1) and SCMR (2). (b) Percentage of stations with positive and negative 
trends out of the total examined stations.  

 

 

Figure 5. Precipitation indices-based percentage of stations with positive, negative 
and stationary trends out of the total stations examined over RJMR (a) and SCMR 
(b) during 1978-2014. 

0

3

6

9

12

15

18

21

24

27

0

25

50

75

100

PRCPTOT SDII RX1day RX5day R95 R99 NW R10mm R20mm R30mm CDD CWD

N
u

m
b

e
r 

S
ta

tio
n

s

P
e
rc

e
n

t

0

5

10

15

20

25

30

35

0

25

50

75

100

PRCPTOT SDII RX1day RX5day R95 R99 NW R10mm R20mm R30mm CDD CWD

N
um

be
r 

S
ta

tio
ns

P
er

ce
nt

Frecuency of trend types for precipitation indices at different stations, 1978-2014, RSRJ

PRCPTOT SDII RX1day RX5day R95 R99 NW R10mm R20mm R30mm CDD CWD

Significant positive Non-Significant positive Significant negative Non-Significant negative No change

(a)

(b)

-200

-100

0

100

200

300

400

T
re

n
d

 (
m

m
/d

e
ca

d
e

)

(1)    (2)

-90

-60

-30

0

30

60

90

120

150
(1) (2)      (1) (2)       (1) (2)       (1) (2)

Annual Summer              Autunm          Winter           Spring

0

25

50

75

100

P
e

rc
e

n
t

Significant positive Non-Significant positive Significant negative Non-Significant negative

Annual                 Summer              Autumn              Winter                 Spring

(1)         (2)         (1)         (2)         (1)         (2)        (1)         (2)         (1)         (2)

(a) 

(b) 



 

  21 
 

 

Figure 6. Spatial 
distribution of M-K 
trends of precipitation 
indices over the RJMR 
(Figures a-l), for the 
1978-2014 interval. 
Positive/negative trends 
are shown as up/down 
triangles; the filled 
triangles are related to 
statistically significant 
trends (significant at the 
10% level) and circle 
indicated no change 
trends.  
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a) c) c) 

f) e) d) 

g) h) i) 

k) j) 

Figure 7. Spatial 
distribution for M-K 
trends of precipitation 
indices in the SCMR 
(Figures a-l), during 1978 
to 2014. 
Positive/negative trends 
are shown as up/down 
triangles; the filled 
triangles are related to 
statistically significant 
trends (significant at the 
10% level) and circle 
indicated no change 
trends.  
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Figure 8. Magnitude trend of the seasonal precipitation amount (mm/10 years) 
related to elevation. R stands for correlation coefficients and p for statistical 
significance. The filled circles and triangles indicated trends in each station for 
RJMR and SCMR, respectively.  
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Figure 9. Magnitude trends of precipitation based indices related to elevation. R 
stands for correlation coefficients and p for statistical significance. The filled circles 
and triangles indicated trends in each station for RJMR and SCMR, respectively.  
 
 

 
Figure 10. Annual changes of hydrological hazards in the RJMR (a) and SCMR (b) 
during 1991 to 2012.  

-100

0

100

200

300

400

0 300 600 900 1200

T
re

nd
  (

m
m

/1
0 

yr
s)

Elevation (m)

RRJMR= −0.29 (P=0.09)
RSCMR= −0.16 (P=0.41)

(A) PRCPTOT

-4.0

-2.0

0.0

2.0

4.0

0 300 600 900 1200

T
re

nd
  (

m
m

/d
*1

0 
yr

s)

Elevation (m)

RRJMR= ─ 0.34 (P=0.05)
RSCMR= ─ 0.32 (P=0.11)

(B) SDII

-10.0

0.0

10.0

20.0

30.0

0 300 600 900 1200

T
re

nd
  (

m
m

/1
0 

yr
s)

Elevation (m)

(C) RX1day

RRJMR = ─ 0.005 (P=0.760)
RSCMR = ─ 0.001(P=0.996)

-20

0

20

40

0 300 600 900 1200

T
re

nd
  (

m
m

/1
0 

yr
s)

Elevation (m)

