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ABSTRACT

Climate change is increasing the intensity and frequency of extreme events
around the world and our society is vulnerable to the dangers of natural disasters.
According to the Brazilian Atlas of Natural Disasters, a total of 38,996 disasters
were recorded during the period 1991-2012. According to this database, approx-
imately 40% of hydrometeorological events were caused by floods, landslides,
hail, local storms and windstorms. One of the main meteorological variables as-
sociated with natural disasters is precipitation. Understanding the behavior and
improving the prediction of these events is of fundamental importance as heavy
rainfall causes irreparable damage and causes great economic losses for a coun-
try. With the objective of improve the understanding about extreme rainfall of Brazil
a daily 1°1°gridded precipitation database was used to assess the performance
of different precipitation products to retrieval extreme rainfall at different regions
of Brazil, as well as an analysis of the Mesoscale Convective Systems and their
influence on extreme rain. The products evaluated in this investigation were 3B42
RT v7.0, 3B42 RT v7.0 uncalibrated, CMORPH V1.0 RAW, CMORPH V1.0 CRT,
GSMAP-NRT-no gauge v6.0, GSMAP-NRT- gauge v6.0, CHIRP V2.0, CHIRPS
V2.0, PERSIANN CDR v1 r1, CoSch and TAPEER v1.5 from Frequent Rainfall
Observations on GridS (FROGS) database. Some products considered in this
investigation are adjusted with rain gauge values and others only with satellite
information. In this study, these two sets of products were considered. In addi-
tion, gauge-based daily precipitation data, provided by Brazil's National Institute
for Space Research, were used as reference in the analyses. In order to com-
pare gauge-based daily precipitation and satellite-based data for extreme values,
statistical techniques were used to evaluate the performance the selected satel-
lite products over the tropical region of South America. According to the results,
the threshold for rain to be considered an extreme event in South America pre-
sented high variability, ranging from 20 to 150 mm/day, depending on the region
and the percentile threshold chosen for analysis. In addition, the results showed
that the ability of the satellite estimates to retrieve rainfall extremes depends on
the geographical location and large-scale rainfall regimes. Each region of Brazil
is characterized by extremes of rain with different intensities. The regions with the
highest values are south and north regions of Brazil with values around 125.0
mm/day. In both regions, the GSMAP product (with and without rain gauges ad-
justments) have a better performance. On the other hand, the regions with the
lowest intensities are the northeastern region (inland and coast) with more fre-
quent extreme values around the 35.0 mm/day. In those regions 3B42RT v7.0 and
3B42RT v7.0 uncalibrated demonstrated a better performance respectively. It is
worth mentioning that the precipitation values found in this work do not necessar-
ily cause disasters or generate impacts in the analyzed regions, they were consid-
ered extreme from a statistical point of view, considering the analyzed database.
In order to describe the morphological characteristics of the MCS and identify the
influence of these systems on extreme rain during the period 2012-2016 in the
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tropical region of South America, the dataset used in this investigation was the
CACATOES dataset. It is a level-3 product derived from the Tracking Of Orga-
nized Convection Algorithm through 3D segmentatioN (TOOCAN). According to
results, small systems with a duration smaller than 12 hours are the ones that
occurred with a higher frequency. However, systems that have duration above 12
hours are the ones that most contributed to the extreme rain. A significant influ-
ence of the MCS was identified over a large part of the South America regions. In
addition, the influence of the MCS over the investigated region presented a sig-
nificant variability. In order to analyze five case studies associated to extreme rain
which caused natural disaster in five different regions of Brazil was analysed. The
regions were defined based on previous studies according to the climatological
distribution of rainfall in each region. To be considered statistically extreme, the
cases were analyzed considering rain values above the 99th percentile during the
period 2012-2016. Three databases were used: Precipitation from (i) rain gauges
stations and (ii) different satellite-based estimates and (iii) Mesoscale convective
tracking data. The methodology was based in identifying events, analyzing the
performance of satellite precipitation estimates to detect the observed extreme
rain and finally quantifying the influence of convective systems on the extreme
rain that occurred. Although all regions of Brazil are subject to the occurrence of
natural disasters caused by extreme rains, the results suggest that the impacts
caused in each region have different magnitudes. It was noticed that the convec-
tive systems influenced above 90.0 % of the extreme rains in the case analysed
in South region of Brazil while it influenced about 60.0 % to 90.0 % of the ex-
treme rains in the case analysed in Northeast region of Brazil. In general, satellite
products have identified rain events, however, in the southern region of Brazil,
products have tended to overestimate rainfall, while other regions have tended
to underestimate extreme rain values. It can be seen then that it is still a chal-
lenge for the methods used in the satellite precipitation estimation products to
accurately identify specific extreme rain events.

Keywords: Satellite. Extreme rainfall. Estimates. MCS.
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ANALISE’DE EVENTOS EXTREMOS DE PRECIPITACAO ESTIMADOS POR
SATELITE E SUA RELACAO COM SISTEMAS CONVECTIVOS DE
MESOESCALA SOBRE A AMERICA DO SUL

RESUMO

As mudancas climaticas estdo aumentando a intensidade e a frequéncia de even-
tos extremos em todo o mundo. Cada vez mais, a sociedade esta vulneravel aos
perigos dos desastres naturais. De acordo com o Atlas Brasileiro de Desastres
Naturais, um total de 38.996 desastres foram registrados no periodo de 1991
a 2012. De acordo com esta base de dados, aproximadamente 40% dos even-
tos hidrometeoroldgicos foram causados por inundagdes, deslizamentos de terra,
granizo, tempestades locais e vendavais. Uma das principais variaveis meteoro-
|6gicas associadas aos desastres naturais € a precipitacao. Entender o compor-
tamento e melhorar a previsdo desses eventos é de fundamental importancia,
pois chuvas intensas causam danos irreparaveis e grandes perdas econémicas
para um pais. Com o objetivo de melhorar o entendimento sobre as chuvas ex-
tremas do Brasil, um banco de dados diario de precipitagdo em grade de 1°1°
foi usado para avaliar a habilidade de diferentes produtos de estimativas de pre-
cipitacdo por satelite em detectar as chuvas extremas em diferentes regiées do
Brasil, bem como a analise da sistemas convectivos de mesoescala e sua influén-
cia nas chuvas extremas. Os produtos avaliados nesta investigagéo foram 3B42
RT v7.0, 3B42 RT v7.0 nao calibrado, CMORPH V1.0 RAW, CMORPH V1.0 CRT,
GSMAP-NRT-sem pluviometro v6.0, GSMAP-NRT-com pluviometro v6.0 , CHIRP
V2.0, CHIRPS V2.0, PERSIANN CDR v1 r1, CoSch e TAPEER v1.5 do banco de
dados Frequent Rainfall Observations on GridS (FROGS). Alguns produtos con-
siderados nesta investigacao sdo ajustados com valores de pluviémetro e outros
apenas com informacgdes de satélite. Neste estudo, esses dois conjuntos de pro-
dutos foram considerados. Além disso, dados de precipitacao diaria baseados em
indicadores, fornecidos pelo Instituto Nacional de Pesquisas Espaciais do Brasil,
foram usados como referéncia nas analises. A fim de comparar a precipitagao
diaria baseada em pluviometro e os dados de satélite para valores extremos,
técnicas estatisticas foram usadas para avaliar o desempenho dos produtos de
satélite selecionados na regiao tropical da América do Sul. De acordo com 0s
resultados, o limiar para chuva ser considerada um evento extremo na América
do Sul apresentou grande variabilidade, variando de 20,0 a 150,0 mm/dia, de-
pendendo da regido e do limiar de percentil escolhido para analise. Aléem disso,
os resultados mostraram que a capacidade das estimativas de satélite de recu-
perar os extremos de chuva depende da localizacdo geografica e dos regimes
de chuva em grande escala. Cada regido do Brasil é caracterizada por extremos
de chuva com intensidades diferentes. As regides com os maiores valores sao as
regides Sul e Norte do Brasil com valores em torno de 125,0 mm / dia. Em ambas
as regides, o produto GSMAP (com e sem ajustes de pluvibmetros) tem melhor
desempenho. Por outro lado, as regides com as menores intensidades sao a re-
gido Nordeste (interior e litoral) com valores extremos mais frequentes em torno
dos 35,0 mm/dia. Nessas regides, 0 3B42RT v7.0 e 0 3B42RT v7.0 nao calibrado
demonstraram um melhor desempenho, respectivamente. Vale ressaltar que os
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valores de precipitacdo encontrados neste trabalho ndo necessariamente cau-
sam desastres ou geram impactos nas regides analisadas, foram considerados
extremos do ponto de vista estatistico, considerando a base de dados analisada.
Com o objetivo de descrever as caracteristicas morfolégicas do MCS e identi-
ficar a influéncia desses sistemas nas chuvas extremas durante o periodo de
2012-2016 na regido tropical da América do Sul, o conjunto de dados utilizado
nesta investigacéo foi o conjunto de dados CACATOES. E um produto de nivel 3
derivado do Algoritmo de Rastreamento de Convecgao Organizada por meio da
segmentacdo 3D (TOOCAN). De acordo com os resultados, pequenos sistemas
com duracgao inferior a 12 horas sdo os que ocorreram com maior frequéncia.
Porém, os sistemas que tém duragdo acima de 12 horas sdo 0s que mais con-
tribuem para as chuvas extremas. Foi identificada uma influéncia significativa do
MCS em grande parte das regides sul-americanas. Além disso, a influéncia do
MCS sobre a regido investigada apresentou uma variabilidade significativa. Com
o objetivo de analisar cinco estudos de caso associados as chuvas extremas que
causaram desastres naturais em cinco diferentes regides do Brasil foram analisa-
dos. As regides foram definidas com base em estudos anteriores de acordo com
a distribuicdo climatolégica das chuvas em cada regido. Para serem considera-
dos estatisticamente extremos, os casos foram analisados considerando-se valo-
res de chuva acima do percentil 99 durante o periodo de 2012-2016. Trés bancos
de dados foram usados: Precipitacao de (i) estagdes pluviométricas e (ii) diferen-
tes estimativas baseadas em satélite e (iii) dados de rastreamento convectivo de
mesoescala. A metodologia baseou-se na identificacao de eventos, na analise do
desempenho das estimativas de precipitacao por satélite para detectar as chuvas
extremas observadas e, por fim, quantificar a influéncia dos sistemas convecti-
vos nas chuvas extremas ocorridas. Embora todas as regides do Brasil estejam
sujeitas a ocorréncia de desastres naturais causados por chuvas extremas, 0s
resultados sugerem que os impactos causados em cada regido tém magnitudes
diferentes. Percebeu-se que o sistema convectivo influenciou acima de 90,0 %
das chuvas extremas no caso analisado na regido Sul do Brasil enquanto influ-
enciou cerca de 60,0 % a 90,0 % das chuvas extremas no caso analisado na
regiao Nordeste do Brasil. Em geral, os produtos de satélite identificam eventos
de chuva, no entanto, na regido sul do Brasil, os produtos tendem a superestimar
as chuvas, enquanto outras regides tendem a subestimar os valores extremos de
chuva. Pode-se ver entdo que ainda € um desafio para os métodos usados nos
produtos de estimativa de precipitagdo por satélite identificar com precisdo even-
tos especificos de chuva extrema.

Palavras-chave: Satellite. Extreme rainfall. Estimates. MCS.
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1 INTRODUCTION

In the last years, severe weather events have caused significant economic and
human losses. Climate change have increased the intensity and frequency of
extreme weather events around the world in the last decades (MARCELINO, 2008;
MIN et al., 2011; SENEVIRATNE et al., 2012; DONAT et al., 2016) and the societies are
vulnerable to hazards caused by natural disasters. In this way, accurate weather
predictions are of fundamental importance to alert the population to the risks of
occurrence of extreme events. A deep understanding of such phenomena may
improve their prediction in an effective manner, and, most importantly, mitigate
the impact of weather extreme events in our daily life.

Natural disasters such as flooding and landslides events are one of most wide-
reaching costly hazards. They may be triggered by meteorological events like
extreme rainfall and amplified by human intervention such as deforestation and/or
urban development (SMITH; WARD, 1999; KIRSCHBAUM et al., 2015; KIRSCHBAUM,;
STANLEY, 2017). However, many definitions of natural disasters can be found in
the literature. Some studies define a natural disaster as the result of the impact
of extreme or intense natural phenomena on a social system, causing serious
damages and losses that exceed the capacity of the community or society to deal
with (ALEXANDER, 1993; ALCANTARA-AYALA, 2002; UNDP, 2004; MARCELINO, 2008).
This definition of natural disasters is used in the present investigation.

One of the main meteorological variable associated with natural disasters is the
precipitation. Weather systems are complex and evolve rapidly. In addition, iso-
lated storms, in which rain showers occur in one place and not another, makes
reliable ground-based precipitation measurements over entire regions a challeng-
ing problem (LAU; wu, 2003).

Extreme precipitation events are most often related to severe storms that produce
intense rain, strong winds and hail. When these storms are well organized, they
are called Mesoscale Convective Systems (MCS). The MCS are clusters of deep
convective clouds that are wider than individual storms, often accompanied by an
extensive stratiform cloud in the lower troposphere in the form of anvil hundreds
of kilometers away. In South America, MCS are responsible for most of the pre-
cipitation in the tropics and in several regions of mid-latitudes during the warm
season (VELASCO; FRITSCH, 1987; MACHADO; LAURENT, 2004)

Many remote sensing techniques have been developed in order to estimate pre-



cipitation in a efficient manner. The main objective of the remote sensing tech-
nique is to obtain information over an area or object located at certain distance
from a measurement equipment. The most common equipment used for this pur-
pose is the weather radars and environmental satellites. The satellites sense the
radiation to indicate the presence of clouds, water vapour, and surface features,
while the radar senses electromagnetic radiation to indicate the presence of pre-
cipitation.

The data obtained by weather radars and satellites are of significant importance
to the investigation of extreme events since this data fill the spatial and tempo-
ral gaps left by the ground rain gauge network. There is a necessity to improve
the characterisation of precipitation extremes combining satellite with ground-
based measurements. In addition, due to large gaps in instrument coverage over
oceans, which cover 70% of the Earth’s surface, tracking rain globally is excep-
tionally difficult.

Due to the problems mentioned above, the use of satellite data is essential and
their use has been increased over the last years. Missions such as the Tropical
Rainfall Measuring Mission (TRMM) (KUMMEROW et al., 1998), the Global Precipi-
tation Measurement (GPM) (HOU et al., 2014), and Geostationary Operational En-
vironmental Satellite - R series (GOES-R) (GOODMAN et al., 2012) were launched
in order to provide a global coverage and a better quantitative description of rain
processes. New satellite rainfall products were developed for this missions and
have been improved constantly since the satellites launch; however, there is ne-
cessity to validate the algorithms used to post-processing the data obtained by
these satellites. In the present work, the validation process is performed by com-
paring the satellite data with rain gauges data.

It is observed that in situations of extreme precipitation, satellite estimates fall
short of expectations. Usually when the systems are shallow convective and dis-
organized, satellite estimates tend to be underestimated and when they are sys-
tems the organized deep convective are overestimated (PETKOVIC; KUMMEROW,
2017). Several limitation on data sampling (due to the time-space intermittent of
the precipitation) sensor design (due to resolution spatial, temporal and spectral)
and algorithm development can be considered generators of the uncertainties of
satellite-based retrievals (FERRARO, 2007; MASSARI; MAGGIONI, 2020).

Another challenge is found when it is necessary to estimate warm rain. According
to (CHEN et al., 2011),(CALHEIROS, 2013) many algorithms have problems to detect
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warm rain. In Brazil, for example, it is seen that a strong signal of warm rain mod-
ulates rainfall over the coastal areas of Northeast of Brazil and adjacent ocean
(PALHARINI; VILA, 2017). Most studies on precipitation estimation with satellite data
over land focus on rain involving ice formation; however, it is necessary a deeper
investigation about warm rain.

Satellite precipitation products (SPP) are of great utility and a large number of
researches have been using them for different purposes. Nonetheless, a valida-
tion process of these products, by a inter-comparison of various existing SPPs,
for extreme rain events over South America has not yet been done yet. In doing
so, the question that motivated this research is: Are the satellites able to correctly
estimate extreme rainfall values over South America?

In addition, the present investigation intend to answer other question: since MCS
may be the cause of severe storms and that the extremes of precipitation can
be related to these systems (DURKEE et al., 2009; MATTOS; MACHADO, 2009; ROCA;
FIOLLEAU, 2020), what is the influence of MCS for extreme rainfall over South
America?

1.1 Objectives

The main objective of this investigation is to assess the ability of different satellite-
based algorithms to retrieval extreme precipitation and analyze the Mesoscale
Convective Systems (MCS) behavior to identify the influence of these systems on
the extreme rainfall occurred over South America. The specific objectives of this
research are the following:

(i) Assess the ability of Satellite Precipitation Products (SPP) to capture the char-
acteristics of extreme precipitation over the tropical region of South America and
at different regions of Brazil and compare satellite precipitation estimation prod-
ucts with the rain gauge dataset from a period ranging from 2012 to 2016;

(if) Describe the characteristics of Mesoscale Convective Systems (MCS) acting
on the study regions by using tracking algorithm with Eulerian approach;

(iii) Analyze five study cases of extreme rain events that caused natural disasters
in five different regions of Brazil and compare with the results generated in items
i) and ii).



1.2 Thesis structure

The structure of the thesis is divided into seven chapters. A introduction to the
problem attacked in this investigation and the main scientific questions that mo-
tivated this research was shown in this chapter (chapter 1). Chapter 2 presents
a literature review, which provides a general overview of the characteristics of
extreme rainfall and convective systems, natural disasters, satellite precipitation
estimation techniques. Chapters 3 to 6 are structured as published journal papers
or paper under preparation to be submitted for publication in near future. Chapter
3 presents the assessment of the extreme precipitation by satellite estimates for
South America. Chapter 4 presents the assessment of the extreme precipitation
by satellite estimates for different regions of Brazil. Chapter 5 presents an analysis
of Mesoscale Convective Systems characteristics and their relation with extreme
rainfall. Chapter 6 presents five study cases on extreme events occurred in differ-
ent regions of Brazil. Finally, the conclusions and future works are described in
Chapter 7. Figure 1.1 shows a flowchart of the topics covered in each chapter in
this investigation.

Figure 1.1 - Thesis structure.
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2 LITERATURE REVIEW

This work address topics such as natural disasters, extreme precipitation, con-
vective systems, and satellite precipitation estimation techniques. The present
chapter presents a literature review on the main concepts related to the topics
covered in the thesis.

2.1 Overview of satellite based rainfall estimation methods

Remote sensing is the science that seeks to obtain information about an ob-
ject from a certain distance. There are different ways to collect data and differ-
ent sensors that can be used for this purpose. One of the main remote sensing
tool employed in meteorology are environmental satellites. They can carry instru-
ments or sensors that measure the electromagnetic radiation coming from the
Earth-atmosphere system. The radiation emitted from the Sun is reflected, ab-
sorbed, and emitted by the Earth’s atmosphere or surface. Satellite sensors are
calibrated to detect several wavelengths along the electromagnetic spectrum (YA-
MASOE; CORREA, 2016).

Along the last 60 years, significant improvements have been made in the area
of remote sensing using satellite. The first satellite, Sputnik 1 (Figure 2.1a), was
launched into space by the Soviet Union in order to access the capabilities of
launching payloads for space and the effects of weightlessness and radiation on
living organisms. Nowadays, satellites play a fundamental role on our daily life
providing real time images, communication, internet, and so on.

In 1960, the first meteorological satellite, called Television Infrared Observation
Satellites (TIROS-1), Figure 2.1b), was launched by the USA. With this satellite it
was possible to observe, for the first time, clouds layer from space. It was a great
advance for science to be able to see meteorological systems and their evolu-
tion on a wide spatial scale. This program was NASA’s first experimental step
to determine if satellites could be useful for remote sensing applications. How-
ever, even with all technological development along the last years, precipitation
measurements by satellite still a difficult task.

Accurate meteorological information are essential for the development of effective
alert system. In doing so, the improvement of satellite estimates are of fundamen-
tal importance for extreme rainfall detection. Efforts have being made by several
research centres to ensure that high-resolution scientific data are available to



help them to identify these events. Missions such as Tropical Rainfall Measuring
Mission (TRMM) (KUMMEROW et al., 1998) (Figure 2.2a) and the Global Precip-
itation Measurement (GPM) (HOU et al., 2014) (Figure 2.2b) use a constellation
of Low-Earth Orbit (LEO) satellites or missions like Geostationary Operational
Environmental Satellite (GOES), composed by Geosynchronous Equatorial Orbit
(GEO) satellites (GOODMAN, 2019) (Figure 2.2c), provide a global coverage and
a quantitative description of rain processes.

Launched on November 1997 and designed for a lifetime of 3 years, the Tropical
Rainfall Measuring Mission (TRMM) satellite produced over 17 years of valuable
scientific data. A joint mission of National Aeronautics and Space Administration
(NASA) and the Japan Aerospace Exploration Agency (JAXA), the TRMM dataset
became the space standard for measuring precipitation and helped researcher to
understand the physics of tropical cyclone structure and evolution, convective
system properties, lightning-storm relationships, climate and weather modeling,
and human impacts on rainfall (KUMMEROW et al., 1998).

Launched on February 27th of 2014 and carrying advanced instruments for pre-
cipitation measurements, the Global Precipitation Measurement (GPM) mission
has contributed for the advancement of our understanding of Earth’s water and
energy cycles and has improved the forecasting of extreme events that cause
natural disasters. A consortium of international space agencies, including the
National Aeronautics and Space Administration (NASA), Japan Aerospace Ex-
ploration Agency (JAXA), the Centre National d’Etudes Spatiales (CNES), the
Indian Space Research Organization (ISRO), the National Oceanic and Atmo-
spheric Administration (NOAA), the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT), and others (https:/pmm.nasa.gov/GPM)
(HOU et al., 2014) organized this mission. The main objective of GPM is to pro-
vide next-generation observations of rain and snow worldwide every three hours,
continuing the work done by the TRMM'’s mission.

Since 1975, Geostationary Operational Environmental Satellites (GOES) have
provided images and data on atmospheric conditions and solar activity. GOES
data products have led to accurate weather forecasts and better understanding
of long-term climate conditions. The NASA designed and launched the GOES
missions and the National Oceanic and Atmospheric Administration (NOAA) have
operated them. In October 2015, NOAA celebrated the 40th anniversary of the
launch of the first GOES satellite (GOODMAN, 2019).



These satellites are equipped with several sensors that have the objective of mea-
sure irradiated energy around the globe utilizing waves frequency in channel of
visible, infrared, radar and microwave. Based on these frequencies was been
built all the products for the different applications. Some of the applications of
these products are: climate prediction, agriculture, land surface models, extreme
weather among others. A description of some of the sensors used for remote
sensing is given below.

In the Visible (VIS) channel the precipitation rate is estimated by reflected radi-
ation from the top of the clouds. The disadvantages are related to the estimates
are indirect and based on empirical methods. It is not possible to obtain measures
in the night period because the brightness of a cloud is affected by the angular
position of the cloud in relation to the sensor and the Sun.

The thermal infrared (IR) is based on energy emitted by the Earth’s surface and
the atmosphere. The energy emitted is proportional to the temperature, in this
way, with the temperature of the top of the clouds, it is possible to evaluate the
evolution of precipitating systems composed of clouds of great vertical develop-
ment. It has a high temporal resolution, however, these estimates can be contam-
inated by cirrus clouds that are cold and shallow clouds.

The passive microwave sensor (PMW) provides direct measurement of precipita-
tion rates. The main disadvantages are related to low spatial and temporal reso-
lutions. In the case of active microwaves (AMW) or radar, these sensor provide
direct measurements of the vertical structure of the precipitation. However, there
are limitations related to the narrow range of data obtained by low-orbit satellites
(LEO).

In order to improve the deficiencies of each technique used to post-process the
measured data from different sensors, most of the satellite rain estimation algo-
rithms use hybrid techniques and create products using AMW and PMW tech-
niques associated with IR and VIS data. In addition, surface data corrections
are employed in order to minimize uncertainties. The inconsistency in the per-
formance of satellite products has been observed in different climatic and topo-
graphic at different regions, timescales, and precipitation intensities. In doing so,
a significant effort need to be done to the sensors measurements and to post-
process the data (MUHAMMAD et al., 2018).

Some studies evaluate the uncertainties of the precipitation products by satellite



considering an average rainfall. In the investigation conducted by (SAPIANO; ARKIN,
2009), the authors have performed a sub-daily inter-comparison of high-resolution
datasets CMORPH technique; TMPA; Naval Research Laboratory (NRL) blended
technique; PERSIANN with existing sub-daily gauge data over the United States
and the Pacific Ocean. The results showed that the biases are relatively high for
most of the datasets over land and ocean with a general tendency to overestimate
warm season rainfall over the United States and to underestimate rainfall over the
tropical Pacific Ocean.

In the work performed by Tian et al. (2009), the authors devised a scheme to
separate the total errors in a satellite-based data set into three independent com-
ponents, hit bias, missed precipitation and false precipitation. The authors analy-
sis produced the spatio-temporal distribution of these error components and their
magnitudes for each product.

Falck et al. (2016) valuated the simulation results of a multidimensional stochastic
satellite precipitation error model (SREM2D) for several algorithms to estimate
satellite precipitation in the Tocantins-Araguaia river basin. The authors showed
that the set obtained through the achievements of the SREM2D model reduced
the bias of satellite precipitation estimation algorithms for large drainage area
basins.

