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ABSTRACT

The Northeast of Brazil (NEB) is the region with the highest number of municipal decrees of
emergency declarations caused by weather events in the period from 2013 to 2022 and with the
highest rate of natural disasters per risk area. In the NEB, the city of Recife and its metropolitan
region are the biggest localities with populations in risk areas. Focusing on this region, three years
of natural disaster alert issuance data, from 2017 to 2019, were used to analyze and characterize
severe rainfall events in the eastern state of Pernambuco. The disaster records could be grouped
into 24 extreme severe weather systems that were analyzed in detail with satellite, weather model,
radar, and rain gauge data. Among the natural disaster events analyzed, four events of extreme
precipitation were chosen for simulations with the WRF model in high resolution (2.5 km) and
diagnostics analyses. First, a set of configurations of the model was tested, including 11
microphysics (MPH) schemes, 9 planetary boundary layer (PBL) schemes, 6 cumulus (CUM),
and 5 surface (SFC) schemes. Then, through diagnostic analysis, the conditional instability, the
moisture supply at low levels, and the support of the medium and high levels in storm formation
were verified. The observational analysis indicated that the warnings were concentrated during
the rainy season and in a narrow coastal belt. The main systems responsible for the heavy
precipitation were the ITCZ and high pressure on the surface that blocked the trade winds and
favored convection. Small-sized multicell were the types of radar reflectivity cores lasting longer
than 24 hours that caused the heaviest rainfall in the region. The model’s configurations were
verified by 298 rain gauges with hourly registrations through statistical metrics such as bias, MSE,
standard deviation, and Pearson’s correlation, and demonstrated that the MPH schemes of
Thompson Aerosol-Aware and NSSL + CCN, ACM2, MY for the PBL, KFCuP for CUM, and
RUC for SFC were considered the best. All the cases were better with CUM parametrizations
turned on. In all cases, diagnostics analyses highlighted the strong moisture flux convergence at
the low levels, the presence of wind shear on the middle layer, weak cyclonic vorticity advection
at high levels, and CAPE values around 1500 J/kg, in addition to an inverse relationship between
wind shear action and CAPE values. This work is part of the national strategy for monitoring,
diagnosing, and modeling information that can minimize or even prevent damage caused by
severe precipitation events.

Keywords: WRF configurations. Weather analyses. Natural disasters.
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EVENTOS DE PRECIPITACAO EXTREMA NA COSTA LESTE DO
NORDESTE DO BRASIL: ANALISE OBSERVACIONAL, NUMERICA E
DIAGNOSTICA

RESUMO

O Nordeste do Brasil (NEB) ¢ a regido com maior nimero de decretos municipais de
emergéncia causados por eventos meteorologicos no periodo de 2013 a 2022 e com a
maior taxa de desastres naturais por area de risco. No NEB, a cidade de Recife e sua
regido metropolitana sdo as maiores localidades com populagdo em areas de risco. Com
foco sobre essa regido, trés anos de dados de envio de alertas de desastres naturais, de
2017 a2019, foram usados para analisar e caracterizar eventos de chuva severa no leste
do estado de Pernambuco. Os registros de desastres puderam ser agrupados em 24 casos
de sistemas de tempo severo que foram analisados em detalhes com dados de satélite,
de modelo, de radar e de pluvidmetros. Entre os eventos de desastres naturais
analisados, quatro ventos de precipitacdo extrema foram escolhidos para simulagdes
com o modelo WRF com alta resolu¢do (2,5 km) e andlises diagnosticas. Primeiro, um
conjunto de configuragdes do modelo foram testadas, incluindo 11 esquemas de
microfisica (MPH), 9 esquemas de camada limite planetaria (PBL), 6 esquemas de
cumulus (CUM) e 5 esquemas de superficie (SFC). Em seguida, através das analises
diagnosticas, a instabilidade condicional, o fornecimento de umidade em baixos niveis
e o suporte de médio e altos niveis na formagao das tempestades foram verificados. As
analises observacionais indicaram que os alertas se concentraram durante a estacao
chuvosa e na estreita faixa litoranea. Os principais sistemas responsaveis pelas fortes
precipitacdes foram a ZCIT e uma alta pressdo na superficie responsavel pelo bloqueio
dos ventos alisios e favorecer a convecgao. Multicélulas de tamanho pequeno foram os
tipos de ntcleos de refletividade de radar com duragdo superior a 24 horas que mais
causaram chuvas fortes na regido. As configuracoes do modelo foram verificadas
através de 298 pluvidmetros com registros horarios de chuva através de métricas
estatisticas como o viés, MSE, desvio padrao e a correlagdo de Pearson e demonstraram
que os esquemas de MPH de Thompson Aerosol-Aware ¢ NSSL + CCN, de PBL
ACM2 e MYJ, KFCuP para CUM e RUC para SFC foram considerados os melhores.
Todos os casos foram melhores com a parametrizagdo de CUM ligada. Em todos os
casos, as analises diagndsticas destacaram a forte convergéncia do fluxo de umidade
em baixos niveis, a presenca de cisalhamento do vento na média camada, fraca
adveccao de vorticidade ciclonica em altos niveis e valores de CAPE em torno de 1500
J/kg, além de uma relacdo inversa entre o cisalhamento do vento e os valores de CAPE.
Esse trabalho se insere dentro da estratégia nacional de monitoramento, diagnostico e
modelagem de informacdes que podem minimizar ou até mesmo prevenir danos
causados por eventos de chuva severa.