RRJMR = ─ 0.19 (P=0.28)
RSCMR = ─ 0.25 (P=0.22)

(D) RX5day

-150

-50

50

150

250

0 300 600 900 1200

T
re

nd
  (

m
m

/1
0 

yr
s)

Elevation (m)

(E) R95

RRJMR = ─ 0.007 (P=0.714)
RSCMR = ─ 0.004 (P=0.847)

-50

0

50

100

150

0 300 600 900 1200

T
re

nd
  (

m
m

/1
0 

yr
s)

Elevation (m)

(F) R99

RRJMR = ─ 0.04 (P=0.82)
RSCMR = ─ 0.34(P=0.09)

-15

-5

5

15

25

0 300 600 900 1200

T
re

n
d

  (
d

a
y/

1
0

 y
rs

)

Elevation (m)

RRJMR = 0.04  (P=0.85)
RSCMR = 0.30(P=0.13)

(G) NW

-10

0

10

20

0 300 600 900 1200

T
re

n
d

  
(d

a
ys

/1
0

 y
rs

)

Elevation (m)

(H) R10mm

RRJMR = ─ 0.43 (P=0.01)
RSCMR = ─ 0.17(P=0.41)

-4

0

4

8

0 300 600 900 1200

T
re

n
d

  (
d

a
ys

/1
0

 y
rs

)

Elevation (m)

RRJMR = ─ 0.30 (P=0.09)
RSCMR = ─ 0.27 (P=0.17)

(I) R20mm

-4

-2

0

2

4

6

0 300 600 900 1200

T
re

nd
  (

da
ys

/1
0 

yr
s)

Elevation (m)

(J) R30mm

RRJMR = ─ 0.12 (P=0.56)
RSCMR = ─ 0.14 (P=0.45)

-6.0

-3.0

0.0

3.0

6.0

0 300 600 900 1200

T
re

n
d

  
(d

a
ys

/1
0

 y
rs

)

Elevation (m)
MRRJ MRSC Linear (MRRJ) Linear (MRSC

(K) CDD

RRJMR = ─ 0.17 (P=0.35)
RSCMR = ─ 0.31 (P=0.12)

-2.0

-1.0

0.0

1.0

2.0

3.0

0 300 600 900 1200

T
re

nd
 (

da
ys

/1
0 

yr
s)

Elevation (m)
MRRJ MRSC Linear (MRRJ) Linear (MR

(L) CWD
RMRRJ = ─ 0.15 (P=0.42)
RMRSC = ─ 0.17 (P=0.40)

Elevation (m)

RJMR SCMR Linear (RJMR) Linear (SCMR)

─ 
─ 

Legend:

-5

5

15

25

1
99

1
1

99
2

1
99

3
1

99
4

1
99

5
1

99
6

1
99

7
1

99
8

1
99

9
2

00
0

2
00

1
2

00
2

2
00

3
2

00
4

2
00

5
2

00
6

2
00

7
2

00
8

2
00

9
2

01
0

2
01

1
2

01
2

N
um

be
r 

of
 e

ve
nt

s

Year

0

15

30

45

1
99

1
1

99
2

1
99

3
1

99
4

1
99

5
1

99
6

1
99

7
1

99
8

1
99

9
2

00
0

2
00

1
2

00
2

2
00

3
2

00
4

2
00

5
2

00
6

2
00

7
2

00
8

2
00

9
2

01
0

2
01

1
2

01
2

Year

TFlash floods-RJMR =5.0 events/decade (P<0.05)
TMassmovements-RJMR =2.2 events/decade (P<0.05)

TFlash floods-SCMR= 1.2 events/decade (P>0.05)

Year
Mass movements Flash floods
Linear (Mass movements) Linear (Flash floods)

a) b) 



 

  25 
 

5.0 GENERAL REFERENCES 

 