In addition to the works cited above, there are some studies that evaluated the
estimates when heavy or extreme rainfall events occurred. Aghakouchak et al.
(2011) evaluate the performance of four satellite derived precipitation products
(CMORPH, PERSIANN, TMPA-RT, and TMPA-V6) for the central United States
region. According to the authors, the performance of all satellite products tended
to decrease as the extreme precipitation threshold increased. The authors sug-
gested that extensive efforts are necessary to develop algorithms that can capture
extremes in a reliable manner.

Mehran and Aghakouchak (2014) investigated the capability of satellite precipi-
tation datasets to detect heavy precipitation rates over different temporal accu-
mulations. The authors compared the products from TMPA-RT, PERSIANN, and
CMORPH dataset. According to them, the results showed that none of the high
temporal resolution datasets are ideal for detecting heavy precipitation rates.

Prakash et al. (2016) investigated the use of satellite products to estimate heavy
rainfall across India using the Multi-satellite Precipitation Analysis (TMPA/TRMM),



and the Integrated Multi-satellitE Retrievals (IMERG/GPM). The satellite product
were compared with gauge-based observations. According to the authors, TMPA
has problems in detecting and estimating heavy rainfall over northern and south-
east India and that IMERG showed a notable improvement over TMPA as com-
pared to gauge-based observations.

Sano et al. (2018) described a new algorithm based on the Passive microwave
Neural network Precipitation Retrieval approach (PNPR v3). According to the au-
thor, PNPR v3 is a global rainfall retrieval algorithm able to optimally exploit the
GMI multi-channel response to different surface types and precipitation structures
around the globe.



Figure 2.1 - (a) The world’s first satellite Sputnik-1 launched in October 4,1957 by Russia.
(b) The The world’s first meteorological satellite TIROS-1 launched in April
1,1

,1960 by USA.

(a) Sputinik 1
Source: Federal Space Agency of Russia.

(b) TIROS 1
Source: NASA (1960).
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Figure 2.2 - Satellites with meteorological objectives already placed launched in orbit. (a)
TRMM, (b) GPM, (c) GOES.
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2.2 Definitions of extreme rainfall

According to the Intergovernmental Panel Climate Change (IPCC) Glossary ex-
treme weather event is defined as "an event that is rare at a particular place
and time of year. Definitions of rare vary, but an extreme weather event would
normally be as rare as or rarer than the 10th or 90th percentile of a probability
density function estimated from observations" (FIELD et al., 2012).

The extreme events can be characterised by some attributes such as rate of oc-
currence (probability per unit time), magnitude (intensity), temporal duration and
timing, spatial scale (footprint) and multivariate dependencies" (DIAZ; MURNANE,
2008).

Diaz and Murnane (2008) explained that the term "extreme event" can be con-
fused with other concepts. According to this work the use of expressions such as
rare, severe, extreme, and high-impact events are commonly used in the same
context, however, they should not. In an attempt to clarify these terms, the author
describes these definitions in a separate manner:

Severe events are events that create large losses in measures such as
a number of lives, financial capital, or environmental quality (e.g., loss of
species). The severity can be measured by the expected long-term loss,
which is known as the risk.

Rare events are events that have a low probability of occurrence. Because
of the rarity of these events, human societies (and other ecosystems) are
often not well adapted to them and so suffer large amounts of damage when
they do occur.

Extreme events are events that have extreme values of certain important
meteorological variables. Damage is often caused by extreme values of cer-
tain meteorological variables, such as large amounts of precipitation (e.g.,
floods), high wind speeds (e.g., cyclones), high temperatures (e.g., heat
waves), etc. Extreme is generally defined as either taking maximum values
or exceedance above pre-existing high thresholds.

High-impact events are severe events that can be either short-lived
weather systems (e.g., severe storms) or longer-duration events such as
blocking episodes that can lead to prolonged heat waves and droughts.

The number of researches related to extreme events and their implications have
increased in the last years. About 2000 articles related to keywords "rainfall" and
"extreme events" or "precipitation" and "extreme events" were published from
1980 to 2016 according to bibliometric mapping carried out by Pereira et al.
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(2017).

These studies range from regional scales to local ones, such as Manton et al.
(2001) that used some indices to analyze the tendency of extreme precipitation
in a period of 38 years for the regions of Southeast Asia and the South Pacific.
It was found that the intensity of the extreme events has increased. However, the
frequency of occurrence of the events have decreased.

Teixeira and Satyamurty (2011) analysed the average rainfall based on cluster
analysis and area average rainfall series for southern and southeastern regions of
Brazil. In this investigations, the authors found that the annual heavy and extreme
rainfall events frequencies present increasing trends in the 45-yr period.

Liebmann et al. (2001), studied the interannual variability of extreme precipitation
in the state of Sao Paulo. In their investigations, it was found that there is a positive
correlation between the number of extreme events in the entire state and SST
anomalies in the central and eastern Pacific.

Recently Demirdjian et al. (2018), Zhou et al. (2015) proposed an methodol-
ogy for the statistical modeling of extreme precipitation monitoring system using
the TRMM dataset. According to the authors, the application of the developed
methodology led a better estimates of the regional average recurrence interval
maps. This information is of fundamental importance to identify how rare a par-
ticular precipitation event is.

Wang et al. (2017) have compared a regional frequency analysis of precipitation
extremes in Mainland China with fuzzy c-means and L-moments approaches and
Generalized Extreme Value (GEV) distribution results fitted to each site. Accord-
ing to the authors, at some regions GEV distribution have a better accuracy than
others.

2.3 Mesoscale Convective Systems

Mesoscale Convective Systems (MCS) are clusters of deep convective clouds
that are wider than individual storms. They are often accompanied by an exten-
sive stratiform cloud in the lower troposphere in the form of anvil of hundreds
of kilometers (ORLANSKI, 1975). According to Orlanski (1975), Zipser (1981),
HOUZE JUNIOR. (2004), HOUZE (2018), the MCS are cloud systems that oc-
cur in connection with a group of storms and produce continuous precipitation
over areas of the order of 100 km on the horizontal scale. According to the au-
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thors, these systems have typical periods of life around 6 to 12 hours and storms
embedded in their interior of these systems are possible sources of intense pre-
cipitation, strong winds, tornadoes, hail, and intense electrical activity.

The Squall lines and the Mesoscale Convective Complexes (MCC) can be con-
sidered as particular types of MCS because they have different shapes. Squall
lines have a linear shape while MCC have a circular shape (MADDOX, 1980). The
Squall lines are identified by a vigorous line of convective cells extending up to
hundreds of kilometers along a horizontal axis. They interact with each other and
are connected by a stratiform region. They are usually formed close to the in-
terface between a mass of hot humid air and a mass of cold air producing very
strong winds on the surface. Due to the displacement of the system, as clouds
dissipate, new clouds are formed so that the storm can last for several hours
(COTTON, 1990).

The MCCs have an circular shape and typical diameters of 300 to 400 km with
hundreds of individual storms interconnected inside covered by an extensive layer
of Cirrus clouds, originated from mature Cb clouds. These systems occur mainly
at night with a typical duration of around 10 to 12 hours (MADDOX, 1980).

Thus, MCS in general are basically made up of a convective and a stratiform
region. The first is characterized by strong convection and high cloud top, while
the second region has clouds of great horizontal extension and low cloud top with
the appearance of an anvil (COTTON, 1990).

The strong convergence of humidity at low levels precedes the formation of MCS
by several hours (FRANK, 1978). In the case of squall lines, the organization of
convective cells provides hot and humid air and the strong vertical wind shear
separates regions of updraft and downdraft. The development of MCC is associ-
ated with a low level jet in a weak wind regime that provides hot and humid air to
the convective cells coupled to a high level jet (VELASCO; FRITSCH, 1987).

2.4 Natural disasters

The lack or excess of rains events are part of the natural variability of the cli-
mate. However, if we consider the impacts, this is the consequence of human
actions, since building in areas at risk or exposed to extreme rainfall can lead to
natural disasters. A survey performed by the World Bank and GFDRR, with of
117 countries, emphasized the urgency of climate-smart policies to protect the
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most vulnerable people as they are often exposed to natural disasters. The re-
port also assessed the benefits of interventions to increase resilience in these
countries which include insurance policies, social protection systems, and early
warning systems to mitigate the impact of extreme disaster events (HALLEGATTE
etal., 2016).

From the social point of view, extreme events are those that cause extreme
impacts in the society causing deaths, homelessness, and property damage.
Losses caused by catastrophes, defined by the property insurance industry as
storms that causes insured losses bigger then 5 million in the year of occurrence,
have grown steadily in the United States from 100 million annually in the 1950s
to 6 billion per year in the 1990s. (EASTERLING, 2000).

In Brazil, according to Global Facility for Disaster Reduction and Recovery (GF-
DRR), the average annual losses caused by natural disasters are estimated at
3.9 billion. The most vulnerable populations are located at large cities in Brazil.
Between 2009 and 2014, nearly every highly populated municipality in Brazil were
affected by floods and about 50000 low-income homes were destroyed (TORO et
al., 2014).

Currently, in Brazil, there is a natural disaster alert system via text messages
(SMS). This natural disaster alert system is coordinated by the National Cen-
ter for Risk and Disaster Management (Cenad) and the Ministry of Integration
in partnership with Civil Defense of the States, the National Telecommunications
Agency (ANATEL), and the telephone operators. The system aims to prevent ac-
cidents, to guide and advise the population on procedures that should be adopted
in view of the risk of floods, storms or landslides, among other occurrences. The
system began operating in February 2017 and it has already registered that 2.6
million citizens received notices for free. To receive the notices, the citizens need
to be registered in a database by sending the zip code of their address to the
number 40199 via SMS. Alerts are sent by SMS to cell phones registered in case
of imminent natural disasters.

Knowing the importance of alert systems, some authors have deepened their
studies on this topic. According to Sorensen (2000), an alert system, regardless
of the type of disaster, provides crucial information to people that lives in risky
areas and help them to make decisions and to take actions. In this way, alert
systems should provide useful and timely information to risk-exposed individuals
and mitigate or avoid human losses during the occurrence of a natural disaster.
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Currently several countries have flood warning systems. Some of the system are:
the Flood Forecast Center in England (WERNER et al.,, 2009), the NOAA Auto-
mated Flood Warning Systems in the USA (NATIONAL WEATHER SERVICES, 2009),
and the European Flood Alert System (EFAS) for all Western European countries
(THIELEN et al., 2008). All of these systems work in conjunction with hydrological
modeling data from weather forecasts generated by atmospheric models.

In Brazil, Pereira Filho and Santos (2006) used radar data to estimate precipi-
tation and river level data to develop a hydrometeorological forecasting system
based on neural networks with the objective of simulating and detecting flash
flood events in the drainage basin of the Tamanduatei River, state of Sdo Paulo.
This study demonstrated good results in the prediction of extreme events in the
drainage basin considered in the investigation.

Recently, Machado (2015) proposed a Severe Weather Forecast and Observation
System (SOS-CHUVA) to reduce the vulnerability of the population to extreme
rainfall events through the analysis of very short term forecast (nowcasting). With
this system, the meteorological information should reach the population in an
adequate and fast way in order to reduce losses of life and material assets in
landslides and flood risks.

In this way, the reduction of natural disasters has been on the agenda of the
United Nations (UN) in the last two decades. The United Nations General Assem-
bly implemented a program called International Strategy for Disaster Reduction
(ISDR). Through this program, it was possible to raise awareness of the public au-
thorities of several countries in the face of disasters and to increase the efforts to
investigate these phenomena (BONACHEA PICO, 2006). The program believes that
a organized national and local strategies for disaster risk reduction must be multi-
sectoral. These strategies should link policies in areas such as land use, build-
ing codes, public health, education, agriculture, environmental protection, energy,
water resources, poverty reduction and climate change adaptation.

Another program from the World Meteorological Organization (WMO) also sup-
port the global agenda on sustainable development, climate change adaptation
and disaster risk reduction. Protection of livelihoods and property from the risks
related to weather, climate and water events are the main priorities in this pro-
gram. In addition, WMO have emphasized that the development of reliable tools
to predict these events is of fundamental importance for any country.
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3 ASSESSMENT OF THE EXTREME PRECIPITATION BY SATELLITE ESTI-
MATES - PART 1: SOUTH AMERICA

3.1 Introduction

Precipitation is one of the most important meteorological variables to investigate
in the hydrological cycle context. When precipitation occurs in a very intense or
extreme way, it can cause significant social, economic and environmental im-
pacts. The meteorological systems responsible for intense rainfall are complex
and evolve rapidly, making measurement difficult. In addition, due to the morphol-
ogy of these systems, rainfall can occur in one place and not in others, which
makes precipitation measurements in certain regions a real challenge (LAU; WU,
2003).

In recent decades, the interest in investigating the impact of extreme events has
been growing due their effects on daily life (ALCANTARA-AYALA, 2002); (MARCELINO,
2008). In this scenario, different techniques have been developed to monitor pre-
cipitation using satellites. However, extreme precipitation data collected by the
satellites are difficult to process, requiring complex algorithms for this task (MA-
SUNAGA et al., 2019). Improvement of these algorithms for data retrieval is essen-
tial to quantify extreme events in terms of frequency and intensity, and to generate
useful information for decision-makers.

The use of satellite-based retrievals is promising, and their use has increased
since the launch of missions such as the Tropical Rainfall Measuring Mission
(TRMM) (KUMMEROW et al., 1998) and the Global Precipitation Measurement
(GPM) mission (HOU et al.,, 2014). These initiatives provide quasi-global cover-
age and better quantitative description of rain processes. Although the quality of
satellite rainfall products has improved in recent years, their algorithms require
validation studies through comparisons with observational data and physical pro-
cess approaches.

Some studies have observed that satellite-based retrievals for extreme precip-
itation events, usually caused by convective systems, fall short of expectations
(MASUNAGA et al., 2019) and that South America experiences some of the most
intense mesoscale convective systems (MCSs) on Earth (ZIPSER et al., 2006).

OPalharini, R.S.A.; Vila, D.A.; Rodrigues, D.T.; Quispe, D.P.; Palharini, R.C.; de Siqueira, R.A_;
de Sousa Afonso, J.M. Assessment of the Extreme Precipitation by Satellite Estimates over South
America. Remote Sens. 2020, 12, 2085. https://doi.org/10.3390/rs12132085
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In general, satellite observations tend to underestimate the rainfall when convec-
tive systems are shallow and overestimate them when convective systems are
deep (PETKOVIC; KUMMEROW, 2017). Furthermore, the presence of complex to-
pography in South America, like the Andes mountain range with its snow-covered
surfaces and heavy precipitation from warm clouds in areas such as northeastern
Brazil and the Amazon, makes satellite estimation a very difficult task (ZAMBRANO-
BIGIARINI et al., 2017); (SALIO et al., 2015); (PALHARINI; VILA, 2017); (LIU; ZIPSER,
2009). It is a particular challenge to estimate warm rain, and most studies of
precipitation estimation with satellite data over land focus in rain-ice processes,
making it hard to detect warm rain by the algorithms (CHEN et al., 2011); (CAL-
HEIROS, 2013). In Brazil, for example, about 80% of the clouds over the coastal
areas of the Northeast region and adjacent ocean are classified as shallow con-
vective, responsible for generating extreme warm rain events (PALHARINI; VILA,
2017). (RODRIGUES et al., 2019) showed that the quality of extreme satellite esti-
mates in northeastern Brazil depends on the season, location, and time scale in
which the precipitation events occur. Their study indicated that accumulated rain
in two days showed better results for the quality of the extreme precipitation es-
timates coming from the satellite. However, those results cannot be extrapolated
to other regions and rainfall regimes, as shown by other researchers who have
performed global analysis (HUFFMAN et al., 2001); (MASUNAGA et al., 2019).

Several limitations of data sampling (due to the intermittent time-space behavior
of precipitation), sensor design (due to spatial, temporal and spectral resolution)
and algorithm design are also sources of uncertainties for extreme satellite-based
retrievals. At the same time, the use of satellite-based datasets is fundamen-
tal to provide global coverage and a better quantitative description of rain pro-
cesses. In this respect, the quality of satellite rainfall products has improved in
recent decades. Satellite rainfall products (SRPs hereafter) have been improved
in terms of temporal and spatial resolution. However, their performance needs
to be understood across space—time scales and other uncertainty factors should
be identified. Some studies have already evaluated the ability of satellite-based
rain estimation products to estimate average rainfall values. These investigations
have revealed very close estimates to observed data, such as (DEMBELE; ZWART,
2016), (WANG et al., 2017), (SHARIFI et al., 2018) and (SHI et al., 2020). These have
analyzed different satellite-based rainfall estimation for Africa, Austria and China,
by evaluating the average behavior of rain intensity over the respective time series
chosen by the authors. But further investigation is needed of the ability of these
satellite-based products to estimate extreme rainfall values.
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In this context, the main goal of this study is to assess the ability of satellite-based
precipitation products to capture the characteristics of extreme precipitation over
the tropical region of South America using different satellite precipitation estima-
tion products from a new dataset called Frequent Rainfall Observations on GridS
(FROGS) (ROCA et al., 2019), and to compare them with the rain gauge dataset
from the National Institute for Space Research (INPE) for the period 2012-2016.
To compare SRPs and rain-gauge data, maximum values and 99th percentiles of
time series were used to identify extreme events. Statistical metrics such as bias,
correlation and mean square error were used.

3.2 Materials and methods
3.2.1 Study area

South America has an area of about 17.8 million km?, contains 6% of the world’s
population, and is divided into 12 countries. The precipitation in South America
is influenced by a large number of meteorological systems, which in turn can be
influenced by the topographic characteristics in the region, as shown in Figure
3.1. A review of the atmospheric systems and a schematic representation of all
the systems that occur in the low and high troposphere over South America is
available in (REBOITA et al., 2010).

~ Figure 3;1 - Topography map of the studied region.
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The domain analyzed in this investigation is contained in the coordinates from
30°S to 15°N and from 90°W to 30°W, corresponding to the tropical region of
South America. We considered a period of five years, ranging from 2012 to 2016.

3.2.2 Data
3.2.2.1 Rainfall Satellite-Based Products

The Frequent Rainfall Observations on GridS (FROGS) dataset
(DOI:10.14768/06337394-73A9-407C-9997-0E380DAC5598), which is com-
posed of daily precipitation gridded products that include satellites, ground-based
and reanalysis products adjusted to a common 1°x1° grid resolution, were used
in this study. The dataset was downloaded from the ESPRI/IPSL repository.

The FROGS database was built to put all products from different groups such as
NASA, NOAA, JAXA among others, in a common resolution (ROCA et al., 2019).
Each product was originally formulated with different purposes, considering differ-
ent areas and different time scales and resolutions. Some products contain global
information, others quasi-global and still others specific regions. Also, there are
products that consider only the ocean or land areas, and others that consider
both. For this reason, the FROGS dataset was built to offer accessible data on
daily precipitation products with a common grid of 1°x1°, to provide support to
clarify some uncertainties that are inherent in all precipitation products by making
them comparable. The FROGS database is formed by 32 products, where the
files are produced in NETCDF-4 format and contain information such as longi-
tude, latitude, time and rain intensity. To perform this investigation, we considered
the subset of SRPs for the period ranging from 2012 to 2016.

The SRPs selected in this study are described below.

The 3B42RT is a near-real-time product, also known as the TRMM multi-satellite
Precipitation Analysis (TMPA) algorithm - Real-Time (HUFFMAN et al., 2007), where
passive microwave (PMW) and infrared (IR) data are combined and the historical
rain gauge information is incorporated in the calibrated product;

The Global Satellite Mapping of Precipitation (GSMAP) product (KUBOTA et al.,
2006) is based on microwave estimation of rainfall but also use IR geostationary
imagery to extrapolate the PMW estimates. Rain gauge observations are used to
correct for bias;
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The Climate Prediction Center morphing technique (CMORPH) (XIE et al., 2017) is
a product that combines PMW and IR data to 'morph’ the PMW estimated fields.
A bias correction technique, using Climate Prediction Center (CPC) rain gauge
analysis (XIE et al., 2003), is applied over land surfaces for the V1.0 CRT version;

The Combined Scheme approach (CoSch) (VILA etal., 2009) is a product that uses
the Real-Time - TRMM Multi-satellite Precipitation Analysis (TMPA) algorithm and
rain gauge data from the Global Telecommunications System (GTS) and multiple
institutions in Latin America to remove the bias from TMPA;

The Tropical Amount of Precipitation with an Estimation of ERror (TAPEER) is a
product based on the GOES precipitation index technique (CHAMBON et al., 2013),
which merges geostationary infrared images with microwave instantaneous rain
rate estimates;

The Climate Hazards Infrared Precipitation (CHIRP) (FUNK et al., 2015) is a prod-
uct based on infrared observations from geostationary observations in a GOES.
The CHIRPS product is a merger of rain station information with CHIRP estimates
using a weighted average of the closest stations;

The Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks - Climate Data Record (PERSIANN-CDR) (ASHOURI et al., 2015)
is an infrared-based product that uses neural networks to obtain rain rate infor-
mation.

The short names and version of products used are: 3B42 RT v7.0, 3B42 RT
v7.0 uncalibrated, CMORPH V1.0 RAW, CMORPH V1.0 CRT, GSMAP-NRT-
no gauge v6.0, GSMAP-NRT- gauge v6.0, CHIRP V2.0, CHIRPS V2.0, PER-
SIANN CDR v1 r1, CoSch and TAPEER v1.5. From here on they will be called,
respectively, 3B42g, 3B42, CMORPH, CMORPHg, GSMAP, GSMAPg, CHIRP,
CHIRPSg, PERSIANNg, COSCHg and TAPEER, where sub-index 'g’ represents
the versions with gauge correction. Table 6.1 below reports some characteristics
of the satellite products used.
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Table 3.1 - Description table of satellite products.

Satellite product version Spacial coverage Use rain gauges Use IR sensor Use MW sensor References
50°S-50°N

CHIRP v2.0 180°W-180°E No Yes No (Funk et al. 2015)
Land only
50°S-50°N

CHIRPS v2.0 180°W-180°E Yes Yes No (Funk et al. 2015)
Land only
50°S-50°N (Ashouri et al., 2015)

PERSIANN CDR v1 r1 180°W-180°E Yes Yes No (Sorooshian et al., 2014)

. 50°S-50°N

3B42 RT v7.0 uncalibrated 180°W-180°E No Yes Yes (Huffman et al. 2007)
50°S-50°N

3B42 RT v7.0 180°W-180°E Yes Yes Yes (Huffman et al. 2007)

GSMAP-NRT-no gauges v6.0 50°S-50°N No Yes Yes (Kubota et al., 2007)

: 180°W-180°E v

50°S-50°N

GSMAP-NRT-gauges v6.0 180°W-180°E Yes Yes Yes (Kubota et al., 2007)
60°S-60°N .

CMORPH V1.0, RAW 180°W-180°E No Yes Yes (Xie et al., 2017)
60°S-60°N )

CMORPH V1.0, CRT 180°W-180°E Yes Yes Yes (Xie et al., 2017)
30°%-30°n

TAPEER v1.5 180°W-180°E No Yes Yes (Roca et al, 2018)
60°s-33°n

COSCH 120°w-30°w Yes Yes Yes (Vila et al., 2009)
Land only

Source: Roca et al (2019).

3.2.2.2 Rainfall ground-based data

In this study, two different ground-based databases were analyzed. The first
database came from Global Precipitation Climatology Center (GPCC), which is
included in the FROGS product. This product is available in a grid with a resolu-
tion of 1°x1°, considers rainfall information from around the globe from the Global
Precipitation Climatology Center (GPCC), and uses a modified SPHEREMAP in-
terpolation scheme (BECKER et al., 2013). The second database was provided by
Brazil's National Center for Space Research (INPE) and contains data from au-
tomatic and conventional rain gauges/stations from different networks in South
America. This database is in DAT format and has been interpolated for regular
1°x1° grids using the simple average and then converted to NETCDF format, en-
suring the consistency of spatial and temporal resolutions for comparisons.

In order to consider only the grid points representative of the entire time series
period, only 100f the missing data was allowed for each grid point. Figures 3.2 (a)
and (c) show the percentage of the number of days where at least one gauge was
reported for that grid point in the GPCC and INPE databases, respectively, and
Figures 3.2 (b) and (d) identify the grid points with a frequency larger than 90%
from Figures 3.2 (a) and (c). In the latter case, the GPCC and INPE databases
have 220 and 345 valid grid points respectively.
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Figure 3.2 - Percentage of days with, at least, one rain gauge in every grid point for the
period 2012-2016. White color represent no gauges for that grid point for the
whole period (a) GPCC dataset and (c) INPE dataset. Pixels with a frequency
larger than 90% of in the temporal series for 2012 to 2016 period (b) GPCC
dataset and (d) INPE dataset.
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Grid points with more than 90% of days with gauge information (rain > 0.0) were
used. In this analysis, 220 grid points were accounted for from the GPCC FROGS
database and 345 grid points from the INPE database. Analysis of the rain gauge
data sets for GCCP and INPE revealed that the INPE database had greater spatial
coverage. Comparison between the two datasets (not shown here) indicated a
small difference between them. For this reason, we decided to choose the dataset
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provided by INPE to perform this work. So, the INPE rainfall database will be
used hereafter as the reference for validation of satellite precipitation estimates
for different products. It is important to mention there is no complete coverage
of rain gauges in the study area in both databases considered. However, the
INPE database covered a more complete data network with more grid points
represented by rain gauges.