Palavras-chave: Configuracdes do WRF. Andlise de tempo. Desastres naturais.
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1 INTRODUCTION

Natural disasters include all geophysical, meteorological, and climate events like
earthquakes, volcanic activity, landslides, drought, wildfires, storms, and flooding, which
can cause loss of life or property and kill globally on average 45,000 people per year
(RITCHIE; ROSER, 2014). In South America, between 1960 and 2009, 60% of deaths
due to natural disasters were associated with earthquakes and volcanic activity and around
32% were related to meteorological events (HIDALGO NUNES, 2011). However, when
the number of individuals affected is analyzed instead of the number of deaths, the vast
majority of non-fatal victims (88%) are the most affected by climate or severe weather
phenomena. According to the last World Risk Report (ALEKSANDROVA et al., 2021),
a report that classifies 181 countries based on their potential to be subjected to extreme
events, Brazil ranks 116th, which does not classify it as one of the most vulnerable
countries to suffer from extreme events. Meanwhile, despite being a country that does not
suffer from a high recurrence of tropical cyclones on its coastline and is not hit by major
earthquakes, Brazil constantly suffers from prolonged droughts, floods, flash floods, and
landslides (ASSIS DIAS et al., 2018).

Brazil's historic socioeconomic development is characterized by different uses and
occupations of the land, which reveals a heterogeneous population distribution of its
territory. These processes of disorderly occupation, when exposed to natural climate
variability and the natural susceptibility of the regions, are subject to occurrences of
disasters connected to landslides and floods (ASSIS DIAS et al., 2018), which in turn, are
the types of disasters that cause the most deaths in Brazil (CEPED, 2012). Numerous
studies have investigated the occurrence of floods, flash floods, and landslide episode,
motivated by severe weather events capable of providing large rainfall totals (AVELAR
et al., 2013; LUIZA et al., 2013; AVILA et al., 2016; MARENGO; ESPINOZA, 2016;
METODIEV et al., 2018; ESPINOZA et al., 2021).

Observational evidence that extreme hydrometeorological events, responsible for
significant precipitation accumulations, have become more frequent and intense in recent
decades is a reality (SMITHSON, 2002). Extreme events are also components of natural
climate variability and their quasi-periodicity and intensity, whether natural or induced

by human activities, may change (FIELD et al., 2012). Such phenomena can impact



society depending on the existence of vulnerabilities at the site, which highlights the
importance of the social development component in the characterization of natural

disasters (MARCHEZINI et al., 2018).

From a physical perspective, Brazil is more easily affected by disasters of this nature due
to its location in the tropical region (DEBORTOLI et al., 2017), where latent heat release
is the primary energy source for the meteorological systems. This release occurs in
association with convective cloud systems, although much precipitation also comes from
stratiform cloud regions within mesoscale systems. More broadly, there is a strong
interaction among cumulus convection, the mesoscale, and large-scale circulations in
tropical areas. Furthermore, the distribution of diabatic heating in the tropics is influenced
by variations in sea surface temperature, which in turn, is strongly influenced by the
atmospheric circulations. Therefore, understanding tropical circulations requires
consideration of equatorial wave dynamics, interactions between cumulus convection and
mesoscale circulations with large-scale and ocean-atmosphere interactions (HOLTON;

HAKIM, 2013).