ALEXANDER, L.; ZHANG, X.; PETERSON, T.; CAESAR, J.; GLEASON, B.; 
TANK, A.; HAYLOCK, M.; COLLINS, D.; TREWIN, B.; RAHIMZADEH, F.; 
TAGIPOUR, A.; KUMAR, K.; REVADEKAR, J.; GRIFFITHS, G.; VINCENT, L.; 
STEPHENSON, D.; BURN, J.; AGUILAR, E.; BRUNET, M.; TAYLOR, M.; NEW, 
M.; ZHAI, P.; RUSTICUCCI, M.; VAZQUEZ-AGUIRRE, J. Global Observed 
Changes in Daily Climate Extremes of Temperature and Precipitation. Journal of 
Geophysical Research-Atmospheres, v. 111, n. D50109, p. 1–22, 2006. 
doi:10.1029/2005jd006290 

ANDERSON, M.; ZOLIN, C.; HAIN, C.; SEMMENS, K.; YILMAZ, T.; GAO, 
F. Comparison of satellite-derived LAI and precipitation anomalies over Brazil with 
a thermal infrared-based Evaporative Stress Index for 2003–2013. Journal of 
Hydrology, v. 526, p. 287–302, 2015. doi:10.1016/j.jhydrol.2015.01.005 

ARISTIZÁBAL, E.; GONZÁLEZ, T.; MONTOYA, J.; VÉLEZ, J.; MARTÍNEZ, 
H.; GUERRA, A. Analysis of empirical rainfall thresholds for the prognosis of 
lanslides in the Aburrá Valley, Colombia. Revista EIA, v. 8, n. 15, p. 95–111, 2011.  

BARREIRO, M. Influence of ENSO and the South Atlantic Ocean on climate 
predictability over Southeastern South America. Climate Dynamics, v. 35, n. 7, p. 
1493–1508, 2010. doi:10.1007/s00382-009-0666-9  

BASIST, A.; BELL, G. D.; MEENTEMEYER, V. Statistical Relationships 
between Topography and Precipitation Patterns. Journal of Climate, v. 7, n. 9, p. 
1305–1315, 1994. doi:10.1175/1520-0442(1994)007<1305:SRBTAP>2.0.CO;2 

BENISTON, M. Climatic change in mountain regions: A review of possible 
impacts. Climatic Change, v. 59, n. 1-2, p. 5–31, 2003. 
doi:10.1023/A:1024458411589 

BOERS, N.; BOOKHAGEN, B.; BARBOSA, H. M. J.; MARWAN, N.; 
KURTHS, J.; MARENGO, J. a. Prediction of extreme floods in the eastern Central 
Andes based on a complex networks approach. Nature communications, v. 5, p. 
5199, 2014. doi:10.1038/ncomms6199 

BOF, L.; PRUSKI, F.; DA SILVA, L.; JUSTINO, F. Analysis of appropriate 
timescales for water diversion permits in Brazil. Environmental Management, v. 
51, n. 2, p. 492–500, 2013. doi:10.1007/s00267-012-9982-7 

BOMBARDI, R.; CARVALHO, L. IPCC global coupled model simulations of the 
South America monsoon system. Climate Dynamics, v. 33, n. 7-8, p. 893–916, 
2009. doi:10.1007s00382-008-0488-1 

BUUREN, S.; GROOTHUIS-OUDSHOORN, K. Multivariate Imputation by 
Chained Equations. Journal of Statistical Software, v. 45, n. 3, p. 1–67, 2011. doi: 
10.1177/0962280206074463 

CAVALCANTI, I.; CARRIL, A.; PENALBA, O.; GRIMM, A.; MENÉNDEZ, 
C.; SANCHEZ, E.; CHERCHI, A.; SORENSSON, A.; ROBLEDO, F.; RIVERA, J.; 



 

  26 
 

PÁNTANO, V.; BETTOLLI, L.; ZANINELLI, P.; ZAMBONI, L.; TEDESCHI, R.; 
DOMINGUEZ, M.; RUSCICA, R.; FLACH, R. Precipitation extremes over La Plata 
Basin - Review and new results from observations and climate simulations. Journal 
of Hydrology, v. 523, p. 211–230, 2015. doi:10.1016/j.jhydrol.2015.01.028 

CAVALLO, E.; GALIANI, S.; NOY, I.; PANTANO, J. Catastrophic Natural 
Disasters and Economic Growth. Review of Economics and Statistics, v. 95, n. 5, p. 
1549–1561, 2013. doi: 10.1162/REST_a_00413 