To ensure data quality, INPE performs an automatic data quality control that con-
siders four steps: (i) range test, which seeks to eliminate gross errors outside
the confidence interval; (ii) step test, which considers a maximum difference be-
tween consecutive values; (iii) internal consistency test, which makes an associa-
tion between different meteorological parameters; and (iv) persistence test, which
identifies the variability of measurements over a long period of time (COSTA et al.,
2017).

3.2.3 Methodology
3.2.3.1 Assessment of satellites products : statistical analysis

Statistical analysis was performed to compare satellite data with the gauge-based
rainfall data. The objective of this comparison was to evaluate the ability of differ-
ent algorithms to estimate extreme rainfall. In doing so, we considered the follow-
ing statistical measures(WILKS, 2011), (MEHRAN; AGHAKOUCHAK, 2014), (MUHAM-
MAD et al., 2018), (LIU et al., 2019):

a) The correlation coefficient (r) refers to the agreement between satellite-based
rainfall and gauge-based rainfall. The correlation coefficient ranges between —1
and +1. The value of +1 indicates a perfect positive fit, in other words, a perfect
linear correlation. We use the term positive correlation when r > 0, in which case
as P}, grows, P! also increases, and negative correlation when r < 0, and in this
case as P}, grows, Pl decreases on average.

Where:

P is the gauge-based value at pixel i

P} is the satellite-based precipitation value at pixel i
n is the number pixels included in the analysis.
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b) RMSE: Root Mean Square Error is one of the most commonly used methods
to measure the absolute average error and is sensitive to larger errors.

n

RMSE = $ ;Z(Pg _ piy (3.2)

=1

c) BIAS indicates the average tendency of the satellite-based rainfall fields to be
larger or smaller than the rain gauges; the best value is 0; negative (positive)
values indicate an underestimation (overestimation).

BIAS = ; i (P - P) (3.3)

i=1

d) Standard Deviation is a measure of the amount of variation or dispersion of a
set of values. A low standard deviation indicates that the values tend to be close
to the mean of the set, while a high standard deviation indicates that the values
are spread out over a wider range.

STD = \/ i S (Pi — Ppeany? (3.4)

Taylor diagrams were used to facilitate comparison between the data estimated by
different models and the reference data (TAYLOR, 2001); (LEMON, 2006);(GLECK-
LER et al., 2008). These diagrams are used to quantify the degree of correspon-
dence between the modeled and observed data in terms of three statistics: Pear-
son correlation coefficient (r), root mean square error (RMSE), and standard de-
viation (std). The x and y axes represent the standard deviation of the estimated
and observed data, respectively. The green arc represents the RMSE and the
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arc on the right side denotes positive Pearson correlation coefficient values. The
colored circles inside the diagram represent the models (satellite products) and
the white circle, over the x-axis, represents the reference data (INPE). The closer
a model is to the observation point, the better the satellite product is. To compare
the statistical behavior of the extreme precipitation values of the different satel-
lite products, the graphs of the probability density function (PDF) and empirical
cumulative distribution function (ECDF) of the maximum rainfall values and sev-
eral percentile values were generated. To estimate the density curves, the non-
parametric kernel method was used (WAND; MATT; JONES, 1994); (KUNG, 2014).

Denoted by f.(x), the PDF describes the behavior, in polygonal form, of the fre-
qguency distribution of a random variable. In this study, maximum rainfall and ex-
treme rainfall threshold are represented by X. The probability (Prob) of the ran-
dom variable being less than a given value of interest is calculated using the CDF
(Fx(x)), represented by Equation (5.1):

F.(x) = Prob(X <z) = /xoo fo(z)dz (3.5)

Inversely, the corresponding PDF can be obtained by differentiating Equation be-
low:

The CDF of a continuous random variable is a non-decreasing function, and the
validated expressions are: F,(—oc0)=0 and F,(+o00)=1 (SHEATHER; JONES, 1991);
(SILVERMAN, 1986); (VENABLES; RIPLEY, 2002); (SCOTT, 2015).

In addition to the statistical measures and graphical analysis of PDF and ECDF,
a statistical test was also used. A preliminary analysis was carried out to choose
between a parametric test, where the assumptions of normality, independence
and constant variance must be satisfied, and a non-parametric test, where these
assumptions do not all hold. The databases used were independent, but did not
satisfy the other assumptions, so the Wilcoxon-Mann-Whitney test was chosen
(MANN; WHITNEY, 1947). This is a non-parametric test employed as an alternative
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to the Student t-test (parametric cases) for two independent samples (BERGMANN;
LUDBROOK, 2000); (SPRENT; SMEETON, ); (HOLLANDER; WOLFE; CHICKEN, 2013).
The objective is to test whether two distributions are equal in location, that is,
whether the data distribution (observed and estimated) has the same median,
where in this case the medians of the extreme values were evaluated. To apply
the Wilcoxon-Mann-Whitney test, it is assumed that F and G are the distribution
functions corresponding to the observed and estimated data, and the null hypoth-
esis states that the distributions are equal, Hy: F(X) = G(Y). The test statistic is
calculated by the equation below, (MANN; WHITNEY, 1947):

m(m + 1)

U =
mn + 5

— S, (3.7)

Where m and n represent the number of elements in samples X and Y respec-
tively; and S,, denotes the sum of the ranks related to the sample elements X.
To decide whether or not to reject the null hypothesis, the p-value (probability of
obtaining a test statistic equal to or greater than the value observed in a sample)
is calculated. When this is below the desired significance level (here 5%), the null
hypothesis is rejected.

3.2.3.2 Characterization of extreme rainfall

Extreme rainfall is one of the most severe weather hazards affecting the globe.
To investigate these extreme events, statistical tools can be used to interpret a
dataset and to find a constant threshold. This threshold is based on the empirical
distribution of the variable at each location so as to ensure that a given fraction of
events will by definition be extreme.

The most common way to choose a threshold is to use the quantiles as cutoff
points that divide the range of a probability distribution into contiguous intervals
with equal probabilities. But there is still no consensus in meteorology about the
precipitation thresholds for the identification of extreme events, so this is highly
variable. (LIEBMANN et al., 2001) studied the interannual variability of the events
of daily extreme precipitation in the state of Sdo Paulo and defined as extreme
events those in which the daily precipitation exceeds a percentage of its seasonal
or annual average. In turn, (TEIXEIRA; SATYAMURTY, 2007) defined the criterion of
a 50 mm/day isohyetal line enclosing an area of not less than 10000 km 2 in
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the domain of southern Brazil. (DERECZYNSKI et al., 2009) studied intense rainfall
events in Rio de Janeiro during 1997 to 2006 and applied the percentile tech-
nique for each rain station. They observed a threshold higher than 30 mm for the
daily precipitation totals corresponding to the 99th percentile of all rain stations
considered. (ALVES et al., 2017) investigated the main atmospheric characteristics
associated with extreme precipitation events in northeastern Brazil and defined
extreme events as daily accumulation of precipitation with values greater than or
equal to 50 mm.

In this work, we applied the quantile technique by establishing values above a
certain threshold. Using the empirical cumulative distribution function (ECDF),
we carried out a preliminary study with the thresholds of 99.0, 99.5 and 99.9
percentiles and the maximum value of the distribution of precipitation over tropical
South America during the five-year period.
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Figure 3.3 - ECDF of Percentiles (a) 99.0, (b) 99.5, (c) 99.9 and (d) MAX values from
South America.
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In this study, the thresholds of 99.0 percentile (p99th, hereafter) and maximum
value were chosen to characterize extreme precipitation events over South Amer-
ica. As shown in Figures 3.3 (a) and (d), there was a slight difference between
the two approaches. While almost all algorithms underestimated the maximum
value and there were large discrepancies among them, the p99th, even though
considered to be an extreme value from a statistical point of view, showed better
agreement among the algorithms when compared with the reference data. The
first situation could be because the maximum values are highly sensitive to un-
filtered outliers or very rare events in the probability distribution of the reference
data and/or the FROGS dataset. The maximum and p99th are explored in section
below.
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3.3 Results and discussion

Since the launch of the first satellite completely focused on precipitation stud-
ies (TRMM), the academic community has been evaluating the performance of
satellite precipitation estimates obtained by different algorithms (HUFFMAN et al.,
2007);(EBERT et al., 2007);(ZHOU et al., 2015);(YONG et al., 2015);(HUFFMAN et al.,
2019). For a long time, these efforts were focused on obtaining the average rain-
fall characteristics on a global basis. It was found that, for average values, the
estimates showed a pattern similar to the observed rainfall (MELO et al., 2015).
However, this does not happen with extreme rainfall values, where satellite esti-
mates tend to underestimate or overestimate retrievals depending on the physi-
cal characteristics of rainfall systems (deep vs. shallow convection systems) and
other regional factors like orography and local circulation patterns, among others
(SALIO et al., 2015).
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Figure 3.4 - Zonal mean precipitation over South America.
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To summarize the inter-product differences, zonal mean precipitation was per-
formed (Figure 4) to aggregate the multiple measurements at each latitude band
(2° bins) by plotting the mean rainfall. Note that for the average values, the es-
timates are close to the reference values (in black), presenting larger dispersion
in equatorial latitudes (5°S to 10°N) and close to the southern edge of the region
between 25°S to 30°S. According to the climatology, these two regions presented
the largest rain accumulation in the studied region (DINIZ et al., 2018). However,
this disagreement among different algorithms and the reference data could be
also due to a data sampling issue. While the central region has the largest amount
of valid grid points per latitude band (see Figure 3.2-d), the equatorial region has
the smallest number of valid grid points. The southern region is in an average
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situation regarding the number of valid points (Figure 3.4).

While there is a reasonable agreement for the mean values, large differences
are observed in the ECDF of the extreme values, as can be noted in Figure
3.3. Therefore, approaches to extreme precipitation analysis are described in the
next two subsections: (i) maximum daily values, and (ii) p99th obtained for each
database and the reference.

3.3.1 Extreme rain from maximum daily values

The same zonal mean analysis was performed for the maximum estimated values
for each product and for the reference data, as shown in Figure 3.5. All products
tended to underestimate the maximum precipitation values for almost all latitude
bands, and larger dispersion was noticed for the same regions, as described for
the mean values in Figure 3.4.

In equatorial latitudes (5°S to 10°N), there was an abrupt variation in the maxi-
mum values of rain, as can be seen in the reference data (black line), with varia-
tion from 60 mm to 120 mm in just a few degrees of latitude. This variation may be
associated with the short-lived convective systems that are common in this region
(BRITO, 2013). Also, the algorithms were unable to simulate the same behavior.
In the region that comprises latitudes between 5°S to 20°S, there was minor vari-
ation of the maximum rainfall values, which were all near 100 mm. All algorithms
underestimated the maximum rainfall in this central region of South America, but
the dispersion among them was small. Latitudes between (20°S to 30°S) had
the highest values for maximum rainfall and tended to underestimate these val-
ues, while others were overestimated. This behavior will be analyzed later in this
section.
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Figure 3.5 - Zonal precipitation (a) and number of grid points by latitude (b) of maximum
values over South America.
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Figure 3.6 shows the frequency of maximum rainfall using the probability distri-
bution function (PDF) of satellite products in South America. According to this
plot, the most frequent values were between approximately 75 mm/day and 100
mm/day for the studied region. As shown in the previous analysis, satellite esti-
mates tended to underestimate, with several degrees of disagreement, the maxi-
mum values of the PDF.

According to the results, the distributions of the products 3B42, GSMAP,
GSMAPg, CMORPHg, COSCHg presented the closest agreement with reference
database’s PDF, as shown in Figure 3.6. However, according to the Wilcoxon-
Mann-Whitney test, the distributions of the maximum precipitation values esti-
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mated by the GSMAP and 3B42g products were statistically equivalent to the
distribution of the maximum precipitation values observed according to the refer-
ence database (p-value > 0.05). The data distributions estimated by the 3B42¢g
and GSMAP products had medians of 84.11 mm and 77.27 mm, respectively. The
reference dataset (INPE) was closest to the median of the data distribution (89.20
mm). On average, the products with the smallest biases were 3B42g, GSMAP and
TAPEER, with -3.05 mm, -3.82 mm, and -7.79 mm respectively.

Figure 3.6 - PDF of maximum rainfall [mm/day] of satellite products from South America
(345 grid points). The histograms represent the empirical distribution. The
curves represent the density estimated by the kernel method.
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As mentioned, the Taylor diagram provides a concise statistical summary of how
well patterns match each other in terms of their correlation, root mean-square
error and standard deviation. In this case, the shortest Euclidean distance to the
reference data represents the closest agreement. COSCHg presented the best
agreement when compared with other algorithms, as shown in Figure 3.7. Ac-
cording to the plot, COSCHg presented the best metrics compared with other
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products, with the highest correlation coefficient (r = 0.72) and the smallest stan-
dard deviation and root mean square error (std = 26.9 and RMSE = 24.5).

COSCHg presented the closest metrics when compared with the reference data,
with correlation coefficient (r) = 0.72, standard deviation (std) = 26.9, and root
mean square error (RMSE) = 24.5 for the entire region. These results were ex-
pected based on (VILA et al., 2009), since the COSCHg product merges satellite
estimates with daily gauge data. In this case, TMPA is used as a high-quality rain-
fall algorithm and a very similar database (that used as a reference), composed
of daily rain gauge observations, is used to correct the bias of near real-time over
South America. As shown in Figure 3.7, bias was negative for South America,
indicating that all products tended to underestimate maximum rainfall values.
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Figure 3.7 - Statistical comparison between gridded rain gauge data and satellite-derived
rainfall products over a period of 5 years (2012-2016) described by Taylor
Diagram of maximum rainfall (a) and Bias bars (b). RMSE is represented
with curved lines in green, STD is represented with curved lines blue and r is
represented with straight lines in black.
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Figure 3.5 shows the distribution of extreme rainfall differences with latitude and
behaviors for each product. In Figure 3.8, the spatial distribution of maximum rain-
fall (mm/day) occurred in each valid pixel during the period analyzed for all SRPs
and the reference data. The maximum spatial pattern values showed a clear de-
limitation of maximum values for almost all SRPs. In the reference dataset (Figure
3.8-M ), the largest maximum rainfall values were achieved in the southern and
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northern regions of Brazil, while the smallest values were observed in the semi-
arid region of northeastern Brazil. This pattern was also observed, with different
degrees of agreement, in all studied algorithms.

The behavior mentioned above may be associated with the different types of me-
teorological systems that occur in each region (REBOITA et al., 2010) as well as
the composition of hydrometeors within the clouds. In the southern region, clouds
with significant ice content and deep convection, characteristics are typically ob-
served (CALHEIROS, 2013), while at the northeastern region clouds generally have
shallow convection with little or no ice content (PALHARINI; VILA, 2017).

Figure 3.8 - Spacial distribution of maximum rainfall [mm/day] of each products.
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Still referring to Figure 3.8, it shows differences between the estimated maximum
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values and the observed maximum values. All products tended to underestimate
extreme rainfall values. However, products such as CHIRP (Figure 3.8 A) and
PERSIANN (Figure 3.8 J) tended to underestimate these values in all regions.
This could be due to the fact that both rely on infrared information for rainfall
retrieval. (HOBOUCHIAN, 2012) showed that other IR-based algorithms (Hydro Es-
timator in that case) have difficulty in retrieving the largest precipitation values.

The products without rainfall adjustments tended to underestimate the lowest val-
ues and overestimate the highest values, as it can be seen in the southern and
the northeast regions of Brazil respectively, and as demonstrated in Figures 3.8
A-D and Figure 3.8 L). The results are similar to the results found by (KIMANI et al.,
2017) for East Africa. According to the authors, the performance of satellite prod-
ucts is weaker when rainfall intensity is high, and after adjustments, they observed
a closer estimate in some regions.

Figure 3.9 depicts the difference between the maximum rain in the reference data
and the maximum rain estimated by each product at each grid point. Some prod-
ucts overestimated the maximum values in some regions (reddish colors) while
underestimating them in others (bluish colors).

While some products (CHIRPS, CHIRP and PERSIANN, among others) under-
estimated the maximum value for almost the whole region, others had different
behavior according to the region. GSMAP, 3B42g and TAPEER tended to overes-
timate the maximum values over the southern region while underestimating them
in the central region. The regional analysis will be investigated in the near future
to establish a relationship between anomalies of large and regional circulation
patterns and extreme values.
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Figure 3.9 - Spacial distribution of Estimated - Observed maximum precipitation [mm/day]
of each products.
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3.3.2 Extreme rain from 99th percentile threshold

The second approach used to analyze extreme precipitation over South Amer-
ica was application of the 99th percentile threshold. The zonal analysis was per-
formed for the p99th values of each precipitation estimation product and reference
data (in black), as shown in Figure 3.10. According to this plot, most of the prod-
ucts tended to underestimate p99th and the pattern is very similar to the maxi-
mum values with larger dispersion in the southern region between 30°S-25°S and
close to the equator.

Figures 3.5 and 3.10 indicate that both maximum and p99th values for prod-
ucts such as GSMAP, CMORPH, 3B42 and TAPEER overestimated the refer-
ence values between 30°S-20°S. These results are similar to those obtained by
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(MASUNAGA et al., 2019), who used other reference data sources (GPCC v2018
and CPC v1.0), considered all points on ocean/land and interpolated points. In
the central region, underestimation is present in all products, with a smaller dis-
persion due to the larger number of valid points considered, while the equatorial
region is noisier and has larger dispersion due to the smaller number of valid point
considered in the comparison and the complex behavior of the rainfall systems
over the Amazonian region.

Figure 3.10 - Zonal precipitation (a) and number of grid points by latitude of the mean
values of all values above 99th percentile over South America.
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A similar analysis was performed for the maximum values, as shown in Figure
3.11. This plot depicts the frequency of the 99th percentile for rainfall using the
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probability distribution function (PDF) of satellite products from South America.
According to the reference data, the most frequent p99th daily values were be-
tween 30 mm/day and 50 mm/day. This analysis considered daily rainfall values
> 0.0 mm in order to analyze the p99th for each grid point, and the same amount
of data was present in each distribution.

Figure 3.11 - PDF of 99th percentile of rainfall [mm/day] of satellite products from South
America (345 grid points). The histograms represent the empirical distribu-
tion. The curves represent the density estimated by the kernel method.
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Still referring to Figure 3.11, according to the PRF’s PDF, each product had a
different maximum in the frequency (mode). In general, all products tended to un-
derestimate the frequency of p99th rainfall values. The distributions of the prod-
ucts GSMAPg, CMORPHg, and COSCHg had the best agreement compared to
the observed PDF (INPE) over South America. However, according to the results
of the Wilcoxon-Mann-Whitney test, the distributions of the p99th threshold of
precipitation values estimated by the 3B42g and TAPEER products were statis-
tically equivalent to the distribution of the p99th precipitation values observed by
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INPE, with p-value > 0.05. Other products had a p-value < 0.05. The data distri-
butions estimated by the 3B42g and TAPEER products had a median of 38.5 mm
and 38.6 mm, respectively, close to the median of the reference data distribution,
which was 39.5 mm. On average, the products that showed the smallest biases
were 3B42g and TAPEER, with 1.07 mm and 0.19 mm, respectively.

According to Figure 3.12, when statistical metrics such as correlation coefficient,
mean square error and standard deviation were applied to the COSCHg product,
better performance was achieved in comparison with the reference data. This
Taylor diagram describes the performance of satellite-derived extreme rainfall es-
timates in comparison with gridded rain gauge data and shows the correlation
coefficient, standard deviation and mean square error values. The bias of p99th
over South America is negative for the majority of the products, indicating they
tended to underestimate p99th threshold rainfall values. However, exceptions oc-
curred for TAPEER (1.07 mm) and 3B42g (0.19 mm).
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Figure 3.12 - Statistical comparison between gridded rain gauge data and satellite-
derived rainfall products over a period of 5 years (2012-2016) described by
Taylor Diagram of P99th rainfall (a) and Bias bars (b). RMSE is represented
with curved lines in green, STD is represented with curved lines blue and r
is represented with straight lines in black.
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Figure 3.13 shows the spatial distribution of the 99th percentile in each pixel for
estimates and the reference data. In addition, Figure 3.9 shows the bias related
to these data. While the spatial pattern observed is very similar to the maximum
precipitation (Figure 3.8), the values are well below the maximum values with a
smoother distribution. This situation can be explained because in this analysis,
all rainfall values (including 0.0 mm) were considered in establishing the p99th.
In very dry regions like the continental region of northeastern Brazil, where the

43



number of rainy days (defined as days with accumulated rainfall greater than 1
mm) is just 35 per year (DINIZ et al., 2018), the p99th could be affected by the fact
that this situation does not represent an extreme value in terms of impacts on the
society.

Figure 3.14 shows that some products overestimated the p99th values in some
regions (reddish colors) while underestimating them in others (bluish colors), as
observed by the maximum values. Some products, such as CHIRP, CHIRPSg,
COSCHg, PERSIANNg, and CMORPHg, tended to underestimate the p99th
value over South America, while 3B42, 3B42g, GSMAP, CMORPH and TAPEER
tended to overestimate the p99th values over the southern region while underes-
timating then in the central region.

Figure 3.13 - Spacial distribution of 99th percentile rainfall [mm/day] of each products.
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Figure 3.14 - Spacial distribution of Estimated - Observed 99th percentile of rainfall
[mm/day] of each products.
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3.4 Conclusions

Extreme rainfall events can cause several social, economic and environmen-
tal problems. Studies that improve understanding of the characteristics of these
events are important. The main objective of this study was to evaluate a large
number of satellite products and identify their capacity to detect extreme precipi-
tation events. In addition, the extensive spatial coverage of data observed by the
rain gauge network in South America was considered to compare these data with
satellite products. In this scenario, the comparison between extreme precipita-
tion values of 11 different satellite products and rain gauge data was carried out
for the tropical region of South America. Precipitation extremes were defined by
maximum values and the 99th percentile threshold in a daily 1° X 1° grid for the
period from 2012 to 2016. The ability of the satellite-based precipitation products
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to detect extreme precipitation was analyzed using statistical metrics. The SRPs
evaluated were CHIRP v2.0, CHIRPS v2.0, 3B42 RT v7.0 uncalibrated, 3B42 RT
v7.0, GSMAP-NRT-no gauges v6.0, GSMAP-NRT-gauges v6.0, CMORPH v1.0
RAW, CMORPH v1.0 CRT, PERSIANN CDR, CoSch, and TAPEER v1.5, using
data from the rain gauges of the INPE database as the reference.

The evaluation of different SRPs showed that the adjusted rain gauge products
had better performance than near real-time product versions. This suggests that
satellite-based estimates combined with gauge information would be effective to
identify extreme precipitation. Similar results were found by (WANG et al., 2017)
and (LIU et al., 2019), who showed that post-real-time products agreed well with
the gauge-based observations and presented satisfactory performance for China.
In addition, (ROZANTE et al., 2018) compared the performance of TRMM, IMERG-
F, and GSMaP-Gauge in Brazil and demonstrated that IMERG-F and GSMaP-
Gauge presented better performance in comparison with near-real-time products.
However, according to this investigation, this is most likely only in regions where
rain gauge data are available.

The main findings of this study reveal that the products without rainfall adjust-
ments tended to underestimate the lowest values and overestimate the highest
values in the southern and northeastern regions of Brazil. This corroborates the
results of (KIMANI et al., 2017) for East Africa, where the performance of satellite
products was found to be weaker when rainfall intensity is high, and, after ad-
justments a closer estimate was observed in some regions. However, one of the
big advantages of satellite data is availability for regions without rain gauges. In
this study, we observed that GSMAP and TAPEER, which are SRPs that are not
adjusted by rain gauge data, presented better performance when the maximum
values occurred between 75 mm and 100 mm when compared with the other
SRPs. We also observed that the performance of the SRPs that include MW mea-
surements was better than those with IR information only. This was seen in the
case of CHIRP, CHIRPSg and PERSIANNg, which were the products that most
underestimated the extreme values of precipitation and that had the lowest cor-
relation coefficient (r < 0.3) for maximum values. In contrast, GSMAP, 3B42g and
TAPEER, which have blended techniques, tended to overestimate the maximum
values in the southern region. This leads to the hypothesis that the use of extreme
precipitation estimates derived from satellite products should not be considered
globally, but regionally, as the performance of each product varies according with
the particularities of each region. In this way, extreme rain thresholds vary greatly

46



from region to region.

The most frequent values of extreme rainfall in South America were between
75 mm/day and 100 mm/day, but all products analyzed tended to underestimate
extreme precipitation for almost all latitude bands in this region. In particular,
we noted a spatial pattern of the extreme values of precipitation. The maximum
and 99th percentile extreme rainfall estimates had similar features, where the ex-
tremes with the most intense volume were in the northern and southern regions of
Brazil while the lowest values were observed in the semiarid region of northeast-
ern Brazil. This spatial pattern was detected by all SRPs evaluated, with different
degrees of agreement. This behavior may be associated with the different types
of meteorological systems that occur in each region (REBOITA et al., 2010), as well
as the composition of hydrometeors within the clouds. While in the southern re-
gion, clouds with significant ice content and deep convection characteristics are
often observed (CALHEIROS, 2013), the northeastern region is characterized by
shallow convection with little or no ice content (PALHARINI; VILA, 2017).