The Northeast of Brazil (NEB) is widely affected by prolonged drought, flooding, and
landslide events. The high population density in urban areas is the main determinant of
vulnerability to natural hazards in the region, largely driven by the poor land use and
planning that characterize Brazilian cities. Despite the importance of drought events,
severe rainfall events have the potential to affect all segments of society, impacting health,
education, housing, the economy, and the provision of basic services (MATIAS
RIBEIRO et al., 2021). A study conducted by the World Bank indicates that the disaster-
related costs of only four major events that occurred between 2008 and 2011 totaled
approximately R$15.3 billion (TORO et al., 2014). Of these 4 events, 2 were located on
the east coast of the NEB. In the context of climate change, the eastern portion of the
NEB is signaled as one of the most affected regions due to its high vulnerability and
exposure (DEBORTOLI et al., 2017; MARENGO et al., 2021). The main metropolitan

regions, tourist resorts, and critical infrastructure in NEB are in this region.

In an attempt to mitigate the action of extreme rainfall events, several initiatives
worldwide have been created to attenuate material losses and primarily human losses

(UNDRR, 2013). In this context, the meteorological and hydrological services are central



to forecasting the most varied types of extreme events (WMO, 2013). In Brazil, an
initiative to try mitigating episodes of severe rainfall was the creation of the National
Center for Monitoring and Early Warning of Natural Disasters (CEMADEN, acronym in
Portuguese) (ALVALA et al., 2019) with the primary mission of anticipating the
occurrence of severe rainfall events in the previously monitored municipalities by issuing
natural disaster warnings. CEMADEN currently uses a weather radar network with more
than 40 radars, operates more than 4,000 rain gauges, and has around one thousand soil
moisture sensors and hydrological stations distributed throughout the country (HORITA;
DE ALBUQUERQUE; MARCHEZINI, 2018). Since 2011, CEMADEN has sent out
more than 19,000 flood, flash flood, and landslide warnings throughout Brazil. Among
the main means of monitoring the action of heavy rainfall are the use of surface and upper-
air maps, radar and meteorological satellites, numerical weather modeling, and

continuous weather analysis (AHRENS; SAMSON, 2011).
1.1 Motivation

The NEB is the region with the highest number of municipal ordinances of abnormalities
due to severe weather events in the period from 2013 to 2022 (until April 05) and it is the
region with the highest rate of events per risk area (CEMADEN, 2019; CNM, 2022). The
metropolitan region of the city of Recife is the region with the highest population
coverage in risk areas and the second highest in number of people in risk areas (IBGE,
2018). The eastern part of the state of Pernambuco is influenced by several synoptic and
mesoscale systems capable of developing into large thunderstorms causing heavy
precipitation events. These characteristics of high regional susceptibility and the
possibility of severe rainfall episodes were determining factors for the choice of this

region in this study.
1.2 Purpose

The objective of this work is, based on the warnings issued by CEMADEN and the history
of occurrence of extreme precipitation events with high social impact, to identify and
analyze the main mechanisms in rainfall events that trigger large rainfall totals on the east
coast of the NEB, more specifically the eastern part of the state of Pernambuco. To this

end, this research seeks to answer the following questions:



1) What are the main synoptic and mesoscale systems associated with severe

rainfall on the east coast of the NEB?

2) What are the main characteristics of severe rainfall, for both rain rates and total

accumulations, based on rain gauge and radar observations?

3) From a numerical modeling standpoint, what is the most suitable model

configuration for the region?

4) How is the behavior of meteorological variables associated with severe rainfall

events in the region?