CHADWICK, R.; GOOD, P.; MARTIN, G.; ROWELL, D. Large rainfall changes 
consistently projected over substantial areas of tropical land. Nature Climate 
Change, n. September, p. 1–6, 2015. doi:10.1038/nclimate2805 

CHEN, F.; CHEN, H.; YANG, Y. Annual and seasonal changes in means and 
extreme events of precipitation and their connection to elevation over Yunnan 
Province , China. Quaternary International , v. 374, p. 46–61, 2015. 
doi:10.1016/j.quaint.2015.02.016 

CHIANG, J.; VIMONT, D. Analogous Pacific and Atlantic meridional modes of 
tropical atmosphere-ocean variability. Journal of Climate, v. 17, n. 21, p. 4143–
4158, 2004. doi.org/10.1175/JCLI4953.1 

CLEM, K.; FOGT, R. South Pacific circulation changes and their connection to 
the tropics and regional Antarctic warming in austral spring, 1979-2012. Journal of 
Geophysical Research, v. 120, n. 7, p. 2773–2792, 2015. 
doi:10.1002/2014JD022940  

COSTA, R.; SILVA, S. ; SARMANHO, G.; PAULO, L. Imputação Multivariada 
de Dados Diários de Precipitação e Análise de Índices de Extremos Climáticos. 
Revista Brasileira de Geografia Física, v. 03, p. 661–675, 2012.  

da ROCHA, R.; REBOITA, M.; DUTRA, L.; LLOPART, M.; COPPOLA, E. 
Interannual variability associated with ENSO : present and future climate projections 
of RegCM4 for South America-CORDEX domain. Climate Change, n. 125, p. 95–
109, 2014. doi:10.1007/s10584-014-1119-y 

DERECZYNSKI, C.; SILVA, W. L.; MARENGO, J. Detection and projections of 
climate change in Rio de Janeiro, Brazil. American Journal of Climate Change, v. 
02, n. 01, p. 25–33, 2013. doi:10.4236/ajcc.2013.21003 

DEVEREUX, S. The impact of droughts and floods on food security and policy 
options to alleviate negative effects. Agricultural Economics, v. 37, n. S1, p. 45–58, 
2007. doi:10.1111/j.1574-0862.2007.00234.x  

DIAKAKIS, M. Rainfall thresholds for flood triggering. The case of Marathonas 
in Greece. Natural Hazards, v. 60, n. 3, p. 789–800, 2012. doi:10.1007/s11069-011-
9904-7 

DIAZ, A.; STUDZINSKI, C.; MECHOSO, C. Relationships between 
precipitation anomalies in Uruguay and southern Brazil and sea surface temperature 
in the Pacific and Atlantic oceans. Journal of Climate, v. 11, n. 2, p. 251–271, 1998. 
doi:10.1175/1520-0442(1998)011<0251:RBPAIU>2.0.CO;2 



 

  27 
 

DUAN, W.; HE, B.; TAKARA, K.; LUO, P.; HU, M.; ALIAS, N. E.; NOVER, D. 
Changes of precipitation amounts and extremes over Japan between 1901 and 2012 
and their connection to climate indices. Climate Dynamics, 2015. 
doi:10.1007/s00382-015-2778-8 

ESPINOZA, J.; MARENGO, J.; RONCHAIL, J.; CARPIO, J.; FLORES, L.; 
GUYOT, J. L. The extreme 2014 flood in south-western Amazon basin: the role of 
tropical-subtropical South Atlantic SST gradient. Environmental Research Letters, 
v. 9, n. 12, p.1-9, 2014. doi:10.1088/1748-9326/9/12/124007 

FREITAS, E. D.; ROZOFF, C. M.; COTTON, W. R.; DIAS, P. L. S. Interactions 
of an urban heat island and sea-breeze circulations during winter over the 
metropolitan area of São Paulo, Brazil. Boundary-Layer Meteorology, v. 122, n. 1, 
p. 43–65, 2007. doi:10.1007/s10546-006-9091-3 

FUNDAÇÃO BRASILEIRA PARA O DESENVOLVIMENTO SUSTENTÁVEL 
- FBDS. Climate change and extreme events in brazil. DaGema Comunicação, 2009.  