Our objective was to identify the characteristics of extreme rain events repre-
sented by different satellite databases. However, other analyses are necessary.
In future works, the events of extreme precipitation for South America will be an-
alyzed by date of occurrence, based on the observed rainfall data and for each
specific event to validate satellite data, allowing us to show which product per-
forms best according to the meteorological condition on the specific day. This will
enable us to identify which physical thermodynamic processes favor the occur-
rence of rainfall extremes in different regions of South America.
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4 ASSESSMENT OF THE EXTREME PRECIPITATION BY SATELLITE ESTI-
MATES - PART 2: REGIONAL ANALYSIS

4.1 Introduction

Precipitation is one of the main meteorological variables associated with the in-
tensity and frequency of extreme events. In addition, precipitating cloud systems
are an essential component of water reservoirs and have major impacts on the
global and regional climate of the terrestrial system as a whole (STEPHENS; EL-
LIS, 2008). The latent heat released by precipitation is an important source of
atmospheric heating that drives the general circulation of the atmosphere and the
climate system. In this way, the worldwide population is vulnerable to the dan-
gers caused by natural disasters triggered by extreme events. According to the
Brazilian Atlas of Natural Disasters, in the period from 1991 to 2012 more than 57
million people were affected by extreme weather events across Brazil and a total
of 38996 disasters were recorded in this period (UNIVERSIDADE FEDERAL DE SANTA
CATARINA. CENTRO UNIVERSITARIO DE ESTUDOS E PESQUISAS SOBRE DESASTRES -
UFSC.CEPED., 2012).

Due the several damages caused by extreme precipitation in Brazil over the last
years, significant effort has been made in order to deep understand the causes
and to propose plans to mitigate the impacts these extreme events (ALCANTARA-
AYALA, 2002); (MARCELINO, 2008). In doing so, different techniques have been de-
veloped to monitor precipitation. Rain gauges, radars and satellites have be used
to collect data at different regions of the world (TAPIADOR et al., 2012). With rain
gauges, it is possible to make direct and immediate measurements at surfaces;
however, these instruments cover a small area. It is required a more complete
rain gauge network to efficiently monitor the rainfall. Weather radars can cover
larger areas simultaneously and perform high spatial sampling. Despite their im-
portance, rainfall networks and weather radars are scarce in many developing
countries, especially due to the high cost of installing and maintaining their infras-
tructure (SALIO et al., 2015). In this scenario, several regions in Brazil do not have
the necessary instrumentation to collect data from extreme events and the only
way to monitor these areas is the use of satellite data available.

Since the end of the 90’s, when the first satellite was launched with the objective of
monitoring the rainfall in the tropical regions, great advances have been observed
and a better understanding of extreme precipitation have been achieved. The
Tropical Rainfall Measuring Mission (TRMM) provided 17 years of satellite data
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with observations from November 1997 to April 2015. The TRMM was succeeded
by the Global Precipitation Measurement (GPM) mission which has extended the
satellite observation and data gathering to Arctic and Antarctic circles. The GPM
are able to perform measurements using high quality passive/active microwaves
and infrared (IR) at geostationary orbit (LEVIZZANI et al., 2020a).

The join effort of several space agencies around the world made possible the
improvement of precipitation measurements through the better understanding of
the physics and space-time variability of precipitation across the Earth (LEVIZZANI
et al.,, 2020b). Different techniques have been developed to monitor precipitation
using satellites and the physical principles of precipitation retrieval are based on
Infrared (IR), Passive Microwave (PMW), and Active Microwave (AMW) sensors
and the improvement of these techniques for data retrieval is essential to quantify
extreme events in terms of frequency and intensity.

Some of the investigations have used information from Precipitation Radar (PR)
and TRMM Microwave Imager (TMI) instruments on board of TRMM to quantify
extreme events and their connection with convective activity. Zipser et al. (2006)
detected and diagnosed extremely intense thunderstorms in the tropics; Ras-
mussen et al. (2013) studied extreme storms in South America; and Rossow et al.
(2013) investigated the contributions of the average precipitation intensity and av-
erage daily accumulation rate generated by the different types of deep convective
systems. Recently, Sekaranom and Masunaga (2019) studied the physical pro-
cesses in the development of heavy precipitation clouds using the differences in
TRMM active and passive sensors (PR-TMI) combined with the cloud structure in-
formation obtained from CloudSat and the background environmental conditions
of ERA-Interim reanalysis.

Other studies mapped precipitation based on satellite observations using
PMW/AMW sensors from several Low-Earth Orbit (LEO) satellites and Geosyn-
chronous Equatorial Orbit (GEO) IR observations with rain gauges adjusts. These
studies compared the differences between Satellite Precipitation Products (SPPs)
in order to verify which one presented a better performance (MASUNAGA et al.,
2019);(LIU et al., 2019);(PALHARINI et al., 2020). According to these investigations, it
was observed that the average values of rain for different products presented sim-
ilar results between them; however, a significant difference between the products
were noticed for maximum or extreme values of rain. Perhaps because the SPPs
were designed to detect a very wide spectrum of rain, ranging from light to heavy
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rainfall and globally, possibly without considering specific characteristics of each
region. Given that some products are tailored for specific purposes and may not
necessarily be optimal for all applications (MASUNAGA et al., 2019). There are nu-
merous applications of SPPs are centred around precipitation extremes. Studies
associated with tropical cyclones, El Nifo-Southern Oscillation, convective sys-
tems, modelling of hydrological extremes including landslide; floods early warning
and monitoring; extreme rainfall and streamflow predictions and others are ex-
tremely important. These studies can benefit if the next generation of SPPs, from
GPM constellation for example, improve the algorithms for detecting extremes of
rain or tailor some product with this specific purpose.

In Brazil, where different weather systems acts at different regions along the year,
a deeper investigation become necessary in order to identify which of the current
products have the best performance for extreme rainfall values across the coun-
try. In this way, the main goal of the work is to assess the performance of different
products to detect extreme precipitation in five regions of Brazil using grided pre-
cipitation datasets.

4.2 Methodology

In this investigation two thresholds were chosen to classify extreme rain events:
maximum values and conditional 99th percentile (P99th). In this way, in the
present work, it is considered only the values of rain above 1.0 mm/day. The
P99th threshold was chosen since the number of rainy days over the time se-
ries used in this work have a significant difference from one region to another. In
Figure 4.1 it is observed that in the north of Brazil some grid points have a fre-
quency around 60% of rainy days while other points in the interior of the semi-arid
northeast of Brazil have values around 10% of rainy days over the study period.
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Figure 4.1 - Frequency of wet days (> 1.0 mm/day) over Brazil during the study period
(2012-2016) using rain gauges dataset at National Institute for Space Re-
search (INPE) .
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In order to compare satellite data with the gauged-based rainfall dataset for dif-
ferent regions of Brazil, a statistical analysis was performed. The main objective
of comparing satellite products and the rain gauge dataset was to evaluate the
ability of different algorithms to estimate extreme rainfall. The relevant statistical
measures applied in this work were the correlation coefficient (r); the root mean
squared error (RMSE); and BIAS (WILKS, 2006). These metrics were calculated
as follows:

S (Ph— Ppem) (P — P
VI (PG — PEeen)2y S (Pg — Pgeen)?

STD = \/ i SO(Pi — Pypeany? (4.3)
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BIAS = Tll f: (P& — P) (4.4)

i=1

Notation: n is the number pixels included in the analysis; P is the gauge-based
value at pixel i ; P! is the satellite-based precipitation value at pixel i.

To facilitate comparison between the data estimated by different satellite prod-
ucts and the reference data by rain gauges, Taylor diagrams are used (TAYLOR,
2001);(LEMON, 2006);(GLECKLER et al., 2008). These diagrams were applied to
quantify the degree of correspondence between the modeled and observed data
in terms of three statistics: Pearson correlation coefficient (r), root mean square
error (RMSE), and standard deviation (std). The = and y axes represents the stan-
dard deviation of the estimated and observed data, respectively. The green arc
represents the RMSE and the arc on the right side denotes positive Pearson cor-
relation coefficient values. The colorful circles inside the diagram represent the
satellite products and the black diamond, over the z-axis, represents the refer-
ence data. The closer the satellite product is to the observation point, the better it
is.

To compare the statistical behavior of the extreme precipitation values of the dif-
ferent satellite products, the graphs of the probability density function (PDF) and
empirical cumulative distribution function (ECDF) of the maximum rainfall values
and several percentile values were generated. To estimate the density curves, it
was used the non-parametric kernel method(WAND; MATT; JONES, 1994); (KUNG,
2014).

Denoted by f.(x), the PDF describes the behavior, in polygonal form, of the fre-
quency distribution of a random variable. In this study, maximum rainfall and ex-
treme rainfall threshold are represented by X. The probability (Prob) of the ran-
dom variable being less than a given value of interest is calculated using the CDF
(Fz(z)), represented by Equation (5.1):

F.(z) = Prob(X <z) = /_moo fo(x)dx (4.5)

Inversely, the corresponding PDF can be obtained by differentiating Equation be-
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low:

fe(x) = (4.6)

The CDF of a continuous random variable is a non-decreasing function, and the
validated expressions are: F,(—oc0)=0 and F,(+o00)=1 (SHEATHER; JONES, 1991);
(SILVERMAN, 1986); (VENABLES; RIPLEY, 2002); (SCOTT, 2015).

In addition to the statistical measures and graphical analysis of PDF and ECDF,
a statistical test was applied to the data. A preliminary analysis was carried out
to choose which test would be more appropriate, a parametric test or a non-
parametric test. The assumptions of the parametric test, such as normality, in-
dependence and constant variance, must all be satisfied. Whereas the non-
parametric test is not necessary for all the assumptions to be satisfied. Thus,
the databases used were only independent and did not meet the other premises.
Hence, the Wilcoxon-Mann-Whitney test was chosen (MANN; WHITNEY, 1947).
This is a non-parametric test employed as an alternative to the Student-t test
for two independent samples (BERGMANN; LUDBROOK, 2000); (SPRENT; SMEETON,
); (HOLLANDER; WOLFE; CHICKEN, 2013). The objective is to test whether two dis-
tributions are equal in location, that is, whether the data distribution (observed
and estimated) has the same median, in this case, the medians of the extreme
values were evaluated. To apply the Wilcoxon-Mann-Whitney test, it is assumed
that F and G are the distribution functions corresponding to the observed and
estimated data, and the null hypothesis states that the distributions are equal,
Hy : F(X) = G(Y). The test statistic is calculated by the equation below, (MANN;
WHITNEY, 1947):

m(m +1)

U =
mn + 5

— S (4.7)

Where m and n represent the number of elements in samples X and Y respec-
tively; and S,, denotes the sum of the ranks related to the sample elements X.
To decide whether or not to reject the null hypothesis, the probability of obtaining
a test statistic equal to or greater than the value observed in a sample (p-value)
is calculated. When p-value is below the desired significance level (5% in the
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present work), the null hypothesis is rejected.

In order to understand the seasonality of the thresholds of rainfall studied in this
research, seasonal ECDF was made. Grouped in every 3 months: austral sum-
mer that corresponds to December, January, February (DJF); austral autumn that
corresponds to March, April, May (MAM); austral winter | that corresponds to
June, July, August (JJA); and austral spring that corresponds September, Octo-
ber, November (SON).

4.2.1 Study area

Brazil is the biggest country of South America with an area of 8.514.876 km?.
This area corresponds to 48% of the continent South American according to the
Brazilian Institute of Geography and Statistics (IBGE) data (INSTITUTO BRASILEIRO
DE GEOGRAFIA E ESTATISTICA - IBGE, 2010). Due to Brazilian territorial extension,
different meteorological systems are observed and have a significant effect on
the rains regime in each of regions. In order to find regions with the same precip-
itation regime in Brazil, Rozante et al. (2018) used a climatology based on merge
technique which consists in combines 3B42RT product with surface observations
(ROZANTE et al., 2010). According to the results obtained by Rozante et al. (2018),
the seasonal rainfall characteristics may be identified as five regions with distinct
rainfall distribution. This regions named, after here, by R1, R2, R3, R4 and R5,
are shown in Figure 6.1.
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Figure 4.2 - The five regions of Brazil according to homogeneous rainfall regime.
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Source: Adapt from Rozante et al. (2018)

The five regions identified by Rozante et al. (2018) were considered in this work
in order to investigate extreme precipitation events under different meteorological
systems influence and each region is explained in detail below:

The Southern region of Brazil (R1) is usually the stage of intense episodes of
precipitation and the orography contributes primarily for these events to occur
(MARENGO et al., 2008); (GRIMM; TEDESCHI, 2009); (REBOITA et al., 2010). The to-
pography of the Andes mountain range blocks the low-level winds from the Pacific
Ocean and directs the meteorological systems from the Atlantic to the tropical
strip of the continent. This topography promote the transport of moisture to the
South Region of Brazil. The meteorological systems operating in this region are
the frontal systems, cyclones and Mesoscale Convective Systems (MCS) (VE-
LASCO; FRITSCH, 1987); (GRIMM et al., 2000). During the spring and summer the
MCS predominate, whereas in the autumn and winter the rains is caused by
the frontal systems at mid-latitudes. In addition, during this period, the latitudi-
nal temperature gradient generates baroclinic waves in the west winds in upper
air (GRIMM et al., 2000) and the low-level jets stream are moved to the southeast
through the Andes acting as an orographic barrier causing cyclogenesis (??).

The Central region of Brazil (R2) encompasses the south of the Amazon re-
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gion, the central-west region and the southeastern region of Brazil. These regions
have been combined since they presents a homogeneous annual rainfall regime
(ROZANTE et al., 2018). R2 is characterized by 6 months of rain during the austral
summer followed by 6 months of scanty rainfall in austral winter, the main char-
acteristic of a monsoon region (ZHOU; LAU, 1998); (RAO et al., 2016). According to
Neves et al. (2013), the rainy season in this region starts, on average, between
mid-October and November due to the gradual increase in the latent heat flow
and the decrease in the sensitive heat flow in the same proportion of this pe-
riod. One of the most common meteorological systems in this region is the South
Atlantic Convergence Zone where the flow from the northwest of the Low Level
Jets can converge with the circulation of the subtropical high of the south Atlantic
and still with the northeast trade winds, resulting in a band of cloudiness and in-
tensification of precipitation in these regions (LENTERS; COOK, 1995); (ROSA et al.,
2020).

The Northeastern region of Brazil (R3) is characterized as a semiarid region and
presents scarce rainfall and have been affected by long periods of drought (AL-
THOFF et al., 2016); (AWANGE et al., 2016). The biome present in this region is the
Caatinga. CARVALHO DA COSTA et al. (2007) showed that the Caatinga biome
is composed by a wide variety of herbaceous and arborescent vegetation where
the prevalence of each component varies a function of climatic and soil factors.
According to Képpen’s classification developed specifically for Brazil by Alvares
et al. (2013), the Caatinga biome presents a high temperature semi-arid climate
with low latitude and altitude (BSh). The annual accumulated precipitation in this
region does not exceed 500mm in some areas of the semiarid. The main meteo-
rological systems acting in these region are the Inter-tropical Convergence Zone
and the Upper Level Cyclonic Vortex (KOUSKY; GAN, 1981). The mean annual rain-
fall most of which registered from January to May and the rainfall is modulated by
stratiform and deep convective precipitating clouds (PALHARINI; VILA, 2017).

The Northeast Coast region of Brazil (R4) presents Atlantic Forest biome that is
affected by a tropical wet climate with dry summer (As) according to Képpen'’s
classification (ALVARES et al., 2013). The annual cumulative rainfall is around 1000
mm in coastal, (KOUSKY; CHUG, 1978); (RAO et al., 2016) mostly concentrated from
March to July ( 70%) and modulated by shallow convective precipitating clouds
(PALHARINI; VILA, 2017). The main meteorological systems acting in this region
are Intertropical Convergence Zone, Tropical Mesoscale Convective Systems, the
Trade Winds, Upper Level Cyclonic Vortex, Easterly Waves and Sea Breeze Cir-
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culation ( (YAMAZAKI; RAO, 1977); (GOMES et al., 2015) ).

The North region of Brazil (R5) is covered by the Amazon rain-forest. At this re-
gion the climate is equatorial, warm and humid throughout the year. The period
from November to April constitutes the rainfall season and the total annual rain-
fall ranges from 2000 to 3000 millimeters (RAO et al., 2016). This region exhibits
large variability in rainfall and it is in general associated with El Nifio or La Nifa.
During the years of La Nifa the rainfall tends to increase. The mainly meteorolog-
ical systems acting in this region are Intertropical Convergence Zone (MARENGO;
HASTENRATH, 1993), the Tropical Squall Lines (COHEN et al., 1995) and the Trade
Winds.

4.2.2 Analyzed data
4.2.2.1 Satellite Precipitation Products (SPP)

Blended techniques, such as the combination of Infrared (IR) with Passive Mi-
crowave (PMW) observations were developed to optimally include both estimates
have presented performed better than alone (EBERT et al., 2007). In addition,
surface information has been considered in order to calibrate this procedure
(HUFFMAN et al., 2001); (XU et al., 1999); (MILLER et al., 2001); (KIDD et al., 2003);
(SOROOSHIAN et al., 2000); (JOYCE et al., 2004). In doing so, eleven SPPs are ana-
lyzed in order to evaluate the performance of theses products for extreme rainfall
at different regions of Brazil.

The products were grouped into a single dataset called Frequent Rainfall Obser-
vations on GridS (FROGS). FROGS dataset was developed with the objective of
placing all products on a single temporal and spatial scale of 1 degree daily by
Roca et al. (2019). The dataset was downloaded from the Institut Pierre Laplace
Simon (IPSL) repository (http://dx.doi.org/10.14768/06337394-73A9-407C-9997-
OE380DAC5598). FROGS database is formed by 32 products where the files are
produced within NETCDF-4 format and contain information of longitude, latitude,
time and rain intensity. In order to perform this investigation, the subset of SPPs
from a period ranging from 2012 to 2016 was considered. More information about
the product can be found in (ROCA et al.,, 2019). The Table 6.1 summarizes the
information about the products used in the present investigation.

The short name of products from here on they will be called respectively
3B42g, 3B42, CMORPH, CMORPHg, GSMAP, GSMAPg, CHIRP, CHIRPSg,
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PERSIANNg, COSCHg and TAPEER where sub-index ’g’ represents those ver-
sions with gauge correction. The characteristics of SPPs considered in this work
are described below:

The 3B42RT is a near-real-time product, also known as TRMM multi-satellite Pre-
cipitation Analysis (TMPA) algorithm - Real-Time (HUFFMAN et al., 2007). In this
product, IR and PMW information are combined and the historical rain gauge
information is incorporated in the calibrated product.

The Global Satellite Mapping of Precipitation (GSMAP) product (KUBOTA et al.,
2006) is based on microwave estimation of rainfall. In addition, this product uses
IR geostationary imagery to extrapolate the PMW estimates and rain gauges ob-
servations are applied to correct for bias.

The Climate Prediction Center morphing technique (CMORPH) (XIE et al., 2017)
is a product that combines PMW and IR data to 'morphing’ the PMW estimated
fields. A bias correction technique, using Climate Prediction Center (CPC) rain
gauge analysis (XIE et al., 2003), is applied over land surfaces for V1.0 CRT ver-
sion.

The Combined Scheme approach (CoSch) (??) is a product that uses Real-Time
(TRMM) Multi-satellite Precipitation Analysis (TMPA) algorithm. Rain gauge data
from Global Telecommunications System (GTS) and multiple institutions over
Latin America is used to remove the bias from TMPA.

The Tropical Amount of Precipitation with an Estimation of ERror (TAPEER) is a
product based on GOES precipitation index technique (CHAMBON et al., 2013).
This product merges geostationary infrared imagery with microwave instanta-
neous rain rates estimates.

The Climate Hazards Infrared Precipitation (CHIRP) (FUNK et al., 2015) is a prod-
uct based on infrared observations from geostationary observations in a GOES.
The CHIRPS product is a merge of rain stations information with the CHIRP esti-
mates using a weighted average of the closest stations.

The Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks - Climate Data Record (PERSIANN-CDR) (ASHOURI et al., 2015)
is an infrared-based product that use Neural Networks to obtain the rain rates
information.
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Table 4.1 - Description table of satellite products .

Satellite product version Short name Use rain gauges Use IR sensor Use MW sensor
CHIRP v2.0 CHIRP No Yes No
CHIRPS v2.0 CHIRPSg Yes Yes No
PERSIANN CDR v1 r1 PERSIANNg Yes Yes No
3B42 RT v7.0 uncalibrated 3B42 No Yes Yes
3B42 RT v7.0 3B42¢g Yes Yes Yes
GSMAP-NRT-no gauges v6.0 GSMAP No Yes Yes
GSMAP-NRT-gauges v6.0 GSMAPg Yes Yes Yes
CMORPH V1.0, RAW CMORPH No Yes Yes
CMORPH V1.0, CRT CMORPHg Yes Yes Yes
TAPEER v1.5 TAPEER No Yes Yes
COSCH COSCHg Yes Yes Yes

Source: Adapted from Roca et al. (2019).

4.2.2.2 Rainfall ground-based data

In this study, information from automatic and conventional rain gauges stations
from different networks in Brazil was considered as reference data. The Na-
tional Center for Space Research (INPE) is the institute responsible for receiv-
ing information from different agencies such as from National Institute of Mete-
orology (INMET), National Water Agency (ANA), Energetic Company of Minas
Gerais (CEMIG), Agronomic Institute (IAC), Meteorological System of Parana
(SIMEPAR) among others and organize these information in a single database
(COSTA et al., 2017).

INPE rainfall database is used hereafter as the reference data to validate the
satellite analysis of precipitation estimates for different products. In order to en-
sure the data quality, INPE performs an automatic data quality control that con-
siders 4 steps: (i) range test, which seeks to eliminate gross errors outside the
confidence interval, (ii) step test, which considers a maximum difference value
between consecutive values; (iii) internal consistency, which makes an associa-
tion between different meteorological parameters; (iv) persistence test to identify
the variability of measurements over a long period of time (COSTA et al., 2017).

This database of daily rainfall is in DAT format and has been interpolated for
regular 1°x1° grids using the simple average and converted to NETCDF format to
ensure the consistency in spatial and temporal resolutions for inter-comparisons.
In order to consider only the grid points representative for the entire time series
period, only 10% of the missing data was allowed for each grid point. Figure 4.3
shows 317 valid grid points over the Brazilian territory.
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Figure 4.3 - Grid points with more than 90% of rain gauges data in the temporal series
for 2012 to 2016 period of INPE dataset with 317 valid grid points.
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4.3 Results and discussion

This section has noticed the behaviour of extreme rainfall over different regions
of Brazil using statistical metrics. Also was evaluated eleven different satellite
precipitation products in the relation to the capability to detect extreme rainfall in
these regions of Brazil.

Figure 4.4 shows the frequency of maximum rainfall using the Probability Distri-
bution Function (PDF) of satellite products over the 5 regions of Brazil. According
to this plot, each region has a different range for the most frequent maximum rain
values. The most frequent maximum values in the reference data (INPE prod-
uct) are around: R1 = 100 mm/day; R2 = 85 mm/day; R3 = 70 mm/day; R4 =
50 mm/day; R5 = 100 mm/day. In general, the satellite estimates tend to over-
estimate at R1 and R4 while underestimate for the other regions, as seen in the
Figure 4.4.

The same behaviour is noticed in Figure 4.5 considering P99th. However, the
magnitude of rainfall is less than the maximum values. Analyzing the conditional
P99th values, it was observed that the most frequent extreme values for each
region considering the INPE reference database are approximately: R1 = 70
mm/day; R2 = 60 mm/day; R3 = 40 mm/day; R4 = 35 mm/day; R5 = 65 mm/day.
By the fact that Brazil has continental dimensions covering different latitudes
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and with different forms of relief, the development of different atmospheric sys-
tems occurs, such as Inter-tropical Convergence Zone; Upper Level Cyclonic Vor-
tex; Trade Winds; Easterly Waves; Sea Breeze Circulation, South Atlantic Con-
vergence Zone; Cold Fronts; Squall Lines and Mesoscale Convective Systems.
These systems contributes to the rainfall inhomogeneity between the regions.

In this scenario, it is possible to identify that all regions presented extremes of rain
during the period considered. Nonetheless, the extremes with greater intensities
are more frequent in the regions R1 and R5 and do not necessarily caused dis-
asters or generate impacts in these regions. These events are considered to be
extreme from a statistical point of view and they are based on the database anal-
ysis. This shows us that the occurrence or not of natural disasters caused by rain
is more related to the region’s vulnerability than just the accumulated value of rain
(RODRIGUES et al., 2020). Disasters is the materialization of hazard and is defined
as a physical phenomenon or a potentially harmful natural process, which can
cause serious socio-economic damage to exposed communities (TOBIN, 1997);
(ISDR, 2004).
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Figure 4.4 - PDF of Maximum rainfall [mm/day] from satellite products for five regions in
Brazil: Southern Brazil (R1); Central Region (R2); Northeastern (R3); North-
east Coast (R4); North Brazil (R5).
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Figure 4.5 - PDF of P99th rainfall [mnm/day] from satellite products for five regions in
Brazil: (a) Southern Brazil-R1; (b) Central Region-R2; (c) Northeastern-R3;
(d) Northeast Coast-R4; (e) North Brazil-R5.
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4.3.1 Southern Brazil - R1

In the Taylor diagram for the maximum rainfall values, Figure 4.6-a, it was ob-
served that the satellite estimation products have a correlation of less than 0.6
when compared with the observed data. A high dispersion of data is found when
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the products have an STD ranging from 12.0 to 25.0 mm/day and RMSE ranging
from 25.0 to 44.0 mm/day. As shown in the Taylor diagram, Figure 4.6-b, the 99th
percentile values presented a correlation of greater than 0.6 when compared with
the observed data, an STD of approximately 9.0 mm/day, and RMSE between
7.0 and 10.0 mm/day. Analyzing the bias, Figure 4.6 [c-d], it was noticed that half
of the studied products underestimate the extreme rainfall while the other half
overestimate it for R1.