To answer these questions, we used three years of data from warnings issued with
occurrence records, which in turn were grouped according to the acting meteorological
system and subsequently selected four cases for numerical simulation with the Weather
Research and Forecasting (WRF) model and analysis of the meteorological parameters
associated with the formation, intensification, and dissipation of severe thunderstorms. In

this way, we sought to collaborate with the following specific objectives:

1) To contribute to the synoptic and mesoscale climatology of severe rainfall

events in the region through rain gauge and radar data;

2) Identify the physical schemes in the WRF model, specifically the schemes that
most impact rainfall production (cloud microphysics, planetary boundary

layer, cumulus, and surface), best suited for the region;

3) Describe the behavior of meteorological variables associated with severe
storms, such as atmospheric instability, moisture supply, and lifting

mechanisms.

Thus, this work has the following structure: Chapter 2 presents a review of the main
synoptic and mesoscale systems active in the NEB, a review of the main features of the
microphysics, planetary boundary layer, cumulus and surface layer physical schemes
used in the WRF model and finally a review of the main meteorological parameters used
to describe severe storms, Chapter 3 presents the methodology and data used in the

research, Chapter 4 shows the results of the synoptic climatology and the main mesoscale



features found, Chapter 5 describes the best model settings found for the four extreme
events, Chapter 6 shows the analysis of the meteorological variables for the four simulated
severe rainfall events, and Chapter 7 summarizes the conclusions and suggests research

for future work.



2 LITERATURE REVIEW

2.1 Synoptic and mesoscale systems in the NEB

The variability in rainfall distribution in the NEB is pronounced. In the north of the region,
the rainy season occurs mainly between March and April; in the south, the rains occur
mainly during the period from December to February; in the eastern part of the region,
the rainy season is from May to July (RAO; DE LIMA; FRANCHITO, 1993). Its rainfall
regime results from the complex interaction between the relief, the geographic position,
the nature of its surface and the acting pressure systems (KAYANO; ANDREOLI, 2009).
The main precipitation mechanisms are conditioned by the influence of the South Atlantic
Subtropical Anticyclone (SASA) and North Atlantic Subtropical Anticyclone (NASA)
(HASTENRATH, 1991), the action of the Intertropical Convergence Zone (ITCZ)
(WALISER; GAUTIER, 1993), cold fronts (KOUSKY, 1979), Upper Tropospheric
Cyclonic Vortices (UTCV) (KOUSKY; GAN, 1981), the Easterly Wave Disturbances
(EWD) (GOMES et al., 2015) and by the effects of sea and land breezes (MOLION;
BERNARDO, 2002) (Figure 2.1). This complexity is reflected in rainfall's great spatial,

seasonal, and interannual variability.

SASA and NASA are semi-permanent persistent high-pressure systems that spend most
of the year in subtropical latitudes. They are characterized by anticyclonic wind
circulation, subsidence, and divergence near the surface (HASTENRATH, 1991). The
SASA presents seasonal variability retracting to the east during the summer and extending
over southeastern Brazil during the winter, where, on the NEB coast, it contributes to the
intensification of easterly runoff and trade winds that converge over the coast and favor
precipitation (REBOITA et al., 2019). NASA presents a more irregular behavior but is
responsible for the northeast trade winds. The convergence between the southeast and
northeast trade winds favors the ITCZ, the upward movements, and the consequent
formation of precipitation and follows the areas where the sea surface temperature (SST)
is higher. Studies that considered the SST anomaly in the Pacific and Atlantic oceans
showed a positive relationship between increased rainfall in the eastern NEB with a warm

pool in the southwest Atlantic (UVO et al., 1998; HOUNSOU-GBO et al., 2019).



Figure 2.1 — Main synoptic systems in the NEB.
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The ITCZ establishes itself under the equatorial trough and is an upward branch of the
Hadley cell. Thus it is perceived not as a transient phenomenon but an important part of

the general circulation of the atmosphere and shows significant time variabiity in



intensity, position and orientation. This permanent low-pressure feature marks the
meteorological equator where the trade winds, filled with heat and moisture from the
surface, converge to form a zone of increased convection, cloudiness, and precipitation
(FLETCHER, 1945; WALISER; GAUTIER, 1993) and it is modulated by the Madden—
Julian oscillation (MJO) and local instabilities (FERREIRA; SCHUBERT, 1997). The
favored moisture transport and increased convection are important for the rainfall regime
in the NEB, which in turn has been studied by several authors (MOURA; SHUKLA,
1981; RAO; MARQUES, 1984; MARENGO et al., 2012; CORREIA FILHO et al.,
2019). According to Uvo et al. (1998), the longer permanence of the ITCZ in its
northernmost or southernmost position determines the quality of the rainy season in the
northern NEB. In this region, rainfall is probably abundant if its migration northward
begins in late April and early May. Thus, the portions of the north of Maranhao and Piaui,
the entire states of Ceara and Rio Grande do Norte, and the hinterlands of Paraiba and
Pernambuco are the sections that receive most of the ITCZ influence in Brazil. In these
areas, maximum precipitation occurs in March and April (MELO; CAVALCANTI,
SOUZA, 2009).