GAUME, E.; BAIN, V.; BERNARDARA, P.; NEWINGER, O.; BARBUC, M.; 
BATEMAN, A.; BLAŠKOVIČOVÁ, L.; BLÖSCHL, G.; BORGA, M.; 
DUMITRESCU, A.; DALIAKOPOULOS, I.; GARCIA, J.; IRIMESCU, A.; 
KOHNOVA, S.; KOUTROULIS, A.; MARCHI, L.; MATREATA, S.; MEDINA, 
V.; PRECISO, E.; SEMPERE-TORRES, D.; STANCALIE, G.; SZOLGAY, J.; 
TSANIS, I.; VELASCO, D.; VIGLIONE, A. A compilation of data on European 
flash floods. Journal of Hydrology, v. 367, n. 1-2, p. 70–78, 2009. 
doi:10.1016/j.jhydrol.2008.12.028 

GHOSH, S.; DAS, D.; KAO, S.-C.; GANGULY, A. R. Lack of uniform trends 
but increasing spatial variability in observed Indian rainfall extremes. Nature 
Climate Change, v. 2, n. 2, p. 86–91, 2011. doi:10.1038/nclimate1327 

HAYLOCK, M.; PETERSON, T.; ALVES, L.; AMBRIZZI, T.; ANUNCIAÇÃO, 
Y. T.; BAEZ, J.; BARROS, V.; BERLATO, M.; BIDEGAIN, M.; CORONEL, G.; 
CORRADI, V.; GARCIA, V.; GRIMM, A.; KAROLY, D.; MARENGO, J.; 
MARINO, M. B.; MONCUNILL, D. F.; NECHET, D.; QUINTANA, J.; REBELLO, 
E.; RUSTICUCCI, M.; SANTOS, J. L.; TREBEJO, I.; VINCENT, L. a. Trends in 
total and extreme South American rainfall in 1960-2000 and links with sea surface 
temperature. Journal of Climate, v. 19, n. 8, p. 1490–1512, 2006. 
doi:10.1175/JCLI3695.1 

KAHN, M. The death toll from natural disasters: The role of income, geography, 
and institutions. Review of Economics and Statistics, v. 87, n. 2, p. 271–284, 2005. 
10.1162/0034653053970339 

KENDALL, M. Rank correlation methods. London: Charles Griffin, 1975.  

KING, A.; DONAT, M.; FISCHER, E.; HAWKINS, E.; ALEXANDER, L.; 
KAROLY, D.; DITTUS, A.; LEWIS, S.; PERKINS, S. The timing of anthropogenic 
emergence in simulated climate extremes. Environmental Research Letters, v. 10, 
n. 9, 94015, 2015. doi:10.1088/1748-9326/10/9/094015 



 

  28 
 

KOHLER, T.; MASALLI, D. Mountains and climate change- from 
understanding to action. Bern: Geographica Bernensia with the support of the Swiss 
Agency for Development and Cooperation (SDC), and an international team of 
contributors., 2009. Disponível em: 
http://www.fao.org/docrep/017/i2869e/i2869e00.pdf. Acesso em: sep/2015. 

LIEBMANN, B.; MECHOSO, C. R. South American Monsoon System. The 
Global Monsoon System, p. 137–157, 2011. Disponível em : http://people.atmos. 
ucla.edu/mechoso/Liebmann.pdf. Acesso em: jul/2015. 

LOPO, A.; SPYRIDES, M.; LUCIO, P.; SIGRÓ, J. UV Index Modeling by 
Autoregressive Distributed Lag (ADL Model). Atmospheric and Climate 
Sciencesn, n.4 , p. 323–333, 2014. doi:10.4236/acs.2014.42033 

MANN, H. B. Nonparametric tests against trend. Econometrica, v. 13, n. 3, p. 
245–259, 1945.  