According to the Wilcoxon-Mann-Whitney test, the distributions of the maximum
and P99th precipitation values estimated by the GSMAPg, COSCHg and CMOR-
PHg products were statistically equivalent to the distribution of the precipitation
values from the reference database, i.e, p-value > 0.05. The data distributions
estimated by the GSMAPg, COSCHg and CMORPHg products had medians of
108.2, 99.6 and 99.4 mm/day, respectively. It was observed that the reference
dataset and the median of the data distribution have similar values of 108.2
mm/day. The statistical test confirms that these three products are the ones that
present the best performance for R1 as seen in the Taylor diagram. On average,
the products with the smallest biases were GSMAPg, COSCHg and CMORPHg
(Figure 4.6 [c-d] ) showing a bias of -5.0, -15.0 and -18.0 mm/day respectively for
maximum values and -2.0, -5.0 and -10.0 mm/day for P99th.

In order to understand in more details the behaviour of the threshold of rain, a
seasonal analyse was made. Figure 4.7 [a-b] shows the R1 seasonal ECDF for
maximum values and rainfall above P99th threshold, respectively. According to
this figure, it was observed that the products GSMAPg, COSCHg and CMORPHg
have a better agreement when compared with the reference data. In addition,
these products perform better during the summer austral months (DJF), i.e, they
are able to capture the extremes that occurred during the DJF period.
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Figure 4.6 - Statistical comparison between gridded rain gauge data (INPE) and satellite-
derived rainfall products over a period of 5 years (2012-2016): Taylor Diagram
of Maximum (a), P99th rainfall (b), bias bars of Maximum (c), and P99th
rainfall (d). RMSE is represented by green curved lines, STD is represented
by blue curved lines and r is represented by black straight lines.
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Figure 4.7 - Seasonal empirical cumulative distribution function of (a) maximum rainfall
and (b) extreme rainfall above P99th threshold [mm/day] of satellite products
from R1 - Southern Brazil - 31 grid points.
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4.3.2 Central Region - R2

Analyzing the bias for R2, Figure 4.8[c-d], it is noticed that all of the studied prod-
ucts underestimate the extreme rainfall values for maximum values and P99th
values. The majority of products have a bias up to -20.0 mm/day, with the excep-
tion of CHIRPS and PERSIANN that exceed that value. The metrics for maximum
and P99th thresholds showed similar behaviors with a correlation ranging from
0.6 to 0.1. This results contrast with those found found for R1, where the esti-
mates showed correlations greater than 0.6 for p99th threshold.

At R2 region, several products have similar metrics. As shown in Figure 4.8 in
the Taylor diagram, the products with the smallest biases were TAPEER, 3B42¢g
and CMORPH with -7.82, -9.11 and -11.69 mm/day for maximum values and -
11.43, -12.82 and -18.27 mm/day for P99th. In doing so, these 3 products were
considered to have the the best performance for this region. However, according
to the Wilcoxon-Mann-Whitney test, the distributions of the maximum and P99th
precipitation values estimated by the TAPEER product was the only one statisti-
cally equivalent to the distribution of the dataset precipitation values and obtained
p-value > 0.05.
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In order to understand in more details the behaviour of the threshold of rain, a
seasonal analyse was made. Figure 4.9 [a-b] shows the seasonal ECDF at R2
for maximum values of rainfall and for values of rainfall above P99th threshold,
respectively. In this region, the rainy season starts, on average, between mid-
October and November and remains during the summer (NEVES et al., 2013). It is
observed that in these months (SON and DJF) the products have a good agree-
ment with each other, however in DJF where the most intense rains generally oc-
cur, the products tend to distance themselves from the reference curve (in black),
thus underestimating the most intense values.

Figure 4.8 - Statistical comparison between gridded rain gauge data and satellite-derived
rainfall products over a period of 5 years (2012-2016): Taylor Diagram of
Maximum (a), P99th rainfall (b), bias bars of Maximum (c), and P99th rainfall
(d). RMSE is represented by green curved lines, STD is represented by blue
curved lines and r is represented by black straight lines.
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Figure 4.9 - Seasonal empirical cumulative distribution function of (a) maximum rainfall
and (b) extreme rainfall above P99th threshold [mm/day] of satellite products
from R2 - Central Region- 171 grid points.
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4.3.3 Northeastern - R3

Figures 4.10 [a-b] presents the Taylor diagram for R3 regions. It is noticed from
these plots, that the estimates show a correlation less than 0.6 for all estimation
products at both the maximum and P99th thresholds. This results are similar to
those found for R2 region. In addition, the STD varied from 8.5 and 25.0 mm/day
and from 5.0 to 10.0 mm/day for maximum values and P99th values, respectively.

Analyzing the bias, Figures 4.10 [c-d], it is observed that most of precipitation
estimation products underestimate the extreme rainfall at this region. However,
the product 3B42g overestimated the precipitation. Similar results were found by
the work conducted by Rozante et al. (2018), the authors compared the precipita-
tion estimates of 3B42RT real time version with the 3B42 final version. According
to this work, 3B42 final version product overestimate the precipitation in the wet
season of this region.

Several products presented similar metrics at this region and, for the period inves-
tigated, the products 3B42g, CMORPHg and COSCHg showed the smallest bias
with 2.82, -3.48 and -5.25 mm/day from maximum values and 2.92, -10.65 and -
11.48 mm/day from P99th respectively. According to the Wilcoxon-Mann-Whitney
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test, the distributions of the maximum and P99th precipitation values estimated
by the 3B42g and CMORPHg product were statistically equivalent to the distribu-
tion of the precipitation values when compared with the reference database (INPE
product).

In order to understand in more details the behaviour of the threshold of rain, a
seasonal analyse was made. Figure 4.11 [a-b] shows the seasonal ECDF for
maximum values of rainfall and for values of rainfall above P99th threshold at R3
region. According to the results, the products 3B42g, CMORPHg and COSCHg
presented a good agreement with the reference data. In addition, it was noticed
that the product CMORPHg presented a good performance at this region for most
of the months of the year. At June, due to scarce data available, all products
present a poor performance.

Figure 4.10 - Statistical comparison between gridded rain gauge data and satellite-
derived rainfall products over a period of 5 years (2012-2016): Taylor Di-
agram of Maximum (a), P99th rainfall (b), bias bars of Maximum (c), and
P99th rainfall (d). RMSE is represented by green curved lines, STD is rep-
resented by blue curved lines and r is represented by black straight lines.

SCHIRP
®CHIRPS g

@CHIRP =
®CHIRPS g ] e Extreme rainfall-R3
8 Extreme rainfall-R3 sceip
@3B42g ®GEMAPg Correlati
Somwr R orrelation

prrpt: S Correlation °gggg:;9 o2 0 g2
.ggggﬁ;g 02 0 pp PERSIANNg

PERGLANNg T TAREER

TAPEER

PN A e i 10 5 0 5 15 20
34 25 17 B84 0 84 17 Ves 34 Standard Deviation
Standard Deviation Centered RMSE Difference
Centered RMSE Difference I T T 1
I T T ! -20 10 0 10 20
-40 20 0 20 40
(a) (b)
-60 -40 -20 0 20 40 60 -60 -40 -20 1] 20 40 60
Bias Maximum Bias P99th conditional rainfall
(c) (d)

Source: Author’s production.

70



Figure 4.11 - Seasonal empirical cumulative distribution function of (a) maximum rainfall
and (b) extreme rainfall above P99th threshold [mm/day] of satellite prod-
ucts from R3 - Northeastern - 53 grid points.
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4.3.4 Northeast Coast - R4

The Figure 4.12 shows that the R4 region is the only one where most prod-
ucts overestimate extreme rainfall. However, it was observed that the products
COSCHg, TAPEER and CHIRP, underestimated the maximum values ( -4.68, -
4.65 and -11.24, mm/day respectively) and 3B42, TAPEER and CHIRP products
underestimated the P99th values(-2.94, -9.81 and -4.34 mm/day respectively ).
Among the regions studied in this research, R4 presented the lowest correlation
between the estimated data and the observed data (r < 0.4). The low correlations
is caused by the small number of valid points which are used to in the statis-
tic metrics. Due to the small number of points, it was not possible to apply the
Wilcoxon-Mann-Whitney test at this region. In addition, it is noticed at R4 that the
3B42, CMORPH and COSCHg products presented the smallest bias (0.14, 3.75
and -4.68 mm/day) among the analyzed products.

In order to understand in more details the behaviour of the threshold of rain, a
seasonal analyse was made. Figure 4.13 [a-b] shows the seasonal ECDF for
maximum values of rainfall and for values of rainfall above of P99th threshold at
R4 region. In this region, the rainfall occurs with more frequency from March to
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July (DINIZ et al., 2018). In the rainy season, the satellite products tend to similar
behaviour between them; however at the dry season, these products there is no
concordance between them where some overestimate and others underestimate
the rain values. The products that have a distribution closer to the reference data
are TAPEER, CHIRPSg, PERSIANN and COSCHg during DJF, but this is not the
rainy season in this region. During the dry season, the events of rain in the R4 is
rare, the number of grid points is small and maybe no make sense to do the inter-
comparisons between the products. During MAM when the rainy season begins,
the CMORPH and GSMAP without rain gauges adjustments performer better.
During JJA when the rainy season ends, the COSCHg and TAPEER performer
better.

Figure 4.12 - Statistical comparison between gridded rain gauge data and satellite-
derived rainfall products over a period of 5 years (2012-2016): Taylor Di-
agram of Maximum (a), P99th rainfall (b), bias bars of Maximum (c), and
P99th rainfall (d). RMSE is represented by green curved lines, STD is rep-
resented by blue curved lines and r is represented by black straight lines.
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Figure 4.13 - Seasonal empirical cumulative distribution function of (a) maximum rainfall
and (b) extreme rainfall above P99th threshold [mm/day] of satellite prod-
ucts from R4 - Northeast Coast - 6 grid points.
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4.3.5 North Brazil - R5

Analyzing the Taylor diagram, Figure 4.15, it is observed that on average, the
products with the largest bias were CHIRP and PERSIANN and the products
with smallest biases were 3B42g, GSMAP and GSMAPg ( -9.09, -6.90 and -
8.27 mm/day for maximum values and -3.79, -7.54 and -6.48 mm/day for P99th
respectively). According to the Wilcoxon-Mann-Whitney test, the distributions of
the maximum and P99th precipitation values estimated by the 3B42g, GSMAP
and GSMAPg products were statistically equivalent to the distribution of the pre-
cipitation values observed when compared with the reference database (INPE
product).

In order to understand in more details the behaviour of the threshold of rain, a
seasonal analyse was made. Figure 4.14 [a-b] shows the seasonal ECDF for
maximum values of rainfall and for conditional P99th threshold of rainfall at R5
region. According to Diniz et al. (2018), the mean annual rainfall at this region
occurs mainly from December to May (DINIZ et al., 2018). In this region, all products
estimated by satellite tend to underestimate the extreme values of rain, both for
the maximum values and for the values rainfall above of P99th threshold in all
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seasons, presenting similar behaviors between them. The products that have a
ECDF closer to the reference data are 3B42g, GSMAP and GSMAPg. In this way
different analyzes indicate that these products are the ones that present a better
performance for estimating extremes of rain in this region.

Figure 4.14 - Seasonal empirical cumulative distribution function of (a) maximum rainfall
and (b) extreme rainfall above P99th threshold [mm/day] of satellite prod-
ucts from R5 - North Brazil- 39 grid points.
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Figure 4.15 - Statistical comparison between gridded rain gauge data and satellite-
derived rainfall products over a period of 5 years (2012-2016): Taylor Di-
agram of Maximum (a), P99th rainfall (b), bias bars of Maximum (c), and
P99th rainfall (d). RMSE is represented by green curved lines, STD is rep-
resented by blue curved lines and r is represented by black straight lines.
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4.4 Conclusions

The main objective of this study was to evaluate a large number of Satellite Pre-
cipitation Products (SPP) and identify their capacity to detect extreme precipita-
tion events. The comparison between extreme precipitation values of 11 differ-
ent satellite products and rain gauge data was carried out for different regions
of Brazil. The SPPs evaluated were CHIRP v2.0, CHIRPS v2.0, 3B42 RT v7.0
uncalibrated, 3B42 RT v7.0, GSMAP-NRT-no gauges v6.0, GSMAP-NRT-gauges
v6.0, CMORPH v1.0 RAW, CMORPH v1.0 CRT, PERSIANN CDR, CoSch, and
TAPEER v1.5, using data from the rain gauges of the INPE database as the ref-
erence. Similar to Palharini et al. (2020) precipitation extremes were defined by
maximum values and the 99th percentile threshold in a daily 1° X 1° grid for the
period from 2012 to 2016 and the ability of the satellite-based precipitation prod-
ucts to detect extreme precipitation was analyzed using statistical metrics.
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An important characteristic of SPPs that must be considered is that these esti-
mates tend to underestimate or overestimate rainfall mean values, as has been
studied by some previous studies (HUFFMAN et al., 2001); (XU et al., 1999); (MILLER
etal., 2001); (KIDD et al., 2003); (SOROOSHIAN et al., 2000); (JOYCE et al., 2004). The
same occurs when talking about extreme rains, such as results found by Jiang
et al. (2019) which shows on eastern coastal areas of China that satellite esti-
mates tend to underestimate extreme rain values, as also Palharini et al. (2020)
found that satellite estimates tend to underestimate extreme rainfall over South
America.

However, these tendencies of overestimation or underestimation can vary from
region to region. Especially when observed in smaller regions with specific char-
acteristics of relief and land cover, as their effects influence the radiation, ther-
modynamics and the physics of clouds in each region. And also the meteoro-
logical systems of each region, which are different. These aspects consequently
influence the response of the satellite sensors to capture the precipitation that
occurred in the region. Considering that these sensors monitor the energy emis-
sions of Earth captured in the infrared and microwave. These emissions gener-
ally correspond physically to the location and intensity of precipitation (FUNK et al.,
2015).

In this work it was found that SPPs generally tend to underestimate the extreme
values of rain in the regions R2-Central Region, R3-Northeastern and R5-North
Brazil, while the region R4-Northeast Coast estimates tend to overestimate ex-
treme rainfall. In the R1-Southern Brazil, there is a divergence of results between
the products analyzed, where some tend to overestimate and others to underes-
timate. Thus, even though regions located within South America do not follow the
same behavior of South America in general, that tend to underestimate (PALHARINI
etal., 2020).

The main findings of this study reveal that each region of Brazil is characterized by
extremes of rain with different intensities. The regions with the highest values are
R1 and R5 around 125mm/day and the regions with the lowest intensities are R3
and R4 around the 35mm/day. However, these rainfall values do not necessarily
cause natural disasters or generate impacts in these regions, they are considered
to be extreme from a statistical point of view, considering the analyzed database.
With that, it is clear that the same study with a longer series of temporal data can
show a more accurate result for each region.
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Another interesting result is that GSMAP product with and without rain gauges
adjustments perform well in regions R1 and R5, which are the regions in Brazil
that record the most intense rainfall values identified as extreme, mainly in the
summer months, where the rainy season of these regions are characterized. A
similar result was found by Afonso et al. (2020) that evaluating the diurnal pre-
cipitation cycle in these regions, also found that the GSMAP product presents a
better performance and that this would be related to the fact that in those regions
where thermal heating produce deep convective clouds, the diurnal cycle is better
represented.

For the other regions, it is observed that other products obtained a better perfor-
mance, as in the example of the R3-Northeastern region where the products that
presented a better performance to detect extremes during the summer and au-
tumn (DJF, MAM) were CMORPHg, COSCHg and 3B42g according to the metrics
used that converge to this result. In the R4-Northeast Coast region, it was identi-
fied that the COSCHg and CMORPH products performed better during the rainy
season (MAM, JJA). In the R2-Central Region, the metrics differ in terms of re-
sults, since the Wilcoxon-Mann-Whitney test indicates that the product with the
greatest statistical similarity with the reference data is the TAPEER product, the
Taylor diagram shows that the TAPEER products, 3B42g and CMORPH have a
lower bias.

In general, the summary of products that showed the better performance to detect
extreme rainfall that occurred in different regions of Brazil during the period from
2012 to 2016 was presented in Figure 4.16. The present investigation showed
that the ability of the satellite estimates depends on the location in which the
precipitation events occur. As future work it is intended to analyze specific cases
that have been recorded extreme rain and that have caused natural disasters
in each of the regions analyzed here, thus identifying the performance of each
product in specific events.
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Figure 4.16 - Summary table indicating the products that showed a better performance
over the different regions of Brazil.
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5 Characteristics of Mesoscale Convective Systems and its relation with
extreme precipitation over South America using an Eulerian Tracking ap-
proach

5.1 Introduction

Precipitation is a key component of the hydrological water cycle around the world.
It has been paramount to society by providing a source of freshwater and sup-
porting agriculture. However, extreme precipitation may have a significant impact
in larger metropolitan regions or small communities. Severe storms can cause
flooding and structural damage. According to Zipser et al. (2006), South America
is a region among the world’s that occur most intense thunderstorms, and these
storms can be classified as Mesoscale convective systems (MCS).

The MCS are defined as organized deep convective clouds. These clouds aggre-
gate and interact to induce a large and almost contiguous area of precipitation.
They can cover a horizontal range of hundreds to a few thousand kilometers and
last for several hours (??ZzIPSER, 1981; HOUZE, 2018).

Studies have shown that the timing and location of maximum precipitation across
South America are modulated through the exchange tropical heat and moisture
via the northerly low-level jet. The low-level jet plays a vital role in the development
and maintenance of predominantly nocturnal MCS within the region (MARENGO et
al., 2004; VERA et al., 2006; ZIPSER et al., 2006; SAULO et al., 2007). The variabil-
ity of MCS structures and spatial organizations, is strongly related to the larger
scale meteorological forcing ((HOUZE JUNIOR, 1977; HOUZE JUNIOR et al., 1990;
MACHADO; ROSSOW, 1993)).

The MCS are commonly analyzed using Lagrangian tracking techniques where
the movement of the systems is followed in successive instants. The variation and
the life cycle is observed over a time. According to the literature, satellites images
can be used to measure the brightness temperature of the top of the cloud and
identify the MCS. The first studies used manual tracking technique (i.e., visual
inspection of all images to identify the systems ) is labour-intensive and somewhat
subjective (MARTIN; SCHREINER, 1981; VELASCO; FRITSCH, 1987; MILLER; FRITSCH,
). Later studies developed automated techniques to do this tracking, some of the
techniques used to detect MCS are described below.

MAximum Spatial Correlation Tracking TEchnique (MASCOTTE) (CARVALHO;
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JONES, 2001) is a fully automated method used to determine the structural prop-
erties and evolution of cloud shields from convective systems. The method uses
the brightness temperature of the satellite images obtained by the Geostationary
Environmental Operational Satellite (GOES-8) based on the technique of maxi-
mum spatial correlation.

FORecast and TRAcking of Cloud Cluster (ForTraCC) (VILA et al., 2008) is a cloud
cluster detection method based on a threshold temperature of 235 K. This track-
ing technique is based on MCS overlapping areas in successive images and a
forecast module based on the evolution of each particular MCS in previous steps.
This feature is based on the MCS’s possible displacement, considering the cen-
ter of the mass position of the cloud cluster in previous time steps, and its size
evolution.

Cumulonimbus TRacking And Monitoring (Cb-TRAM) (ZINNER et al., 2008) is
based on Meteosat-8 SEVIRI (Spinning Enhanced Visible and Infra-Red Imager)
data from the broad band high resolution visible, water vapor(WV) 6.2 um , and
the infrared (IR) 10.8 um channels. In addition, tropopause temperature data from
ECMWEF operational model analyses is utilised as an adaptive detection criterion.
The tracking is based on geographical overlap between current detection and first
guess patterns of cells predicted from preceding time steps.

Rapid Development Thunderstorm (RDT) (AUTONES; MOISSELIN, 2013) is an
object-oriented diagnostics for convective clouds and it is based on geostation-
ary satellite data. The RDT tracks clouds, identifies those that are convective,
and provides some descriptive attributes for their dynamics. The main satellite
channel is IR10.8 um (used for detection, tracking and discrimination). Addition-
ally WV6.2 um, WV7.3 um, IR8.7 um, and IR12.0 um channels can be used for
convective discrimination. RDT software has been developed by Météo-France
within the EUMETSAT SAF/NWC (Satellite Application Facility for Nowcasting)
framework.

However, the MCS tracking and monitoring technique considered in the present
investigation uses the Eulerian approach. This approach is different from previous
techniques, as it seeks to understand the behavior of MCS from a grid point and
not from their trajectory like other techniques. In this way, it is possible to obtain a
spatial and temporal analysis of the morphological characteristics of the MCS.

The MCS tracking and monitoring technique considered in the present investi-
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gation is the TOOCAN (Tracking Of Organized Convection Algorithm through 3D
segmentatioN) algorithm. TOOCAN was developed by (FIOLLEAU; ROCA, 2006)
and the MCS tracking is conducted using an Eulerian approach. In this algorithm,
a latitude and longitude grid point is fixed, and, in successive instants, the MCS
variation is observed in the grid.

The main goal of this work is to describe the morphological characteristics of
the MCS using TOOCAN outputs and identify the influence of these systems on
extreme rain during the period 2012-2016 in the tropical region of South America.

5.2 Study area

South America has an area of about 17.8 million km?, contains 6% of the world’s
population, and is divided into 12 countries. The topographic characteristics in
the region can be seen in Figure 5.1. The area analyzed in this investigation is
contained in the coordinates from 30°S to 15°N and from 90°W to 30°W, corre-
sponding to the tropical region of South America. In this work, a period of five
years, ranging from 2012 to 2016, is considered for analysis.

Figure 5.1 - Topography map of South America.
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5.3 Datasets
5.3.1 Mesoscale convective systems dataset

In order to analyse the characteristics of MCS over South America, the outputs of
TOOCAN algorithm is used in the present investigation.

Developed by Fiolleau and Roca (2013), the TOOCAN use a 3-dimensional seg-
mentation algorithm to detect and tracking of tropical Mesoscale Convective Sys-
tems from infrared images of a geostationary satellite. This algorithm works in
a time sequence of infrared images to identify and track MCS in a single 3-D
(spatial+time) segmentation step and detect the convective cores within a cold
cloud shield defined at brightness temperature (Tb) less than 235 K (-38 °C). The
minimum brightness temperature corresponds to the minimum temperature be-
tween all pixels belonging to the top of the same MCS.The algorithm apply an
iterative process to detect the spread of convective seeds in segments individual
convective systems. A Tb less than 235 K threshold is applied on the IR imagery
to delineate the high cold clouds. In addition, pattern recognition techniques and
tracking algorithms have been developed since the 1980s to detect and track the
MCSs.

The TOOCAN database is a level-2 product available over the entire tropics for
the period ranging from 2012 to 2016. It gives access to the integrated morpho-
logical parameters of each MCS at each 30 min-step of their life cycles. The
TOOCAN database is available over the 5-year period for Eastern-Pacific, Amer-
ica, Africa, India, Western-Pacific. The CACATOES database is a level-3 product
derived from the TOOCAN database. It allows the analyzes of MCS over the en-
tire tropical belt by an Eulerian approach. The integrated morphological parame-
ters of each MCS have been projected into a 1%1day grid and the characteristics
of all the MCSs occurring in a given grid point have been sorted according to
the area occupied within this grid point. The MCS can be easily identified for a
given 1%1day grid point. The CACATOES database is available for the 5-year pe-
riod over the whole tropical belt [30°S-30°N] and is composed by 1%1day global
monthly files in NETCDF. (https://doi.org/10.14768/20191112002.1)

In this work, the CACATOES dataset is used in order to analyse the character-
istics of MCS over South America and to access the influence of MCS on the
extreme rain events. The parameters such as a number of events, duration, size,
brightness temperature, and eccentricity (ratio of the MCS minor axis to its major
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axis) are analysed in this work. Table 5.1 shows these parameters in a detailed
manner.

Table 5.1 - Description of parameters from TOOCAN dataset selected for analysis in this
work. The dimensions Time and nmaxMCS represent the number of days
within a month and the maximum number of MCS within a 1%1day grid point
(set at 25) respectively.

Parameters Description Units Dimensions
Population of MCSs which are included
partially or totally within a 1%1day grid point
Duration Life time duration hr | Time x nmaxMCS x lat x lon
Maximum cold cloud surface reached )
Smax by the MCS along its life cycle at 235K km? | Time x nmaxMCS x lat x lon
Eccentricity of the ellipse
at a 235K threshold and at Tmax
Tbmin Minimum brightness temperature K Time x nmaxMCS x lat x lon

Daylymcs_pop Time x lat x lon

Ecc235K Time x nmaxMCS x lat x lon

5.3.2 Rain gauge dataset

The rain gauge database was provided by Brazil's National Center for Space
Research (INPE). This contains data from automatic and conventional rain
gauges/stations from different networks in South America. This database is in
DAT format and has been interpolated for regular 1°x1° grids using the simple
average and converted to NETCDF format to ensure the consistency of spatial
and temporal for comparison with CACATOES database. To ensure data qual-
ity, INPE performs an automatic data quality control that considers four steps: (i)
range test, which seeks to eliminate gross errors outside the confidence interval;
(i) step test, which considers a maximum difference between consecutive values;
(iii) internal consistency test, which makes an association between different mete-
orological parameters; and (iv) persistence test, which identifies the variability of
measurements over a long period of time ((COSTA et al., 2017)). It was considered
345 grid points from the INPE database and Figure 5.2 shows valid grid points
over the tropical region of South America territory.
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Figure 5.2 - Grid points with more than 90% of rain gauges data in the temporal series
for 2012 to 2016 period of INPE dataset with 345 valid grid points.
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5.4 Methodology

In order to investigate the morphological attributes of MCS over tropical region
of South America during 2012-2016 using a Eulerian approach, morphological
attributes such as duration, maximum size, number of events occurred by day,
eccentricity and minimum brightness temperature of the MCS were analyzed. To
compare statistical behavior between these attributes over land and ocean, Prob-
ability density function (PDF) and Cumulative distribution function (CDF) plots
were generated. In addition, non-parametric kernel method was used to estimate
the density curves (WAND; MATT; JONES, 1994); (KUNG, 2014).