A frontal system is a transition zone between two air masses with different densities,
temperatures, and humidity (AHRENS; HENSON, 2019). The displacement of cold
fronts, when colder air advances over warmer air, occurs from higher latitudes toward
lower latitudes. In South America, near central Argentina, cold fronts occur almost
weekly and decrease their frequency toward the equator, being little observed in southern
Bahia, where, on average, about 5 to 10 systems reach 15°S each year (KOUSKY, 1979;
CAVALCANTI; KOUSKY, 2003). Even acting with less periodicity in the southern
NEB, these systems and their remnants are largely responsible for the total accumulated

precipitation observed from November to March in this sector.

The eastern NEB is primarily influenced by UTCVs, EWDs, and sea and land breeze
circulations. UTCVs are a closed cyclonic circulation at high-tropospheric levels, with a
cold core where good weather occurs, presenting a direct thermal circulation between the
center and its periphery, where usually is intense convective activity (KOUSKY; GAN,
1981). The tropical vortices, common in the NEB and adjacent Atlantic Ocean, occur
more frequently from December to February, are persistent, with a lifetime that can

exceed 10 days in duration, and therefore can favor/inhibit precipitation in the regions



under the influence of its periphery/center, respectively (DE MORAIS; GAN;
YOSHIDA, 2021).

EWDs are disturbances, most widely perceived in the wind field, caused by the westward
motion of a low tropospheric trough that occur at tropical latitudes in the vicinity of the
equator around the world (DUNN, 1940; GOMES et al., 2015; AHRENS; HENSON,
2019). They are widely studied in the Tropical Atlantic region because of their importance
for the rainfall regime in West Africa and for monitoring the storms that occur in this
region, as tropical storms and occasional hurricanes are formed from these systems. In
Brazil, they can reach the northern and eastern coasts of the NEB, interact with the local
circulation to increase convergence at low levels and cause heavy rainfall, contributing to
at least 60% of the rainfall that occurs on the eastern coast of the NEB from April to
August (TORRES; FERREIRA, 2011; GOMES et al., 2019).

Land-sea breezes are shallow cells of direct thermal circulation ruled by the horizontal
pressure gradient configured due to the heating difference between the surfaces of the
continent and the ocean. Many coastal areas in the NEB have maximum convective
activity at nighttime due to the convergence between ocean outflow and the land breeze.
Other areas may have a diurnal maximum due to the development and advection of the
sea breeze up to 300 km inland (KOUSKY, 1980). In the NEB east coast, this circulation
1s mainly associated with the zonal wind, presents a penetration in the continent between
one and two degrees meridional and the maximum/minimum of its daily cycle, which
represents a potential land/sea breeze, occurs around 07h00UTC/19hUTC (DE SOUZA;
OYAMA, 2017).

2.2 Model setup

The numerical weather prediction (NWP) equations models are solved at different grid
points on the model as a discretized approximation to the partial derivatives through,
finite differencing, finite volume differencing (when the dynamical and
thermodynamical properties are integrated in strcutured or non-structured volumes),
Galerkian methods (finite elements and spectral methods) (FLETCHER, 1984), on a
regular grid or unstructured grid, like the new generation models. However, many
processes are difficult to describe completely, especially if they occur at scales smaller

than the model’s resolution. For that, parameterization processes are used to represent by



approximation, as well as possible, the behavior of particles based on physical laws and
empirical observations (GETTELMAN; ROOD, 2016). In that way, models depend on
various physical packages, some of which use approximations for relatively small
processes compared to the model grid. Therefore, atmospheric characteristics can vary
greatly, and the optimal combination of these physical packages varies by region

(JEWORREK; WEST; STULL, 2021).