MARENGO, J.; JONES, R.; ALVES, L.; VALVERDE, M. Future change of 
temperature and precipitation extremes in south america as derived from the precis 
regional climate modeling system. International Journal of Climatology , v. 29, n. 
15, p. 2241–2255, 2009. doi:10.1002/joc.1863 

MARENGO, J.; NOBRE, C. A.; TOMASELLA, J.; OYAMA, M. D.; DE 
OLIVEIRA, G. S.; DE OLIVEIRA, R.; CAMARGO, H.; ALVES, L. M.; BROWN, 
I. F. The drought of Amazonia in 2005. Journal of Climate, v. 21, n. 3, p. 495–516, 
2008. doi: 10.1175/2007JCLI1600.1 

MARENGO, J.; ALVES, L. The intense rainfall and floods in Rio de Janeiro. In: 
Bullintin of American Meteorological Society. Vol 93. Issue 7. [s.l: s.n.]p. 
175−S177.  

MCCRIGHT, A.; DUNLAP, R. Defeating Kyoto: The conservative movement’s 
Impact on U.S. Climate Change Policy. Social Problems, v. 50, n. 3, p. 348–373, 
2003. doi:10.1525/sp.2003.50.3.348  

MECHOSO, R.; ROBERTSON, A.; ROPELEWSKI, C.; GRIMM, A. The 
American Monsoon System: An introduction. In: CHANG, C.; WANG, B.; LAU, N. 
(Ed.). The Global Monsoon System: Research and Forecast. Chang, C W ed: 1266p. 
197–206. Disponível em: https://www.wmo.int/pages/prog/arep/tmrp/documents/ 
global_monsoon_system_IWM3.pdf. Acesso em: nov/2014. 

MENDES, M. C. D.; CAVALCANTI, I. F. A. The relationship between the 
Antarctic oscillation and blocking events over the South Pacific and Atlantic Oceans. 
International Journal of Climatology , v. 34, n. July 2013, p. 529–544, 2014. 
doi:10.1002/joc.3729 

MIDDLETON, N.; STERNBERG, T. Climate hazards in drylands: A review. 
Earth-Science Reviews, 2013. doi:10.1016/j.earscirev.2013.07.008 

NUNES, A.; SILVA, G. Climatology of extreme rainfall in eastern and northern 
Santa Catarina State, Brasil: Present and Future Climate. Revista Brasileira de 
Geofísica, v. 31, n. 3, p. 413–425, 2013.  

http://www.fao.org/docrep/017/i2869e/i2869e00.pdf
http://people.atmos/
https://www.wmo.int/pages/prog/arep/tmrp/documents/


 

  29 
 

PARMESAN, C.; YOHE, G. A globally coherent fingerprint of climate change 
impacts across natural systems. Nature, v. 421, n. 6918, p. 37–42, 2003. 
doi:10.1038/nature01286 

PENLAND, C.; MATROSOVA, L. Prediction of Tropical Atlantic Sea Surface 
Temperatures Using Linear Inverse Modeling. Journal of Climate, v. 11, n. 3, p. 
483–496, 1998. doi.org/10.1175/1520-0442(1998)011<0483:POTASS>2.0.CO;2 

PEREIRA, M.; JUSTINO, F.; MALHADO, A.; BARBOSA, H.; MARANGO, J. 
The influence of oceanic basins on drought and ecosystem dynamics in Northeast 
Brazil. Enviromental Research letters, v. 9, p. 1–8, 2014. doi: 10.1088/1748-
9326/9/12/124013. 

PETTITT, A. N. A Non-Parametric Approach to the Change-Point Problem. 
Applied Statistics, v. 28, p. 126–135, 1979. doi:10.2307/2346729 

QING, Y.; ZHU-GUO, M.; LIANG, C. A preliminary analysis of the 
relationship between precipitation variation trends and altitude in China. 
Atmospheric and Oceanic Science Letters, v. 4, n. 1, p. 41–46, 2011. 
doi:10.1080/16742834.2011.11446899 

RAIA, A.; CAVALCANTI, I. The Life Cycle of the South American Monsoon 
System. Journal of Climate, v. 21, n. 23, p. 6227–6246, 2008. 
doi.org/10.1175/2008JCLI2249.1 

RANGWALA, I.; MILLER, J. R. Climate change in mountains : a review of 
elevation-dependent warming and its possible causes. Climatic Change, n. 114, p. 
527–547, 2012. doi:10.1007/s10584-012-0419-3 