Denoted by f.(x), the PDF describes the behavior, in polygonal form, of the fre-
quency distribution of a random variable. In this study, the morphological param-
eters are represented by X. The probability (Prob) of the random variable being
less than a given value of interest is calculated using the CDF (Fx(x)), represented
by Equation (5.1):



The corresponding PDF can be obtained by differentiating Equation below:

fe(x) = (5.2)

The CDF of a continuous random variable is a non-decreasing function, and the
validated expressions are: F,(—o00)=0 and F,(+00)=1 ((SHEATHER; JONES, 1991);
(SILVERMAN, 1986); (VENABLES; RIPLEY, 2002); (SCOTT, 2015)).

In addition, in order to find a relation between the variables, the probability dis-
tribution function bi-dimensional and the Pearson correlation coefficient (r) was
calculated. The (r) refers to the agreement between two variables. The correla-
tion coefficient ranges between —1 and +1. The value of +1 indicates a perfect
positive fit, in other words, a perfect linear correlation. The term positive corre-
lation, » > 0 is applied when the variable represented by x-axis grows and the
variable represented by y-axis grows also increases. The term negative correla-
tion when r < 0 s applied when the variable represented by x-axis grow and the
variable represented by y-axis decreases.

Where:

x; is the values of the x-variable in a sample

y; is the values of the y-variable in a sample
2™ is the mean of the values of the x-variable
y™e" is the mean of the values of the y-variable

Sy
\/Z(IZ — xmean)Q\/z(yi — ymean)Q

r

(5.3)

In order to understand the relation between the accumulated extreme rainfall dur-
ing 2012-2016 and the extreme rainfall over influence of MCS, analyzes between
both variables were made. In this study was considered extreme rainfall, values
of rain above percentile 99th.

The contribution of the MCS on the extreme rain was subjectively defined as the
ratio between the amount of extreme rain that was influenced by the MCS over the
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total amount of extreme rain recorded during the period of five years (2012-2016).

For obtain this contribution, that firstly was selected rainfall values above per-
centile 99th from rain gauges INPE dataset for one daily degree. Secondly,
the CACATOES dataset with the population of MCSs within a 1%1day grid
point (Daylymcs_pop) variable that recorded the MCS events occurred. In the
cases that in each grid point were recorded at least one MCS event and a
value of extreme rainfall associated, the information of rainfall was accumulated
(>° Extreme Rain ,,¢5). Next, it was accumulated the extreme rainfall for five years
at each grid point (> Extreme Rain ;). Finally, it was obtained the ratio between
both information (Figure 5.3). In doing so, the contribution of the MCS on the total
extreme rainfall occurred during 2012-2016 is expressed by the following equa-
tion:

> Extreme Rain pog

Contribution [%/5 years] = * 100 (5.4)

5 years .
21 day Extreme Rain o1

where the Extreme Rain ycs represents the rain recorded at 1 daily degree for
each grid point when MCS registered and Extreme Rain ;. iS the accumulated
extreme rainfall for five years for each grid point.
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Figure 5.3 - Schematic flowchart to describe variable extracted from CACATOES dataset
and rain gauges dataset considering the rainfall values above percentile 99th

(P99th).
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5.5 Results and discussion
5.5.1 Characterization mesoscale convective cystems over South America

The Figures (5.4-5.8) shows the PDF and CDF of the morphological attributes
such as duration, maximum size achieved, number of events occurred by day,
eccentricity and minimum brightness temperature of the MCS over land and over
ocean separately. The period correspond to five years (2012-2016) and the do-
main analyzed contained in the coordinates from 30°S to 15°N and from 90°W to
30°W, corresponding to the tropical region of South America.

In Figure 5.4(a-b) it is possible to note interesting aspects of the MCS duration
attribute: (i) MCS last longer over the oceans than over the continent; (ii) systems
lasting up to 12 hours are the most frequent, corresponding to about 75% of the
distribution over land and 65% of the distribution over the ocean; (ii) events lasting
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more than 24 hours are less frequent both on the continent and in the ocean.
Similar results were found by (ROCA; FIOLLEAU, 2020) who studied the duration of
MCS throughout the tropical belt regions.

Figure 5.4 - Distribution of life time duration of MCS represented by (a) Probability distri-
bution function and (b) Cumulative distribution function.

0.10 Ocean 1.0 -
Land
0.08 0.8
2 0.06 ; Z06
i \,' 1]
[= ! c
a Q
0 p.04 S04
0.02 0.2 —— Ocean
I Land
0.00 T T T T T — T T 0.0 =
0 5] 12 18 24 30 36 42 48 54 0 [ 12 18 24 20 36 42 48 54
MCS Duration (h) MCS Duration (h)
(a) (b)

Source: Author’s production.

Figure 5.5(a-b) represent the distribution of maximum size cold cloud surface
reached by the MCS along its life cycle at Tb = 235 K. It is noticed, that both con-
tinent and ocean distributions have a similar behavior. Even though, events that
reach 50x10% km? of maximum area reached by the system represent 80% of the
distribution, the highest frequency is of events that reach 3x103 km?, that is, small
systems. According to Machado and Rossow (1993), on average a large tropi-
cal MCS has, during the maturation stage, approximately 80% of its area being
composed of stratiform clouds. On the other hand, small systems would be more
efficient in terms of the amount of rain and the occurrence of electrical activity of
lightning, since the spatial development of the top of clusters of convective clouds
has a strong dependence on the presence of ice particles (MORALES et al., 2004).
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Figure 5.5 - Distribution of maximum cold cloud surface reached by the MCS along its
life cycle at 235K represented by (a) Probability distribution function and (b)
Cumulative distribution function.
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Figure 5.6(a-b) represents the distribution of the MCS population that is partially
included or totally included in a 1 degree daily (1DD). Records above 15 by 1DD
are rare to occur on land and the ocean. The most frequent number of MCS
events recorded in 1DD is between 2 and 6 events for the ocean and between 2
and 7 events for land. However, the maximum of 20 MCS by 1DD records were
verified in the analyzed database with a rare frequency. The developers of the
CACATOES dataset (FIOLLEAU; ROCA, 2013) set the number of 25 for this param-
eter since no larger values were found in any region of the globe that comprises
a coverage area of the dataset.
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Figure 5.6 - Distribution of population of MCS which are included partially or totally within
a 191day grid point represented by (a) Probability distribution function and
(b) Cumulative distribution function.
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Figure 5.7(a-b) represents the distribution of eccentricity (Ecc) of the ellipse at
a Tb=235K threshold and at time of the maximum extent from MCS. It is noticed
that (i) events with Ecc between 0.5 and 0.7 are more frequent; (ii) events with Ecc
equals 1.0 are rare; (iii) events with Ecc less than 0.7 represent more than 75%
of distribution. It indicates that, during the analyzed period, the MCS have a more
elongated than circular shape, corroborating with the results found by (FERREIRA;
ANABOR, 2015). On the other hand, 25% of distribution correspond to the events
with Ecc greater than 0.7 and can represent more severe systems. According to
Mattos and Machado (2009), the Ecc parameter characterizes MCS conducive
to the occurrence of lightning, so that MCS that have lightning tend to have a
more circular shape compared to those that do not have lightning. In general
the electrical activity of lightning increases with the eccentricity of the MCS, this
relationship being characterized by a quadratic function, with a high coefficient of
determination. These results indicate that a more circular shape of the top of the
MCS characterized by the occurrence of lightning is possibly due to the fact that
they are associated with deep convection. However, for elongated systems they
can be associated with less intense convective processes. The distributions over
ocean and over land are similar although the eccentricity is slightly higher on the
continent than on the ocean.
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Figure 5.7 - Distribution of eccentricity of the ellipse at a 235K threshold and at time of
the maximum extent from MCS represented by (a) Probability distribution
function and (b) Cumulative distribution function.
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The IR Brightness Temperature at the top of the convective cloud clusters is a
thermodynamic variable directly related to the formation of ice particles inside the
MCS (GOODMAN; MACGORMAN, 1986; GARREAUD; WALLACE, 1997; DOTZEK et al.,
2005). Figure 5.8(a-b) represents the distribution of minimum brightness temper-
ature (Tbmin) of MCS. It is noticed that (i) the values of Tbmin are bigger over
ocean than over land; (ii) the Tbmin more frequent varies between 195°K and
200°K over land while over ocean varies between 200°K and 210 °K.

Figure 5.8 - Distribution of minimum brightness temperature of MCS represented by (a)
Probability distribution function and (b) Cumulative distribution function.
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The Figures 5.9(a-d), shows the probability distribution function bi-dimensional of
morphological attributes of MCS over tropical region of South America (land +
ocean) during 2012-2016.

In the relation between duration and max size achieved by MCS, Figure 5.9(a), it
is noticed that MCS with a life cycle of up to 12 hours is more frequent and that
these systems are generally smaller than 50x103 km2. However, bigger MCS with
long duration occur with less often. The correlation between these variables is r =
0.73.

Figure 5.9(b) shows the relationship between duration and number of MCS events
per day. From this figure, it is noticed a low positive correlation of r = 0.05. In
addition, for events that occurred up to 18 hours, it was record up to 10 events
per 1DD.

Figure 5.9(c) shows the relation between duration and eccentricity. It is noticed
that events with short duration, up to 12 hours, have a very large variation in
eccentricity, ranging from 0.1 to 1.0, while longer systems (> 24 hours) have an
eccentricity between 0.4 and 0.9, that is, systems that have a longer life cycle
tend to be more circular than elongated. The correlation between these variables
is low positive (r = 0.1).

Figure 5.9(d) shows the relation between duration and Tb_min. It is noticed that
warmer Tb_min are more frequent (around 210°K) in short duration systems of
up to 3 hours. While the longer systems, i.e, the system that occurs during 12
hours or more Tb_min is colder (around 180°K). The correlation between these
variables is negative, r = -0.52, indicating that as big system is colder.
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Figure 5.9 - Probability Distribution Function bi-dimensional of morphological attributes of
MCS over South America (land + ocean). The colours shading corresponds
to the joint frequency of variables in log-normal.
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According to Figure 5.4, MCS lasting up to 12 hours occurs more often. Figure
5.10(a-c) represents the spatial distribution of the time fraction occupied by a
MCS. It is noticed that they occur, mostly, in the northern region of South America.
Figures 5.10(a) and 5.10(b) indicates that the MCS over this region does not last
more than one day. Over the entire South America region, the results show that
systems lasting more than 24 hours are not frequent. However, these MCS occur
mostly in the southern region, which may be explained by the synoptic pattern that
facilitates the formation of these long-lived systems at mid-latitudes as shown in
Figure 5.10(c).
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Figure 5.10 - (a) Spatial distribution of the fraction of the time occupied by MCS during
all period of duration 2012-2016. (b) Spatial distribution of the fraction of
the time occupied by MCS > 12 hr of duration. (c) Spatial distribution of the
fraction of the time occupied by MCS > 24 hr of duration.
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The objective of the Eulerian tracking approach, represented in this investigation
by TOOCAN, is to overcome the main problems of the existing tracking algo-
rithms which are the artifacts of division and fusion. These problems generate
complex MCS life cycles and disrupt the physical life cycle of convective systems.
This approach tries to improve the description of the morphological parameters
of the MCSs throughout their life cycles. However, the main results found in this
investigation on the morphological attributes of MCS over South America show
similar results if compared with results from previous studies such as Machado et
al. (2002); Autonés and Moisselin (2013); Zinner et al. (2008); Vila et al. (2008);
Carvalho and Jones (2001) who used a Lagrangian approach. In this way a more
detailed study using the same data period comparing different algorithms is nec-
essary so that the real differences are identified and quantified.

5.5.2 Influence of MCS on extreme rain

In order to understand the relation between the accumulated extreme rainfall oc-
curred during 2012-2016 and the extreme rainfall over influence of MCS, a scatter
plot and histogram of variables is shown in Figure 5.11(a). In this figure, it is ob-
served that the most frequent value in the distribution is around 250 mm/5years.
In addition, very high values of rain have a low frequency of occurrence. It is also
observed that there is no perfect correlation between the variables. Some points
show high values of extreme rain accumulated and a value low rainfall from MCS.
It indicates that MCS does not have influence in extreme rain at all times every-
where.

Figure 5.11(b) show the relation between the contribution of MCS over extreme
rainfall and the percentage of days with MCS. It is noticed a positive correla-
tion between these variables. The greater the percentage of days with MCS the
greater the contribution of MCS to extreme rain and the number of recorded MCS
events.

In order to visualize in more detail these relationships between extreme rain and
the influence of the MCS on this rain, spatial maps shows the location of these
events. The extreme rain accumulated during the 5 years analyzed is represented
by Figure 5.12a. It is observed in this figure that the most intense rain is located
north and south regions of Brazil. It can be observed that intense rain occurs in
some grid points at east coast of Brazil and at the west coast of Colombia and
Ecuador. Figure 5.12b represents the number of MCS events recorded by the
TOOCAN algorithm. It is noticed that the largest number of registered MCS are
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located at the grid points in the north, south, and southeast regions of Brazil. The
grid points that had the lowest MCS record were in the northeast and southwest
of the study area.

In doing so, Figure 5.12 represents the influence of the MCS on the extreme rain
recorded during 2012-2016 in the tropical region of South America. According to
this figure, a marked influence of the MCS during 2012-2016 period is observed
since the ratio between the rain that occurred on the days when there was a
MCS record and the total-extreme rain that occurred is 100% for most grid points
analyzed. (Figure 5.12(c) ). In addition, at the northeast coast of Brazil and in
some grid points in northern Argentina, the MCS contribution ranges from 20%
to 60%.

A hypothesis for this result is that the convection that occurs in these places is
not deep or frequent and the Tb_min at the top of the clouds does not reach the
235K threshold used in the algorithm to identify an MCS. According to (PALHARINI;
VILA, 2017), the eastern region of the northeast has a predominance of shallow
convection that contributes to rainfall in this region. According to (CANCELADA et al.,
2020), regions associated with topography, such as northwestern Argentina and
western central Argentina, show a strong annual cycle of convection initiation with
a maximum in the warm season December to February. In addition, according to
the authors, almost no convection initiation is observer in the cool season, from
May to August while the plains regions in south-central Argentina have a year-long
annual convection initiation seasonal cycle. Which would explain the fact that the
TOOCAN algorithm identify a smaller number of MCS and with a low contribution
to the extreme rains in these regions.
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Figure 5.11 - (a) Scatter plot of accumulated extreme rainfall (values above P99) and
accumulated rainfall influenced by MCS occurred during 2012-2016 and
marginal histograms of respectively variables. (b) Plot of relationship be-
tween contribution of MCS in extreme rainfall and fraction of time occupied
by MCS, the size of points represent the total number of MCS occurred
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Figure 5.12 - (a) Accumulated extreme rainfall (values above P99) recorded during 2012
to 2016 over tropical region of South America. (b) Number of MCS events
recorded in 5 years (2012-2016).(c) Contribution of MCS for extreme rain-
fall.
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5.6 Conclusions

This study provided a description of the morphological characteristics of the
Mesoscale Convective Systems (MCS) through the use of Tracking Of Organized
Convection Algorithm through 3D segmentatioN (TOOCAN) algorithm in the first
part of analysis. In the second part, this investigation identified the influence of
MCS systems on extreme precipitation over the tropical region of South Amer-
ica. In to perform this analysis, rain gauges dataset and of CACATOES dataset
was analyzed. Extreme precipitation was defined by 99th percentile threshold in
a daily 1° X 1° grid for the period ranging from 2012 to 2016.

According to the results obtained in this investigation using a Eulerian tracking ap-
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proach, small systems with a duration lower than 12 hours occurred with a higher
frequency. However, the longer systems contributed to the extreme rain. These
results corroborate with results obtained by (ROCA; FIOLLEAU, 2020) that point to
the importance of long-lived systems to extreme precipitation over the entire trop-
ics. Similar results was found by previous studies that use a Lagrangian tracking
approach, indicating that the characteristics of the MCS morphology can be ob-
tained regardless of the method used and that the new algorithm represented
these characteristics well.

The results also show that the MCS contributes substantially to extreme precipita-
tion in South America. Although a great influence of the MCS has been identified
over a large part of the South America regions, it is clear that there is a great de-
gree of variability in the contributions of the MCS to the extreme rains in regions
such as eastern Brazil and northern Argentina, where the contribution is lower
than in other regions.

In the eastern region of the Northeast, there is a very strong presence of shallow
convection (PALHARINI; VILA, 2017). Associated with topography, such as north-
western Argentina and central-west Argentina, a strong annual cycle of initiation
of convection with a maximum in the warm season from December to February
and almost no start of convection in the cold season from May to August (CAN-
CELADA et al., 2020), may justify the results found in this work. In addition, the
study considered in this investigation is delimited between 30°S to 15°N due to a
limitation in the TOOCAN database and it was not possible to verify deeper and
intense systems that occurred in the central-south areas of Argentina.

In future work, it is intended to make a more detailed study using the same data
period and comparing different algorithms so that the real differences between the
Eulerian and Lagrangian approaches can be identified and quantified. In addition,
a study on the morphological characteristics of MCS only in cases of extreme
events is necessary.
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6 Analysis of extreme rainfall events in different regions of Brazil : Case
studies

6.1 Introduction

The occurrence of natural disasters have a significant impact in several regions
around the world. According to the Intergovernmental Panel on Climate Change
(IPCC) report extreme rainfall events will become more intense, concentrated,
and poorly distributed in the next years (SENEVIRATNE et al., 2012). In another re-
port on Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (CHANGE, 2012). The IPCC surveyed disaster and death infor-
mation since 1970-2008 and it was concluded that over 95.0% of natural-disaster-
related deaths occurred in developing countries. According to the Brazilian Atlas
of Natural Disasters from 1991 to 2012, it was observed almost 40 thousand
disasters, caused by meteorological, hydrological and geological events (UNI-
VERSIDADE FEDERAL DE SANTA CATARINA. CENTRO UNIVERSITARIO DE ESTUDOS E
PESQUISAS SOBRE DESASTRES - UFSC.CEPED., 2012). Unfortunately, these number
have increased every year and a survey data with more updated information is
necessary.

Most of the natural disasters that occurs in Brazil are triggered by precipitating
meteorological systems (DEBORTOLI et al., 2017). The systems are capable of gen-
erating a large amount of rain in a generalized way and for a long period of time
or are capable of generating rain in a more localized way and in a few hours.
As an example, one can see the South Atlantic Convergence Zone (SACZ) and
the Mesoscale Convective Systems (MCS) respectively (DURKEE et al., 2009). The
main types of meteorological systems that occur and the most favorable seasons
of the year may vary according to the regions analyzed. On South region of Brazil
for example, are common the frontal systems, cyclones and Mesoscale Convec-
tive Systems (MCS) ((VELASCO; FRITSCH, 1987); (GRIMM et al., 2000)), whereas
in North and Northeast regions are common the Intertropical Convergence Zone
(MARENGO; HASTENRATH, 1993), the Tropical Squall Lines (COHEN et al., 1995), Up-
per Level Cyclonic Vortex, Easterly Waves and Sea Breeze Circulation (YAMAZAKI;
RAO, 1977); (GOMES et al., 2015).

Due to the high spatial and temporal resolution, the use of satellite data is of
fundamental importance in the analysis and understanding past extreme events in
order to prevent or mitigate disasters that will occurs in near future. Nonetheless,
a deeper investigation is necessary to extract the data in the best way as possible
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to improve the performance of precipitation estimates using satellites precipitation
products. In doing so, several studies have been performed to achieve this goal
(XU et al., 1999); (TURK; MILLER, 2005); (KIDA et al., 2009);(??); (SHIGE et al., 2013);
(KULIGOWSKI et al., 2016); (KIDD et al., 2020) (FUNK et al., 2020); (KUBOTA et al., 2020)
among others.

The Global Precipitation Measurement Core Observatory (GPM-CO) mission is
an international satellite mission to advance our knowledge and understanding of
global precipitation (KIDD et al., 2020). The GPM-CO is a collaboration between
NASA and JAXA and main goal of the mission is to improve precipitation mea-
surements through understanding the physics and space-time variability of pre-
cipitation across the Earth. The most advanced precipitation instrumentation cur-
rently in orbit are a Dual-frequency Precipitation Radar (DPR) operating in 13.6
GHz and 35.5 GHz and the GPM Microwave Imager (GMI) that is composed by
thirteen microwave channels ranging in frequency from 10 GHz to 183 GHz. Both
instruments in the GPM-CO are designed to measure from light precipitation to
the most intense precipitation (0.2-111.0 mm/h).

Using information from the newest GPM-CO satellite constellation, JAXA has
been improving its product, the Global Satellite Mapping of Precipitation
(GSMaP). According to (KUBOTA et al., 2020) this product is characterized by
its careful treatment of precipitation types in its algorithm, fully utilizing the
TRMM/PR, GPM/DPR, TMI and GMI observations. GSMaP employs precipita-
tion regime classifications and precipitation profile information constructed from
the TRMM/PR, GPM/DPR, and ancillary meteorological data. Careful classifica-
tion of land/coast/ocean surface types and utilization of land surface emissivity
obtained from TRMM data are included. In addition, severe underestimation of
orographic precipitation in the original product is mitigated by incorporating an
orographic rainfall scheme. A recent improvement is an implementation of a snow-
fall estimation scheme that significantly extended the estimated data availability
to higher latitudes.

Another example is the efforts made by Climate Hazards Center (CHC) at the
University of California, Santa Barbara developed the Climate Hazards center
InfraRed Precipitation with Stations (CHIRPS) dataset, in collaboration with the
US Geological Survey and NASA SERVIR. This dataset is constantly improving
in order to reduce the bias between the data observed in the rain stations and
data estimated by satellite. In recent publication (FUNK et al., 2020) reveals that
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development team is working in a new version of dataset in which the assumed
‘prior’ distribution is allowed to change with environmental conditions, such an ap-
proach could provide the long-term low bias performance of the current CHIRPS
algorithm while allowing dry areas to receive high levels of precipitation when
large-scale conditions indicate large weather disturbances.

In South America also is verified the efforts made by Satellite Division and En-
vironmental Systems of National Center for Space Research (INPE) to create a
satellite product using a Combined Scheme approach (CoSch) to provides a new
high-resolution, gauge-satellite-based analysis of daily precipitation (??). This
methodology is based on a combination of additive and multiplicative bias cor-
rection schemes to get the lowest bias when compared with the observed values
(rain gauges). For that is used real-time TRMM Multi-satellite Precipitation Anal-
ysis (TMPA) and Integrated Multi-satellitE Retrievals for GPM (IMERG) products.

Although satellite information is important and in many regions the only existing
one, it is far from perfect. The validation of satellite products using ground in-
struments can be helpful to understand the products strengths and limitations.
Some studies have evaluated the performance of precipitation estimates using
satellite products and have shown that products in general tend to underesti-
mate or overestimate extreme rainfall (SCOFIELD; KULIGOWSKI, 2003); (FUNK et al.,
2015); (SALIO et al., 2015); (AMITAI et al., 2012); (MASUNAGA et al., 2019);(LIU et al.,
2019);(PALHARINI et al., 2020).

In the present investigation the main goal is to analyze the performance of dif-
ferent Satellite Precipitation Products (SPP) in detecting the extreme rainfall for 5
case studies in which caused natural disasters in 5 different regions of Brazil.

6.2 Materials and Methods
6.2.1 Study area

Brazil has a large territorial extension which contributes to the formation of differ-
ent meteorological systems. This characteristic has a significant effect on the rain-
fall regime over the Brazilian territory. In order to investigate these meteorological
system, the overall area was divide into five regions according to homogeneous
rainfall regime (REBOITA et al., 2010); (ROZANTE et al., 2018). The seasonal rainfall
characteristics may be identified with distinct rainfall distribution. According to the
aforementioned works, these five regions are classified as: Southern Brazil (R1),
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Central Region (R2), Northeastern (R3), Northeast Coast (R4) and North Brazil
(R5). These regions and the predominant meteorological system that have influ-
ence in the rainfall regime is shown in Figure 6.1. According to the climatological
rainfall averages (DINIZ et al., 2018) during the summer months (DJF) the rain-
fall varies between R1: 80.0 to 220.0 mm/month; R2: 100.0 to 420.0 mm/month;
R3: 20.0 to 420.0 mm/month; R4: 30.0 to 140.0 mm/month; R5: 10.0 to 420.0
mm/month, while in the winter months (JJA) it varies between R1: 40.0 to 140.0
mm/month; R2: 10.0 to 80.0 mm/month; R3: 10.0 to 180.0 mm/month; R4: 10.0
to 180.0 mm/month; R5: 50.0 to 380.0 mm/month.