In atmospheric modeling, precipitation processes are fundamentally associated with cloud
microphysics parameterizations, which govern the formation, growth and dissipation of
cloud particles (KESSLER, 1969); cumulus parameterizations, representing a series of
functions, for example, vertical distribution of heating/cooling and drying/moistening,
convection mass transport, generation of the liquid and ice phases of water, interactions
with the planetary boundary layer (PBL), interactions with radiation, and mechanical
interactions with the mean flow (ARAKAWA, 2004); PBL parameterizations, that can
modulate the representation of turbulent mixing in the lower troposphere through the
kinematic and thermodynamic vertical profiles that directly influence the buoyancy
representation and vertical wind shear, in addition to the evolution of precipitation
(HONG; NOH; DUDHIA, 2006; COHEN et al., 2015); and land surface
parameterization, that control heat and moisture fluxes of the soil and provide the model
with the inputs of heat, moisture and ground radiation that affect the input variables for
other parameterizations and which, despite being less investigated in NWP sensitivity
studies, play an important role in the diurnal precipitation cycle (WONG; ROMINE;
SNYDER, 2020; JEWORREK; WEST; STULL, 2021).

2.2.1 Cloud microphysics schemes

The microphysical processes that govern cloud particle formation, growth, and
dissipation on small scales are central to how moist convection develops and evolves
(STENSRUD, 2007). Two important aspects of the cloud microphysics parameterizations
are the number of changing water phases (Figure 2.2) and the number of different
interactions between cloud and precipitation particles that must be considered since these

shapes and sizes influence how the particles interact with each other (Figure 2.3).

The main types of cloud microphysics particles observed are cloud droplets, raindrops,

ice crystals, aggregates, sleet, and ice particles. Liquid cloud droplets form when water
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saturation exceeds above freezing to about — 40 °C. However, the formation of cloud
droplets depends on the presence of small-hygroscopic particles that constitute the cloud
condensation nuclei (CCN). Its rapid growth depends on processes such as collision and
coalescence. Since cloud droplets coexist in a wide size range, collision and coalescence
processes intensify, and depending on the efficiency of this process, raindroplets are
formed. Ice crystals and aggregates may form when the temperature within the cloud is
below freezing. However, this freezing may not occur immediately and evidence suggests
the coexistence of liquid droplets and ice crystals between 0 and —40°C with the need for

the presence of an ice nucleus (as CCNs are required for cloud droplet formation).

Figure 2.2 — Representation of the number of changing water phases for a microphysics scheme.
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Source: Zhou et al. (2019).

Ice crystals are typically observed starting at temperatures of —15°C and there are three
main forms: columns, plates, and dendrites (Figure 2.3). They can grow by the Bergeron-
Findeisen process, which occurs due to saturation vapor pressure concerning water is
higher than saturation vapor pressure with respect to ice, any cloud that is saturated with

respect to water is supersaturated with respect to ice, as ice crystals grow by vapor
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deposition they reduce the environmental supersaturation with respect to water until the
air becomes subsaturated and liquid drops begin to evaporate, this evaporation then
increases the supersaturation with respect to ice, and causes ice crystal growth
(STENSRUD, 2007). The coalescing collision process also acts on the ice crystals
producing the aggregates.

Figure 2.3 — The ice crystal morphology diagram.
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Rime ice particles, graupel, and hail occur as ice crystals collide and coalesce with
supercooled cloud droplets at environmental temperatures below freezing. The ice
particle is a rimed when the features of the original ice particle can be distinguished and
graupel when the opposite occurs. As graupel particles fall through the liquid cloud, they

continue to grow by riming and in cases of extreme riming hailstones are formed.

Bulk microphysical models have been used to represent the spectrum of hydrometeors

through a distribution function, such as an exponential or gamma-type function. In the
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models that only one moment of the distribution is predicted (usually mixing ratio) are
called single-moment schemes, while the other moments are diagnosed or prescribed.
Schemes that use two moments in the hydrometeor distribution, mixing ratio and the
concentration number, are called double — moments scheme (MEYERS et al., 1997).
Prediction of two moments of the distribution allows more degrees of freedom of the
hydrometeor spectra for each category, improving the prediction of complex

microphysical processes.