SALIO, P.; NICOLINI, M.; ZIPSER, E. Mesoscale convective systems over 
southeastern South America and their relationship with the South American low-
level jet. Monthly Weather Review, v. 135, p. 1290–1309, 2007. doi: 
10.1175/MWR3305.1 

SELUCHI, M. E.; CHOU, S. C. Synoptic patterns associated with landslide 
events in the Serra do Mar, Brazil. Theoretical and Applied Climatology, v. 98, n. 
1-2, p. 67–77, 2009. doi:10.1007/s00704-008-0101-x 

SELUCHI, M. E.; CHOU, S. C.; GRAMANI, M. A case study of a winter heavy 
rainfall event over the Serra do Mar in Brazil. Geofisica Internacional, v. 50, n. 1, 
p. 41–56, 2011.  

SEN, P. K. Estimates of the Regression Coefficient Based on Kendall’s Tau. 
Journal of the American Statistical Association, v. 63, n. 324, p. 1379–1389, 
1968. doi:10.2307/2285891 

SETH, A.; FERNANDES, K.; CAMARGO, S. J. Two summers of São Paulo 
drought: Origins in the western tropical Pacific. Geophysical Research Letters, v. 
42, n. 24, p. 10816–10823, 2015. doi:10.1002/grl.v42.24 



 

  30 
 

SILVA DIAS, M. A. F.; DIAS, J.; CARVALHO, L. M. V.; FREITAS, E. D.; 
SILVA DIAS, P. L. Changes in extreme daily rainfall for São Paulo, Brazil. 
Climatic Change, v. 116, n. 3-4, p. 705–722, 2013. doi:10.1007/s10584-012-0504-7 

SILVA, dos S. F.; RAMOS, R.; COSTA, L.; AZEVEDO, P. Sistema de 
Controle de Qualidade para Dados Diários de Variáveis Meteorológicas. Revista 
Brasileira de Geografia Física, v. 06, p. 1275–1291, 2014.  

SILVA, W. L.; DERECZYNSKI, C. P. Caracterização climatológica e 
tendências observadas em extremos climáticos no estado do Rio de Janeiro. Anuário 
do Instituto de Geociências - UFRJ, v. 37, p. 123–138, 2014.  

SKANSI, M.; BRUNET, M.; SIGRÓ, J.; AGUILAR, E.; AREVALO 
GROENING, J.; BENTANCUR, O.; CASTELLÓN, Y.; CORREA , R..; JÁCOME, 
H.; MALHEIROS, A.; ORIA, C.; PASTEN, A..; SALLONS, S.; VILLAROEL 
JIMÉNEZ, C.; MARTÍNEZ, R.; ALEXANDER, L. V.; JONES, P.. Warming and 
wetting signals emerging from analysis of changes in climate extreme indices over 
South America. Global and Planetary Change, v. 100, p. 295–307, 2013. 
doi:10.1016/ j.gloplacha.2012.11.004 

SOLMAN, S.; SANCHEZ, E.; SAMUELSSON, P.; LI, L.; MARENGO, J.; 
PESSACG, N. L.; REMEDIO, A. R. C.; CHOU, S. C.; BERBERY, H.; TREUT, H. 
Le; CASTRO, M. De; JACOB, D. Evaluation of an ensemble of regional climate 
model simulations over South America driven by the ERA-Interim reanalysis : model 
performance and uncertainties. Climate Dynamics, n. 41, p. 1139–1157, 2013. 
doi:10.1007/s00382-013-1667-2 

STEPHENSON, T.; VINCENT, L.; ALLEN, T.; VAN , C.; MCLEAN, N.; 
PETERSON, T.; TAYLOR, M.; AARON-MORRISON, A.; AUGUSTE, T.; 
BERNARD, D.; BOEKHOUDT, J.; BLENMAN, R.; BRAITHWAITE, G.; 
BROWN, G.; BUTLER, M.; CUMBERBATCH, C.; ETIENNE-LEBLANC, S.; 
LAKE, D.; MARTIN, D.; MCDONALD, J.; OZORIA, M.; PORTER, A.; 
SANTANA, M.; TAMAR, G.; ROBERTS, B.; SALLONS MITRO, S.; SHAW, A.; 
SPENCE, J.; WINTER, A.; TROTMAN, A. Changes in extreme temperature and 
precipitation in the Caribbean region, 1961-2010. International Journal of 
Climatology, v. 34, n. 9, p. 2957–2971, 2014. doi:10.1002/joc.3889  