Figure 6.1 - The five regions of Brazil according to climatological rainfall regime. South-
ern Brazil (R1-blue), Central Region (R2-green), Northeastern (R3-black),
Northeast Coast (R4-yellow) and North Brazil (R5-red).
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Source: Adapted from Rozante et al. (2018).

On R1 are common the frontal systems, cyclones and Mesoscale Convective Sys-
tems (MCS) ((VELASCO; FRITSCH, 1987); (GRIMM et al., 2000)). During the autumn
and winter the rains is caused by the frontal systems at mid-latitudes. In addition,
during this period, the latitudinal temperature gradient generates baroclinic waves
in the west winds in upper air (GRIMM et al., 2000) and the low-level jets stream
are moved to the southeast through the Andes acting as an orographic barrier
causing cyclogenesis (VERA et al., 2006). During the spring and summer the MCS
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predominate.

On R2 one of the most common meteorological systems is the South Atlantic
Convergence Zone (SACZ) where the flow from the northwest of the Low Level
Jets can converge with the circulation of the subtropical high of the south Atlantic
and still with the northeast trade winds, resulting in a band of cloudiness and
intensification of precipitation in these regions (LENTERS; COOK, 1995); (ROSA et
al., 2020). R2 is characterized by 6 months of rain during the austral summer
followed by 6 months of scanty rainfall in austral winter, the main characteristic of
a monsoon region ((ZHOU; LAU, 1998); (RAO et al., 2016)).

On R3 the main meteorological systems acting are the Inter-tropical Convergence
Zone and the Upper Level Cyclonic Vortex (KOUSKY; GAN, 1981). The mean an-
nual rainfall most of which registered from January to May and the rainfall is mod-
ulated by stratiform and deep convective precipitating clouds (PALHARINI; VILA,
2017).

On R4 the main meteorological systems acting are Intertropical Convergence
Zone, Tropical Mesoscale Convective Systems, the Trade Winds, Upper Level Cy-
clonic Vortex, Easterly Waves and Sea Breeze Circulation (YAMAZAKI; RAO, 1977);
(GOMES et al., 2015). The annual cumulative rainfall is around 1000 mm in coastal,
((KOUSKY; CHUG, 1978); (RAO et al., 2016)) mostly concentrated from March to July
( 70%) and modulated by shallow convective precipitating clouds (PALHARINI; VILA,
2017).

On R5 the mainly meteorological systems acting are Intertropical Convergence
Zone (MARENGO; HASTENRATH, 1993), the Tropical Squall Lines (COHEN et al.,
1995) and the Trade Winds.The period from November to April constitutes the
rainfall season and the total annual rainfall ranges from 2000 to 3000 millimeters
(RAO et al., 2016). This region exhibits large variability in rainfall and it is in general
associated with El Nifio or La Nifia. During the years of La Nifa the rainfall tends
to increase.

6.2.2 Rain gauges dataset

The National Center for Space Research (INPE) is the institute responsi-
ble to receive, store and organize rain gauges rainfall data from different
agencies around the Brazil such as National Meteorological Institute (INMET,;
http://www.inmet.gov.br), the National Water Agency (ANA; www.ana.gov.br), the
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Energy Company of Minas Gerais (CEMIG; http://www.cemig.com.br/), the Insti-
tuto Agrondémico (IAC; http://www.iac.sp.gov.br/) and the Meteorological System
of Parana (SIMEPAR;http://www.simepar.br/). In this study, a rainfall database
was used as the reference data. This database of daily rainfall is organized in
DAT format and has been interpolated for regular 1° x 1° grid using the simple
average. The grid points with more than 90% of valid rain gauges data in the tem-
poral series for 2012 to 2016 period of INPE dataset with 317 valid grid points
was used.

6.2.3 Satellite Precipitation Products (SPP)

In order to evaluate the performance of some SPPs to detect extreme rain-
fall at different regions of Brazil, FROGS dataset was used. The FROGS
is an acronym for Frequent Rainfall Observations on GridS dataset. This
dataset is composed of daily precipitation gridded products that include satel-
lites, ground-based and reanalysis products adjusted to a common 1°x1° grid
resolution. The dataset was downloaded from the Institut Pierre Laplace Si-
mon (IPSL) repository (http://dx.doi.org/10.14768/06337394-73A9-407C-9997-
OE380DAC5598). More information about the product contained within the
database can be found in (ROCA et al., 2019). In the present investigation, eleven
SPPs with one degree daily resolution (1DD) have been used: 3B42g, 3B42,
CMORPH, CMORPHg, GSMAP, GSMAPg, CHIRP, CHIRPSg, PERSIANNg,
COSCHg, and TAPEER. The sub-index 'g’ indicates the products available with
gauge correction. The full name and the version used are explained in detail in
the Table 6.1.

Table 6.1 - Description table of satellite products.

Satellite product version Short name Use rain gauges Use IR sensor Use MW sensor
CHIRP v2.0 CHIRP No Yes No
CHIRPS v2.0 CHIRPSg Yes Yes No
PERSIANN CDR v1 r1 PERSIANNg Yes Yes No
3B42 RT v7.0 uncalibrated 3B42 No Yes Yes
3B42 RT v7.0 3B42¢g Yes Yes Yes
GSMAP-NRT-no gauges v6.0 GSMAP No Yes Yes
GSMAP-NRT-gauges v6.0 GSMAPg Yes Yes Yes
CMORPH V1.0, RAW CMORPH No Yes Yes
CMORPH V1.0, CRT CMORPHg Yes Yes Yes
TAPEER v1.5 TAPEER No Yes Yes
COSCH COSCHg Yes Yes Yes

Source: Adapted from Roca et al. (2019).
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6.2.4 TOOCAN dataset

In order to access the influence of the Mesoscale Convective Systems (MCS) on
the extreme rain events, the TOOCAN database, developed by (FIOLLEAU; ROCA,
2013), was considered in this work. TOOCAN is an acronym for Tracking Of Or-
ganized Convection Algorithm through a 3-D segmentatioN and it has been used
to detect and track MCSs using infrared images from a geostationary satellite.
This algorithm works in a time sequence of infrared images to identify and track
MCSs in a single 3-D segmentation step, spatial and time resolution. To detect
the convective nuclei within a 235K cold cloud shield, TOOCAN uses an iterative
process of detection and propagation of convective seeds to segment individual
convective systems.

6.2.5 Methodology

In this study, five cases of extreme events were analyzed in order to evaluate
eleven satellite precipitation products. These cases occurred in different regions
of Brazil and were selected in three stages. Firstly, with the data of rain gauges
already organized in a grid point, the 99th percentile threshold was calculated
and only the rain values above this threshold were used, that is, the extreme
rain. Second, for each proposed region, the mode of the dates corresponding to
extreme rain was calculated. Mode represents the most frequent value in a data
set. Finally, knowing which date was the most repeated, two days forward and
two days back (D-2, D, D+2) were selected to compose the series of 5 days (rainy
pentad) that will represent the extreme event of each region. The information
and the impacts of each of the extreme rain event are available at newspapers,
photos, and civil defence reports at the Integrated Disaster Information System
- S2ID (https://s2id.mi.gov.br/) and was used in this investigation for describing
each event. Table 6.2 summarize the information about each studied case.

Table 6.2 - Summarized table with the cases of extreme rainfall events analyzed from

each region.
Region Date Rainfall Affected People
Ri 24/06/2014 10 28/06/2014 >300 mm/5days 1.600
R2 01/01/2012 to 05/01/2012 >140 mm/5days 200.000
R3 20/01/2016 to 24/01/2016 200 mm/5days . O Information

in civil defence report

R4 14/04/2016 to 18/04/2016 >200 mm/5days 2.268
R5 29/04/2016 to 03/05/2016 >140 mm/5days 15.265
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In addition, in order to complement the description of the events, the atmospheric
pattern that occurred during the events that caused extreme rains was shown.
For that it was conducted an analysis of the atmospheric fields 6-hourly and 0.5°
of temporal and spatial resolutions respectively, using the Global Forecast Sys-
tem (GFS) and IR image employing the Geostationary Operational Environmental
Satellite (GOES)-13.

The influence of the MCS on the extreme rain was verified on a sub-synoptic
scale. In order to perform the verification, it was analysed the ratio between the
amount of extreme rain that was influenced by the MCS over the total extreme
rain recorded during the events. Figure 6.2 shows a schematic flowchart with the
necessary steps to obtain the analysis. These steps are: (i) accumulated rainfall
in 5 days that from the rain gauge dataset; (ii) number of MCS events by grid
point from CACATOES dataset; (iii) percentage of days with MCS that was made
counting the days that recorded MCS events divided by five days; (iv) contribution
of MCS in total rainfall of extreme event.

For obtain the contribution of MCS, that firstly was selected the rainy pen-
tad for each region from rain gauges INPE dataset for one daily degree. Sec-
ondly, the CACATOES dataset with the population of MCSs within a 1%1day
grid point (Daylymcs_pop) variable that recorded the MCS events occurred. In
the cases that in each grid point were recorded at least one MCS event and a
value of extreme rainfall associated, the information of rainfall was accumulated
(> Extreme Rain ,;¢5). Next, it was accumulated the extreme rainfall for five days
at each grid point (> Extreme Rain ;). Finally, it was obtained the ratio between
both information (Figure 5.3). In doing so, the contribution of the MCS on the total
extreme rainfall occurred during the rainy pentad is expressed by the following
equation:

Ext Rai
Contribution|%/5 days| = Zz:: E:;t:een;i RCZZLMC? * 100 (6.1)
tota

where the Extreme Rainycs represents the rain recorded at 1 daily degree for
each grid point when MCS registered and Extreme Rain ;.4 iS the accumulated
rain for 5 days for each grid point.
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Figure 6.2 - Schematic flowchart to describe variable extracted from CACATOES dataset
and rain gauges dataset considering the rainfall values above percentile 99th

(P99th).
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Source: Author’s production.

A contingency table was generated based at the P99th threshold of rainfall at
each grid point. The contingency table was employed to compute the number of
Hits (A), False Alarms (B), Misses (C), and Correct Negatives (D) for study cases
considered in this work (Table 6.3).

Table 6.3 - Contingency table considering P99th threshold by grid point

Gauge >= Gauge <
Threshold Threshold
Satellite >= i
Threshold ~ ts (A) False Alarms (B)
Satellite < . _
Threshold ~ Misses (C)  Correct Negatives (D)

Based in the information of contingency table, statistical measures such as Prob-
ability Of Detection (POD), Miss Rate (MR), False Alarm Ratio (FAR), Threat
Score (TS), Frequency Bias Index (FBI) and Proportion Correct (PC) were used
in the present investigation in order to demonstrate the performance of the eleven
satellite products for each study case (WILKS, 2011). As can be seen in the Table
6.4, these measures are obtained from relations between A, B, C and D, where
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MR and FAR show a perfect score = 0.0 and the other measures show a perfect
score = 1.0.

Table 6.4 - Statistical measures obtained by contingency table

Statistical Measure Equation Range Perfect Score
POD A/(A+C) Oto1 1
MR C/(A+C) Oto1 0
FAR B/(A+B) Oto1 0
TS A/(A+B+C) Oto1 1
FBI (A+B)/(A+C) 0to oo 1
PC (A+D)/(A+B+C+D) Oto 1 1

6.3 Results and discussion
6.3.1 Case study for Southern Brazil - R1

In this work, the first case of extreme rain that caused a natural disaster occurred
from 24/06/2014 to 28/06/2014 in R1. According to Figure 6.3, this event reached
more than 300 mm in 5 days and caused several disasters in the region. At the
municipality of Irai, in the northern region of Rio Grande do Sul, it was reported
the highest accumulated rainfall (467 mm/month) in the whole state during June
2014. According to the Civil Defense report (https://s2id.mi.gov.br/), the elevation
of the Uruguay River left more than 600 people homeless and more than 1000
displaced. This event caused significant damage on the roads and harming the
supply of essential services such as water, electricity, transportation, and med-
ical assistance. About 36 houses were completely submerged and 400 houses
flooded. More than 400 km of secondary roads were damaged and due to the
destruction of 08 dams. Bridges destroyed by the flood isolating entire commu-
nities that only received aid by boat. The financial losses were incalculable for
agriculture and livestock sectors. Large amounts of crops were washed away by
the floods, destroying fertile soils, and causing erosion. The dairy farming sector
was severely affected since the roads was not properly for use and it was not
possible to access milk-producing properties for collection and processing the
milk in a timely manner. Substantial efforts by government and civil society were
necessary restore the damages caused by this extreme event in R1 region.
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Figure 6.3 - Municipalities affected by extreme rains. (a) Flooding in municipality of Irai
located north of Rio Grande do Sul state. (b) Flooding in municipality of
Chapeco located west of Santa Catarina state. Photographs: Fernando Su-
colotti/G1 and Marcio Cunha/RBS.

Source: G1 and RBS (2014).

Figure 6.4a shows an IR image with highlighted brightness temperature from
GOES-13 over South America. According to this Figure, it is noted that a pre-
cipitating system over the R1 region and this system has a temperature ranging
from -70 to -60 °C. It is an indication that the top of the clouds was cold and
the system reached a great vertical development (XU et al., 1999);(MILLER et al.,
2001);(KIDD et al., 2003). Figure 6.4b shows the field combination of wind and
potential temperature in the dynamic troposphere. At this Figure, it is possible
to track air masses and identify the advance of atmospheric ridges and troughs
and as also cyclonic vorticity at low levels. In this study case, it is observed a
trough intense over Argentina that advances eastwards from the 24th to the 28th
of June. Associated with this trough it is also noticed from Figures 6.4 (c) and
(d) a potential temperature gradient related to an intense wind jet at high levels
that advances over the southern region of Brazil. In addition, there is a strong
baroclinic situation that is identified by the proximity of the thick lines between the
1000-500 hPa layer and also the north flow. This flow carries warm temperature
advection. High values of relative humidity and precipitable water are remarkable.
These factors were maintained over the 5 days favouring the upward movement
and the accumulation of significant rainfall at this region.
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Figure 6.4 - Fields of atmospheric patterns from GFS model over South America for
20140626 12UTC. (a) Satellite GOES-13 infrared image; (b) Potential tem-
perature (shaded, K) and wind barbs (knots) in the dynamic tropopause,
925-850-hPa layer-averaged cyclonic relative vorticity (black contours); (c)
250-hPa wind speed (m s-1, shaded according to color bar), 250-hPa poten-
tial vorticity (gray contours), 250-hPa relative humidity (%, shaded accord-
ing to gray scale), 600—400-hPa layer averaged ascent (red contours); (d)
250-hPa wind speed (m s-1, shaded according to color bar), 1000-500-hPa
thickness (dashed contours), Sea Level Pressure (solid contours), total pre-
cipitable water (mm, shaded according to gray scale).
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Source: CPTEC and Albany University (2014).

Figure 6.5 represents the influence of the MCS on the extreme rain recorded
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from 24/06/2014 to 28/06/2014 in the southern region of Brazil (R1). The total
rain accumulated over the 5 days is represented by Figure 6.5a. It is observed
in this Figure that the most intense rain (> 120 mm/5days) is located between
the states of Rio Grande do Sul and Santa Catarina. It is perceived according
to the proposed methodology, a marked influence of the MCS in this event since
the contribution of MCS is above 90% for most grid points analyzed (Figure 6.5b
). Figure 6.5c represents the number of MCS events recorded by the TOOCAN
algorithm over the 5 days analyzed. More than 20 MCS was registered during
these 5 days. Observing the fraction of the time occupied by the MCSs it is noted
that they remained for more than 80% of the time in this region (Figure 6.5d).

Figure 6.5 - (a) Accumulated rainfall recorded during 24/06/2014 to 28/06/2014 over
South region of Brazil (R1). (b) Fraction of rain from rain gauges on days
that had MCS record by rain accumulated in 5 days. (c) Number of MCS
events recorded in 5 days. (d) Fraction of the days that had MCS record by 5
days. (e) Indicative map of the location of the analyzed region.
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In order to verify the performance of satellite rain estimation products, a specific
case of extreme rain was chosen for R1. The case was selected considering the
days when they presented a higher number of grid points with intense rainfall
values. Figure 6.6 shows the spatial distribution of these precipitation event from
different satellite products and noticed that the estimation products are able to
identify the extreme rain that occurred in the region when compared to the refer-
ence (Figure 6.6m) data. According to Figures 6.6(c), 6.6(f) and 6.6(j), it is noticed
that the products GSMAP, 3B42g, and PERSIANNg overestimate the area that
occurred the event, because they have a larger number of pixels with rain values
above 140.0 mm/5days.

Figure 6.6 - Case of extreme precipitation occurred over South region of Brazil (R1) dur-
ing 24/06/2014 to 28/06/2014.
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Better POD and MR scores were presented by 3B42g, GSMAP, TAPEER, PER-
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SIANN and CHIRPSg products ( Figure 6.7a and 6.7b ). Threat Score (Figure
6.7d) also known as Critical Success Index, takes into account hits, misses and
false alarms, there is a perfect score when TS = 1, so we see that the analyzed
products reach a maximum value of 0.36, which corresponds to the same prod-
ucts that reached POD = 1. However, these products had a high rate of false
alarms up to 0.5 (Figure 6.7c). The FBI (Figure 6.7¢) is an index that shows us
whether the products are overestimating (FBI > 1) or underestimating (FBI < 1),
thereby we can see that the products 3B42 and CMORPH and COSCH were the
presented a metrics closer to the perfect score. The product that showed the best
Proportion Correct (Figure6.7f) was COSCHg followed by CMORPHg and 3B42.

In this way, COSCHg, CMORPHg and 3B42 products performed better in that
case of extreme rainfall event in R1, presenting a low FAR (0.11; 0.13; 0.2), a
high POD (0.8; 0.7; 0.8), a high PC (0.89; 0.86; 0.86) and FBI nearby of 1.0 (0.9;
0.8; 1.0), respectively.
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Figure 6.7 - Bar graphs of (a) Probability Of Detection (POD), (b) Miss Rate (MR), (c)
False Alarm Ratio (FAR), (d) Threat Score (TS), (e) Frequency Bias Index
(FBI) and (e) Proportion Correct (PC) for 5 days accumulated precipitation

over South region of Brazil during 24/06/2014 to 28/06/2014.
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6.3.2 Case study for Central Region - R2

In the Central Region of Brazil (R2), the rains from 01/01/2012 to 05/01/2012 af-
fected several municipalities of Rio de Janeiro, Espirito Santo and Minas Gerais
state, that declared a public calamity. According to Civil Defense report, more
than 200 thousand people were affected and the estimated economic damage
was greater than R$ 20 million. With blocked roads, collapsing ravines and floods
recorded in various places, human, material and environmental damage was

116



enormous. In the Figure 6.8 it shows one of the affected municipalities.

Figure 6.8 - Municipalities affected by the extreme rain. (a) Flooding in municipality of
Muriaé on Minas Gerais state, (b) Collapse of houses in municipality of
Duque de Caxias on Rio de Janeiro state. Photographs: Adir de Freitas
Valentim Junior/VC no G1 and Vladimir Platonov/ABr/exame.com.

Source: G1 and Exame (2012).

For the purpose of describing the atmospheric pattern that occurred during this
event, the Figure 6.9 show some fields 6-hourly 0.5° temporal and spacial reso-
lutions from GFS model and analysis of IR image (represented here only by the
02/01/2012). In the Figure 6.9a noticed the existence of several convective sys-
tems which the brightness temperature were around -70° C indicating that the top
of the clouds was cold and consequently a system that reached a great vertical
development with higher potential to produce rainfall.

Figure 6.9b shows a field that combines wind and potential temperature in the dy-
namic troposphere. In this event it is possible to see a troughs on the east of the
South region extending to Sao Paulo. Advection of warm air just east/northeast
of the cyclone in the ocean where the isobars are perpendicular to the thick lines.
In this case, it seems that precipitation in the Southeast was associated with (i)
differential advection of cyclonic vorticity by the medium/high levels (which was
weak, since the troughs was further south and southwest) and (ii) the flow conflu-
ence at low levels associated with SACZ, where there was high relative humidity
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(> 90.0%) with upward movement (Figure 6.9c) and probably high precipitable
water. The cyclone probably caused winds from the south along the coast of Rio
de Janeiro and Espirito Santo states, also favoring convergence at low levels
along the SACZ (Figure 6.9d).
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Figure 6.9 - Fields of atmospheric patterns from GFS model over South America for
20120102 00UTC. (a) Satellite GOES image; (b) Potential temperature
(shaded, K) and wind barbs (knots) in the dynamic tropopause, 925-850-
hPa layer-averaged cyclonic relative vorticity (black contours); (¢) 250-hPa
wind speed (m s-1, shaded according to color bar), 250-hPa potential vor-
ticity (gray contours), 250-hPa relative humidity (%, shaded according to
gray scale), 600—400-hPa layer averaged ascent (red contours); (d) 250-hPa
wind speed (m s-1, shaded according to color bar), 1000-500-hPa thickness
(dashed contours), Sea Level Pressure (solid contours), total precipitable wa-
ter (mm, shaded according to gray scale).
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Source: CPTEC and Albany University (2012).

The influence of the MCS on the extreme rain recorded during 01/01/2012 to
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05/01/2012 in Central region of Brazil (R2) is represented by Figure 6.10. It is
perceived a large influence of the MCS in this event. The ratio between the rain
that occurred on the days when there was a MCS record and the total rain that
occurred in the 5 days is above 80.0% (Figure 6.10b) in regions such as Rio
de Janeiro and south of Minas Gerais states that had the highest accumulated
rainfall (> 140.0 mm / 5 days) as can be seen in Figure 6.10a. In areas where
the accumulated rainfall values are lower, the influence of the MCS is less (< 50.0
%) as can be seen in Figure 6.10b. The Figure 6.10c represents the number of
MCS events recorded by the TOOCAN algorithm over the 5 days analyzed and it
is observed that the most affected area in this region recorded remained over 25
MCS during this event. Observing the fraction of the time occupied by the MCS
in this region, it is noted that the MCS varied between 10.0% and 100.0% of the
time (Figure 6.10d).

Figure 6.10 - (a) Accumulated rainfall recorded during 01/01/2012 to 05/01/2012 over
Central Region of Brazil (R2). (b) Fraction of rain from rain gauges on days
that had MCS record by rain accumulated in 5 days. (c) Number of MCS
events recorded in 5 days. (d) Fraction of the days that had MCS record by
5 days. (e) Indicative map of the location of the analyzed region.
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Figure 6.11 shows the spatial distribution of extreme rainfall estimate accumu-
lated in 5 days. It is noted that in this period the rainy area occupies a large ex-
tension, going from the southeast to the northwest of Brazil, with the most intense
rain occurring over the states of Rio de Janeiro, Espirito Santo and Minas Gerais.
Also, note that all products were able to spatially identify the distribution of rain,
however only products 3B42g, COSCHg and TAPEER (Figure 6.11(f), 6.11(i),
6.11(l) respectively) were the ones that presented similar spatial distribution to
the reference data (Figure 6.11(m)), the others products underestimated the in-
tensity of the rain ( > 40.0 mm). These results can be confirmed using categorical
indices (Figure 6.12).

The indices show us that 3B42g, COSCHg and TAPEER were closer to the ref-
erence data, as they present a smaller bias with FBI values closer to the perfect
score which is 1, even so all products underestimated the event because for all
FBI < 1 (Figure 6.12(e)). Looking at the other indices, it appears that the COSCHg
product was the one that showed the best performance, since the MR and FAR
(Figure 6.12(b), 6.12(c)) showed lower values than the other products, consider-
ing that the perfect score of these metrics are zero. Whereas POD, TS and PC
(Figure 6.12(a), 6.12(d), 6.12(f)) showed higher values than the other products.

In this way, the COSCHg product performed better in this case of extreme rainfall
event in R2, presenting a low FAR (0.0), a high POD (0.5) if compared with the
other products, and a high PC (0.94), respectively.
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Figure 6.11 - Case of extreme precipitation occurred over Central Region of Brazil (R2)
during 01/01/2012 to 05/01/2012.
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Figure 6.12 - Bar graphs of (a) Probability Of Detection (POD), (b) Miss Rate (MR), (c)
False Alarm Ratio (FAR), (d) Threat Score (TS), (e) Frequency Bias Index
(FBI) and (e) Proportion Correct (PC) for 5 days accumulated precipitation
over Central region of Brazil during 01/01/2012 to 05/01/2012.
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6.3.3 Case study for Northeastern - R3

In order to verify in more detail the performance of satellite rainfall estimation
products over Northeastern region, a specific case of extreme rain occurred dur-
ing 20/01/2016 to 24/01/2016 was identified. Under the influence of the large
areas of instability associated with the SACZ, this case recorded a much higher
rainfall than climatology average rainfall volume. The average precipitation for
the period of January in this region is about 200 mm month (DINIZ et al., 2018),
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however some regions recorded some 600 mm during January 2016. During the
analyzed period it was observed that at least one-third of this rain was about 200
mm it was accumulated in just 5 days during January 20 to 24, 2016. Figure 6.13
shows if one of the affected municipalities in the west of the state of Bahia.

Figure 6.13 - Municipalities affected by the extreme rain. (a) Flooding in municipality of
Sao Gabriel in Bahia state, (b) Flooding in municipality of Santa Maria da
Vitoria in Bahia state. Photographs:Fabiano Pereira/Fotografe o tempo and
Divulgacao/Correios.

(@) (b)
Source: Fotografe o tempo and Correios (2016).