TRAMBLAY, Y.; EL ADLOUNI, S.; SERVAT, E. Trends and variability in 
extreme precipitation indices over maghreb countries. Natural Hazards and Earth 
System Sciences, v. 13, n. 12, p. 3235–3248, 2013. doi:10.5194/nhess-13-3235-2013 

VALVERDE, M. C.; MARENGO, J. Extreme rainfall indices in the 
hydrographic basins of Brazil. Open Journal of Modern Hydrology, v. 4, n. 
January, p. 10–26, 2014. doi:10.4236/ojmh.2014.41002 

WANG, R.; LI, C. Spatiotemporal analysis of precipitation trends during 1961-
2010 in Hubei province, central China. Theoretical and Applied Climatology, p. 1–
15, 2015. doi:10.1007/s00704-015-1426-x  

 



 

  31 
 

WANG, X. L.; CHEN, H.; WU, Y.; FENG, Y.; PU, Q. New techniques for 
detection and adjustment of shifts in daily precipitation data series. Journal of 
Applied Meteorology and Climatology, v. 49, n. March, p. 2416–2436, 2010. 
doi:10.1175/2010JAMC2376.1 

WANG, X. L.; FENG, Y. Rhtestsv3 user manual. Climate Research Division 
Atmospheric Science and Technology Directorate Science and Technology Branch, 
Environment Canada, 2010. Disponível em: 
http://etccdi.pacificclimate.org/RHtest/RHtestsV4_ UserManual_10Dec2014.pdf. 
Acesso em: Jan/2015. 

WU, M.; CHEN, Y.; WANG, H.; SUN, G. Characteristics of meteorological 
disasters and their impacts on the agricultural ecosystems in the northwest of China: 
a case study in Xinjiang. Geoenvironmental Disasters, v. 2, n. 1, 2015. 
doi:10.1186/s40677-015-0015-8 

YOU, Q.; KANG, S.; AGUILAR, E.; PEPIN, N.; FLUGEL, W. A.; YAN, Y.; 
XU, Y.; ZHANG, Y.; HUANG, J. Changes in daily climate extremes in China and 
their connection to the large scale atmospheric circulation during 1961-2003. 
Climate Dynamics, v. 36, n. 11-12, p. 2399–2417, 2011. doi:10.1007/s00382-009-
0735- 

ZANDONADI, L.; ACQUAOTTA, F.; FRATIANNI, S.; ZAVATTINI, J. A. 
Changes in precipitation extremes in Brazil (Paraná River Basin). Theoretical and 
Applied Climatology, n. 2000, 2015. doi:10.1007/s00704-015-1391-4 

ZENG, W.; YU, Z.; WU, S.; QIN, J. Changes in annual, seasonal and monthly 
precipitation events and their link with elevation in Sichuan province, China. 
International Journal of Climatology , p. n/a–n/a, 2015. doi: 10.1002/joc.4496 

ZHANG, K.; PAN, S.; CAO, L.; WANG, Y.; ZHAO, Y.; ZHANG, W. Spatial 
distribution and temporal trends in precipitation extremes over the Hengduan 
Mountains region , China, from 1961 to 2012. Quaternary International , v. 349, p. 
346–356, 2014. doi:10.1016/j.quaint.2014.04.050 

ZHANG, X.; YANG, F. RClimDex (1.0)—User Manual. Ontario-
CanadaClimate Research Branch Environment Canada, 2004. Disponível em: 
http://acmad.net/rcc/procedure/RClimDexUserManual.pdf. Acesso em: jul/2015.  

 

http://etccdi.pacificclimate.org/RHtest/RHtestsV4_%20UserManual_10Dec2014.pdf
http://acmad.net/rcc/procedure/RClimDexUserManual.pdf