In order to describe the atmospheric pattern that occurred during the event, Fig-
ure 6.14 shows some fields 6 hours 0.5° temporal ans spatial resolutions of GFS
model and an IR image analysis (represented here only by 24/01/2016). It is
observed that the Intertropical Convergence Zone (ITCZ) is further south of its
climatological position, contributing to the transport of moisture to the northeast
region of Brazil (Figure 6.14a). It is also possible to observe an extensive trough
in the dynamic troposphere operating in the center-south of Brazil. This trough in
the dynamic tropopause seems to have been important. It is current above the
center-north of Bahia state, where the most intense precipitation occurred. In ad-
dition, over Minas Gerais state and part of the Southeast region there is cold and
dry air, which may have increased the baroclinia over Bahia state. This seems
to be reflected in the jet, is noted in the dynamic tropopause map (Figure 6.14b)
the north-central part of Bahia state is at the jet’s equatorial entrance, although
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in the Figure the jet does not appear in this area. This is because the jet is less
intense than the initial 30.0 m/s of the scale (light blue) (Figure 6.14c). Therefore,
still weak, the jet seems to have influenced precipitation in Bahia. The cyclonic
circulation located over the equatorial Atlantic Ocean, favored the formation of
a moisture convergence zone that ended up being trapped between these two
systems during the 5 days analyzed. Intense divergence of winds at high levels,
relative humidity above 90.0%, high values of precipitable water and intense up-
ward movements are also seen in the R3 region (Figure 6.14c, 6.14d) . All of
these factors favored the intense rains that occurred in the region.
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Figure 6.14 - Fields of atmospheric patterns from GFS model over South America for
20160124 06UTC.(a) Satellite GOES image; (b) Potential temperature
(shaded, K) and wind barbs (knots) in the dynamic tropopause, 925-850-
hPa layer-averaged cyclonic relative vorticity (black contours); (¢) 250-hPa
wind speed (m s-1, shaded according to color bar), 250-hPa potential vor-
ticity (gray contours), 250-hPa relative humidity (%, shaded according to
gray scale), 600—400-hPa layer averaged ascent (red contours); (d) 250-
hPa wind speed (m s-1, shaded according to color bar), 1000-500-hPa
thickness (dashed contours), Sea Level Pressure (solid contours), total pre-
cipitable water (mm, shaded according to gray scale).
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Source: CPTEC and Albany University (2016).

The influence of the MCS on the extreme rain in Northeastern region of Brazil
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(R3) is represented by Figure 6.15. It is perceived the influence of the MCS in this
event, however, a particularity is observed in this region. Some points of grid show
a high accumulation of rain during the 5 days of the event (Figure 6.15a), but only
60.0% to 70.0% of this rain was influenced by MCS (Figure 6.15b). Therefore,
the other 40.0% or 30.0% may have been generated by shallow convection that
is not detected by the TOOCAN algorithm or by other systems with more strati-
form characteristics. The number of MCS varied considerably in this region, being
recorded more frequently from 15 to 25 MCS per grid point during the 5 days an-
alyzed (Figure 6.15c). Over the 5 days the MCS identified by TOOCAN occupied
between 80.0% and 100.0% of the time (Figure 6.15d). These results corroborate
those found by (PALHARINI; VILA, 2017), where the authors analyzed the northeast
region climatological behaviour of precipitating clouds. According to these authors
and the stratiform clouds and shallow convective clouds are the most frequent in
this region, but the associated rainfall is not as abundant as precipitation caused
by deep convective clouds.
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Figure 6.15 - (a) Accumulated rainfall recorded during 20/01/2016 to 24/01/2016 over
Northeastern region of Brazil (R3). (b) Fraction of rain from rain gauges
on days that had MCS record by rain accumulated in 5 days. (¢) Number
of MCS events recorded in 5 days. (d) Fraction of the days that had MCS
record by 5 days. (e) Indicative map of the location of the analyzed region.
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Figure 6.16 shows the spatial distribution of these precipitation event from differ-
ent satellite products and noticed that the products with rain gauges adjustments
(Figure 6.16e-j) performer better than the products without adjustments (Figure
6.16a-d and |) identifying the highest rainfall values as occurred in the reference
data (Figure 6.16m). In this way it was analyzed some categorical metrics as
POD, MR, FAR, TS, FBI and PC for this event that was analyzed considering an
accumulated of 5 days from R3, as seen in the Figure 6.17. It can be seen that
the products presented a perfect score for POD, TS and PC (Figure 6.17a, 6.17d
and 6.17f) were COSCHg, CMORPHg and consequently are the same products
that presented a perfect score in the MR and FAR (Figure 6.17b and 6.7c) for
being a complementary metrics. The FBI (Figure 6.17€) is an index that shows
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us whether the products are overestimating (FBI > 1) or underestimating (FBI <
1), with that we can see that the product CMORPHg was the presented a perfect
score and the products 3B42g, PERSIANNg and COSCHg overestimate rainfall(
in about 50.0 mm) and the others products underestimate ( in about 80.0 mm). In
this way, the COSCHg and CMORPHg products performed better in this case of
extreme rainfall event in R3, presenting a low FAR (0.35;0.39), a high POD (0.81;
0.61) if compared with the other products, and a high PC (0.73; 0.65), respec-
tively.

Figure 6.16 - Case of extreme precipitation occurred over Northeastern region of Brazil
(R3) during 20/01/2016 to 24/01/2016.
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Figure 6.17 - Bar graphs of (a) Probability Of Detection (POD), (b) Miss Rate (MR), (c)
False Alarm Ratio (FAR), (d) Threat Score (TS), (e) Frequency Bias Index
(FBI) and (e) Proportion Correct (PC) for 5 days accumulated precipitation
over Northeastern region of Brazil during 20/01/2016 to 24/01/2016.
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6.3.4 Case study for Northeast Coast - R4

In order to verify in more detail the performance of satellite rainfall estimation
products over Northeast Coast region of Brazil, a specific case of extreme rain oc-
curred during 14/04/2016 to 18/04/2016 was chosen. The volume of rain recorded
in the city of Jodo Pessoa-PB, for example, was about 20% higher than histori-
cally expected for the months of April in this region. During 5 days analyzed was
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recorded more than 200.0 mm of rainfall while the average historic is around
250.0 mm for entire month (DINIZ et al., 2018). According to the Civil Defense
about 568 people were directly affected by the floods and landslides, and 1700
were without electricity.

Figure 6.18 - One of the municipalities affected by the extreme rain. (a) Flooding in Mu-
nicipality of Jodo Pessoa in Paraiba state, (b) Collapse of houses in munic-
ipality of Jodo Pessoa in Paraiba state. Photograph: Natalia Xavier/G1 and
Walter Paparazzo/G1).

HHAHTRHEHT B

Source: G1 (2016).

For the purpose of describe the atmospheric pattern that occurred during the
event, the Figure 6.19 show some fields 6-hourly 0.5° temporal ans spatial res-
olutions of GFS model and an analysis of IR image (represented here only by
the 16/04/2016). Figure 6.19a shows a IR image with the highlighted brightness
temperature of GOES-13 over South America indicating that the top of the clouds
were cold with some vertical development. It is noted that on a precipitating sys-
tem with a temperature around -70.0 to -60.0 °C over the R4. The atmospheric
pattern that occurred during this event of extreme rains on the Northeast coast
can be analyzed from the atmospheric fields of the GFS, where a high level trough
in the dynamic troposphere over the northeast region of Brazil was observed with
a small potential temperature gradient due to advection of cooler air from the
ocean to the interior of the continent (Figure 6.19b. In Figures 6.19¢c and 6.19d
there is an upward movement and humidity above 90.0% concentrated in the
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coastal zone in the Northeast, high values of precipitable water and the presence
of the South Atlantic High at low levels favoring the advection of air perpendicular
to the coast, these factors favor the formation of rains in this tropical region where
the thermodynamics predominates.
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Figure 6.19 - Fields of atmospheric patterns from GFS model over South America for
20160416 12UTC. (a) Satellite GOES image; (b) Potential temperature
(shaded, K) and wind barbs (knots) in the dynamic tropopause, 925-850-
hPa layer-averaged cyclonic relative vorticity (black contours); (¢) 250-hPa
wind speed (m s-1, shaded according to color bar), 250-hPa potential vor-
ticity (gray contours), 250-hPa relative humidity (%, shaded according to
gray scale), 600—400-hPa layer averaged ascent (red contours); (d) 250-
hPa wind speed (m s-1, shaded according to color bar), 1000-500-hPa
thickness (dashed contours), Sea Level Pressure (solid contours), total pre-
cipitable water (mm, shaded according to gray scale).
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Source: CPTEC and Albany University (2016).

Figure 6.20 represents the influence of the MCS on the extreme rain recorded
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during 14/04/2016 to 18/04/2016 over Northeast Coast of Brazil (R4). It is no-
ticed in the Figure 6.20a that the accumulated rainfall in 5 days show a large
variation according to the location (20.0 mm/5days to values greater than 140.0
mm/5days). As previously mentioned, the city most affected in this period was
Jodo Pessoa-PB and the surrounding municipalities, where the grid points with
the highest values of accumulated rainfall are verified. It is noted in the Figure
6.20b that the fraction of rain influenced by the MCS was around 80.0%. How-
ever, areas further north of this municipality recorded less rainfall (between 10.0
mm/5days and 60.0 mm/5days) but with a greater contribution from the MCS (be-
tween 90.0% and 100.0%). While areas further south, accumulated less rainfall
(between 10.0 mm/5days and 60.0 mm/5days) but with a smaller contribution
from the MCS (between 50.0% and 70.0%). Deep convective systems are not
frequent in this region, but when they occur they are one of the main responsible
for the rains registered in this region (PALHARINI; VILA, 2017). The number of MCS
varied considerably in this region, from 5 to 25 MCS per grid point during the 5
days analyzed (Figure 6.20c). The fraction of the time occupied by MCS varied
from 80.0% to 100.0% in areas to the north of R4 and varied from 20.0% to 60.0%
in areas to the south of R4.
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Figure 6.20 - (a) Accumulated rainfall recorded during 14/04/2016 to 18/04/2016 over
Northeast Coast of Brazil (R4). (b) Fraction of rain from rain gauges on
days that had MCS record by rain accumulated in 5 days. (c) Number of
MCS events recorded in 5 days. (d) Fraction of the days that had MCS
record by 5 days. (e) Indicative map of the location of the analyzed region.
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Figure 6.21 shows the spatial distribution of these precipitation event from dif-
ferent satellite products. It is noticed that point of grid with more intense value
of rain was located in coastal region of Paraiba state in the reference dataset
(6.21m). In this region, the precipitation estimate products presented the categor-
ical indexes was very close to the perfect score, as can be seen in Figure 6.22.
The products 3B42g, CMORPH, CMORPHg, GSMAP, GSMAPg, PERSIANNg,
CHIRP and COSCHg presented POD=1, MR=0 and FAR=0 indicating that these
products showed a good performance over R4 region. However, the CHIRPg was
the one that presented a lower performance in the estimation of this rain case in
relation to the other analyzed products.

135



Figure 6.21 - Case of extreme precipitation occurred over Northeast Coast of Brazil (R4)
during 14/04/2016 to 18/04/2016.

Extreme rainfall [mm/5days] : Case R4— 14APR2016 to 18APR2016
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Figure 6.22 - Bar graphs of (a) Probability Of Detection (POD), (b) Miss Rate (MR), (c)

False Alarm Ratio (FAR), (d) Threat Score (TS), (e) Frequency Bias Index
(FBI) and (e) Proportion Correct (PC) for 5 days accumulated precipitation
over Northeast Coast region of Brazil during 14/04/2016 to 18/04/2016.
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6.3.5 Case study for North Brazil - R5

In order to verify in more detail the North region of Brazil, a specific case of ex-
treme rain occurred during 29/04/2016 to 03/05/2016 was analysed. During these
period the heavy rain wreaked havoc in several neighbourhoods in the munici-
pality of Monte Alegre in western Para, which registered about 130.0 mm in a
single day. As it is a municipality with rugged topography, the slope of the terrain

137



favoured sudden floods in urban areas, where slopes collapsed and streets were
flooded, causing inconvenience to the local population.

According to the Civil Defense disaster report, about 145 people were left home-
less, 130 people were displaced and a total of 15265 people were affected in this
event. Seven neighbourhoods in the urban area were affected, where 08 homes
were completely destroyed, 42 were damaged and 2700 were in the situation of
isolation due to the destruction and damage of bridges. In addition to the damage
that occurred in the public patrimony, such as in schools, health centres, daycare
centres, water supply systems, energy, education, health, streets and streets.

According to National System of Protection and Civil Defense (SINPDEC), a pro-
jection was made of the use of approximately 580 thousand US dollars in the pub-
lic sector to fully restore damage to equipment and health posts, to provide urgent
and emergency services to the population, to reform damaged health posts, to re-
store the system water supply, to carry out the removal of debris and garbage, as
well as the reconstruction of streets and public areas and normalize the flow of
transport of the population as well as access to daycare centres and education.

In the private sector, the damage was slightly greater, approximately 870 thou-
sand US dollars, because with the destruction of several bridges and secondary
roads that gave access to the communities, the agricultural and agricultural inputs
did not reach the municipality. This caused great losses to the commerce sector,
which is based on the strong agriculture of the region, which stopped moving a
large financial volume in all sectors of commerce. This situation was aggravated
by the great destruction that occurred in the urban area of the city, affecting busi-
nesses, homes and the purchasing power of the population that was affected by
the disaster.
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Figure 6.23 - One of the municipalities affected by the extreme rain. (a) and (b) Collapse
of houses in municipality of Monte Alegre in Para state. Photographs: Arney
Barreto/G1 and Reproducao/TV Tapajés).

(@)

Source: G1 and TV Tapajés (2016).

For the purpose of describe the atmospheric pattern that occurred during the
event, the Figure 6.24 show some fields 6-hourly 0.5° temporal and spatial of GFS
model and an analysis of IR image (represented here only by the 03/05/2016).
Figure 6.24a shows a IR image with the highlighted brightness temperature of
GOES-13 over South America where it is noted that on a precipitating system
with a temperature around -70 to -80 °C or less over the North region of Brazil -
R5, indicating that the top of the clouds were very cold and consequently a system
that reached a great vertical development. This image shows several convective
systems with large and small in extension. This region is characterized by having
a moist atmosphere with large and intense convective activity due to the diabatic
heating from the solar energy throughout the year in association with mecha-
nisms, such as the Intertropical Convergence Zone (ITCZ) migration and Coastal
Squall Lines propagation. The average life span of an Amazonian Squall Lines is
10 h (COHEN et al., 1995) and can be associated with the circulation of sea breeze.
In the Figure 6.24c and 6.24d there is an upward movement, humidity above 90%
and high values of precipitable water.
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Figure 6.24 - Fields of atmospheric patterns from GFS model over South America for
20160503 O00UTC. (a) Satellite GOES image; (b) Potential temperature
(shaded, K) and wind barbs (knots) in the dynamic tropopause, 925-850-
hPa layer-averaged cyclonic relative vorticity (black contours); (¢) 250-hPa
wind speed (m s-1, shaded according to color bar), 250-hPa potential vor-
ticity (gray contours), 250-hPa relative humidity (%, shaded according to
gray scale), 600—400-hPa layer averaged ascent (red contours); (d) 250-
hPa wind speed (m s-1, shaded according to color bar), 1000-500-hPa
thickness (dashed contours), Sea Level Pressure (solid contours), total pre-
cipitable water (mm, shaded according to gray scale).
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Source: CPTEC and Albany University (2016).

Figure 6.25 represents the influence of the MCS on the extreme rain recorded
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during 29/04/2016 to 03/05/2016 over North region of Brazil (R5). In this region it
is noted that a large influence of MCS both for the grid points that presented high
values of accumulated rainfall (> 140.0 mm/5days) and for the grid points with low
accumulated rainfall values (between 10.0 mm/5days and 40.0 mm/5days) (Fig-
ures 6.25a-b). The number of MCS varied from 5 to 30 and the fraction of the time
occupied by MCS varied from 40.0% to 100.0% (Figures 6.25c-d). An interesting
result is that the areas to the east of the RS region recorded low amounts of ac-
cumulated rain (between 10.0 to 40 mm/5 days) but this rain is highly influenced
by the MCS (100%), with a high number of MCS registered by grid point (10 - 25)
and with the fraction of time occupied by the MCS also high (80.0% to 100.0 %).
While areas to the west of the R5 region that also registered low values of ac-
cumulated rain (between 10.0 and 40.0 mm/5 days) presented MCS contribution
values varying between 30% and 100%, with a low number of MCS registered
(10-15) and with the smaller fraction of time occupied by MCS (between 40.0%
and 80%,).

Figure 6.25 - (a) Accumulated rainfall recorded during 29/04/2016 to 03/05/2016 over
North Brazil (R5). (b) Fraction of rain from rain gauges on days that had
MCS record by rain accumulated in 5 days. (c) Number of MCS events
recorded in 5 days. (d) Fraction of the days that had MCS record by 5 days.
(e) Indicative map of the location of the analyzed region.
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Figure 6.26 shows the spatial distribution of these precipitation event from differ-
ent satellite products. It is noticed that points of grid with more intense value of
rain was located in center of Para state and in north of Amapa state as can be
seen in reference dataset (6.26m). Observing the categorical indexes for the case
of extreme rain occurring in the R5 region, it is noted that the COSCHg product
presents a better performance (6.26i), as it presents values closer to the perfect
score in all POD, MR, FAR, TS, FBI and PC indices (Figure 6.27). However, all
products underestimated the rain that occurred, considering that the FBI <1 for
all products. The products with the highest false alarm and Miss Rate were the
3B42 and the CMORPH, thus the products with the lowest POD. In this way, the
COSCHg product performed better in this case of extreme rainfall event in R5,
presenting a low FAR (0.0), a high POD (0.55) if compared with the other prod-
ucts, and a high PC (0.94).

Figure 6.26 - Case of extreme precipitation occurred over North Brazil (R5) during
29/04/2016 to 03/05/2016.

Extreme rainfall [mm/5days] : Case R5— 29APR2016 to 03MAY2016

CHIRP 3B42 GSMAP CMORPH
i )| i . D) i1 o) st . d)
EQ EQf EQ EQ 140
- "
55 55 - 55 i 55
60W 45W 60W 450 B0W 45W 60W PR 120
CHIRPSg 3B42g GSMAPg CMORPHg 100
5N ) e_) 5N ) @ 5N i 9_) 5N ) h_)
£Q ff EQ EQ 80
L i ais . )
55 55 55 55
60N 45 60w T SO 45W 60w 45W 60
COSCHg PERSIANNg TAPEER INPE a0
5N j |') 5N i |D 5N i ||) 5N J |m)
£Q . £Q » £Q y EQ R 20
55 55 55 55

BOW

45W

60w

45W

60W

45W

Source: Author’s production.

142

BOW

45W



Figure 6.27 - Bar graphs of (a) Probability Of Detection (POD), (b) Miss Rate (MR), (c)
False Alarm Ratio (FAR), (d) Threat Score (TS), (e) Frequency Bias Index
(FBI) and (e) Proportion Correct (PC) for 5 days accumulated precipitation
over North region of Brazil during 29/04/2016 to 03/05/2016.
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6.4 Conclusions

The main objective of this study was to describe cases of extreme precipitation
events that caused natural disasters in Brazil. Identifying whether there was an
influence of Mesoscale Convective Systems (MCS) in the occurrence of these
events and analyzing the performance of different Satellite Precipitation Products
(SPP) in detecting the extreme rain that occurred.
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For each region, the date with the highest number of grid points with maximum
rainfall values was identified. The accumulated rainfall in a period of 5 days was
defined as an event, being two days before and two days after the date with the
highest maximum values. For this study, the observed dataset of rain gauges from
INPE was used as a reference during the period from 2012 to 2016.

The description of the chosen events was made from reports in newspapers that
had photographic records of the impacts caused by rain events in their archives.
Another important source for describing the events was the official documents
of the civil defense that report in a quantitative way the losses occurred in the
affected municipalities. To describe the behavior of the atmosphere on a synoptic
scale, GFS model reanalysis fields were used.

With the description of these events, it is clear that extreme rain is capable of
causing great damage, regardless of which region it takes place. However, some
civil defenses report this information in more detail than others. Perhaps due to
the fact that natural disasters due to extreme rains are somewhat more recurrent
in certain regions. For example the R1 region is characterized by registering sev-
eral episodes of severe storms that end up causing damage to the municipalities
that are there. For this region, it is easy to find official civil defense documents
reporting the phenomenon occurred and calculations with the estimates of losses
generated by the event. However, in the R3 region, characterized by being a semi-
arid region, where extreme rain events occur less frequently, it was not possible
to find any official civil defense document reporting the event.

With this work it was possible to identify that all regions of Brazil are prone to
the occurrence of natural disasters caused by extreme rains. Although the rainfall
accumulations have different intensities, the impacts affect a large part of the
population, indicating that the vulnerability factor must be taken into consideration
by public authorities and decision makers.

Several meteorological systems are capable of causing rain in a given region.
In this work, special attention was given to the MCS, which are systems formed
from deep convection that are generally responsible for severe storms. With this
research, it was possible to realize that the occurrence of MCS and its contribu-
tion to the extreme rain that occurred in the analyzed cases presented different
behaviors depending on the region.

In the event analyzed in the region R1 great influence of the MCS was noticed,
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because over the 5 days the presence of these events in the region was identified.
In the R2 region it was possible to notice a positive relationship between the MCS
and the rain that occurred, because where there were the highest values of rain,
there was also a high number of MCS records and where the accumulated values
of rain were lower, the number of MCS were also lower. The R3 and R4 regions
located in northeastern Brazil, have presented different results from the others
analyzed regions, because in some grid points that presented high accumulated
rain values, the contribution of the MCS existed but was not marked as in the
other regions. This suggests that the extreme rain that was occurred during the
events was influenced by shallow convective systems or stratiform systems that
are not identified by the MCS tracking algorithm used in this work. The R5 region
also had a marked influence from the MCS during the event analyzed.

In order to identify the capacity to detect extreme precipitation events in spe-
cific cases the comparison between extreme precipitation values of 11 different
satellite products and rain gauge data was carried out for different regions of
Brazil. For this purpose some categorical statistics such as (A), (B), (C), (D),
(POD), (MR), (FAR), (TS), (FBI), (PC) was computed. The SPPs evaluated were
CHIRP v2.0, CHIRPS v2.0, 3B42 RT v7.0 uncalibrated, 3B42 RT v7.0, GSMAP-
NRT-no gauges v6.0, GSMAP-NRT-gauges v6.0, CMORPH v1.0 RAW, CMORPH
v1.0 CRT, PERSIANN CDR, CoSch, and TAPEER v1.5, using data from the rain
gauges of the INPE database as the reference. The results showed that the prod-
ucts that had the indexes closest to the perfect score and performer better in all
regions analyzed were COSCHg and CMORPHg.

It is important to emphasize that in future analyzes it would be interesting to evalu-
ate a greater number of events with similar characteristics for the same regions. In
addition, it would be interesting, if data is available, to analyze double-polarized
radar data in order to obtain a physical characterization of the storms, such as
the different types of hydrometeors, the amount of ice and the electrical activity
prevalent in the events extremes of rain.

145






7 MAIN CONCLUSIONS AND FUTURE WORK

This investigation aimed to obtain answers to the following questions:

+ Are the satellites able to correctly estimate extreme rainfall values?

* What is the influence of MCS for extreme rainfall South America?

In order to answer these questions, the present investigation evaluated a large
number of satellite products using statistical metrics and comparisons with rain
data measured by rain gauges over the region considered in this work.

It was fount that satellite products are capable of detecting extreme rain; how-
ever, the adjusted rain gauge products had better performance than near-real-
time product versions. It is expected that the new GPM satellite constellation and
the products derived from it will improve the estimation of these events. The new
GPM satellite constellation will be extremely important for monitoring extreme
events with the potential to cause natural disasters.

It was observed that the performance of the satellite precipitation products that
include MW measurements were better than those with IR information only. In
addition, this study reveals that the products without rainfall adjustments tended
to underestimate the lowest values and overestimate the highest values in the
southern and northeastern regions of Brazil. For this reason, a regional analysis
was made and it was found that the ability of the satellite estimates depends
on the location in which the precipitation events occur. The same product may
perform well in one region and not in other. These results are extremely important
to know which product has a better performance and the region where it occurs.

In order to answer the second scientific question, it was performed an analysis
of morphological characteristics of the Mesoscale Convective Systems using CA-
CATOES dataset.

According to the results, it was noticed that small systems with a duration lower
than 12 hours are the ones that occur with a higher frequency. However, the
systems that have a duration higher than 12 hours, play an important role in the
development of extreme rain. In addition, it was observed a significant contribution
of MCS on extreme precipitation in South America.

In order to have a better understanding of the results mentioned above, it was
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analyzed 5 cases of natural disasters occurred in Brazil. According to the results,
the accumulations of rains have different intensities and the impacts affect a large
part of the population. Thus, the vulnerability factor must be taken into account by
public authorities and decision makers.

Taking into account that some studies suggest that the resolution of precipita-
tion products estimates by satellite can alter the analysis of extreme events (MA-
SUNAGA et al., 2019). In future work, it is intended to carry out the validation ana-
lyzes of these products in different time scales and with a more refined resolution,
in order to verify if there is an improvement in their performances. As well as a
study with products that already use sensors in the new GPM satellite constella-
tion and compare with results obtained in this investigation.

Regarding the mesoscale convective systems, it is intended make a comparison
with the results obtained by TOOCAN with other tracking techniques, such as
ForTraCC for example, in order to check if there is any difference compared with
the results obtained in this study.
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