The equations that govern the evolution of the microphysical variables all follow a similar

structure:

0 ~  1a(pV
X_ 0. Ty4t (V)

£ - A 2.1

where x € qc, qr, N¢, Ny, qi, rim, Brim, Ni, (qc - mass mixing ratio for cloud droplets, q: -
mass mixing ratio for rain, N - total number mixing ratio for cloud droplets, N; - total
number mixing ratio for rain, q; - total (deposition plus rime) mass mixing ratio for ice,
Jrim - Time mass mixing ratio for ice, Bim - bulk rime volume, N;j - total number mixing
ratio for ice), t is time, p is the air density, u is the 3D wind vector, z is height, Vy is the
appropriately weighted fall speed for quantity , Sy is the source/sink term and includes
various microphysical processes (condensation, autoconversion, accretion, evaporation,
ice initiation, ice and snow aggregation, accretion by frozen particles, melting, and
deposition), and A*(y) is the subgrid-scale mixing operator (MORRISON;
MILBRANDT, 2015).

Several studies have investigated the contribution of cloud microphysics and cumulus
schemes in severe rainfall events (TAPIADOR et al., 2012; MAHBUB ALAM, 2014;
JEWORREK; WEST; STULL, 2019; LU et al., 2019), with some results indicating that:
1) the additional computational cost of using more sophisticated schemes does not always
turn into a better forecast; ii) higher contribution from cloud microphysics compared to
cumulus for high-resolution simulations; iii) dependence of rainfall on the mixing ratio
of rainwater concentrated between low and mid-levels; and iv) different uses of physical
parameterizations can cause a higher scatter in the ensemble prediction than the scatter

caused by initially perturbed conditions.
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2.2.2 Cumulus schemes

In NWP, it is called “gray zone” a range of model resolutions over which it is ambiguous
whether or not the process should be parameterized, where parameterization schemes
were designed to represent the subgrid scale processes that are not explicitly resolved
because they are spatially or temporally too small scale, too complex and expensive, or
not well understood (JEWORREK; WEST; STULL, 2019). Jeworrek et al. (2019), in a
comprehensive review of cumulus and microphysics parameterizations across the
convective gray zone, obtained better results for high-resolution simulations with the
cumulus parameterization on, but caution that small-scale detailing and noise can
contribute to decreased forecasting ability and that therefore each model configuration
should have its own evaluation. Further studies have shown that activating the cumulus
parameterization to high resolution can improve precipitation forecasting (GAO et al.,
2017; ON; KIM; KIM, 2018), while others showed significant improvement in explicitly
calculated convection in complex terrain regions and trivial in the flat areas (WAGNER

etal., 2018).

The main classes of cumulus parameterization schemes are the adjustment type (BETTS;
MILLER, 1986), moisture convergence (KUO, 1974), and the mass-flux type, with
closure based on thermodynamical adjustment, (ARAKAWA; SCHUBERT, 1974). The
convective adjustment scheme determines reference profiles of temperature and dewpoint
toward which it nudges the model soundings at individual grid points. The first step is to
locate the most unstable model parcel within approximately the lowest 200 hPa above the
ground. They lift this parcel to its lifting condensation level (LCL), which they define as
cloud base. From there, the parcel is lifted moist adiabatically until the equilibrium level
(EL) is reached. Cloud top is then defined as the highest model level at which the parcel
is still buoyant, typically just below the EL. If the parcel is not buoyant at any level,
convection is not activated, and the scheme moves on to the next grid column. Suppose
the cloud is less than 200 hPa deep, the scheme attempts to initiate shallow convection.
Otherwise, they check to see if deep convection can be activated (BALDWIN; KAIN;
KAY, 2002).

Moisture convergence schemes are computationally less demanding than other schemes,

which likely is one reason for their continued usage. They related convective activity to
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total column moisture convergence, in this way, convective activity is controlled by the
moisture convergence over a deep layer encompassing the entire troposphere
(EMANUEL; RAYMOND, 1993). In mass-flux schemes, clouds are idealized as plumes
that all entrain environmental air as they rise and detrain only at the cloud top. Deviations
from the grid-mean vertical motion are negative (downward) outside the clouds in the
surrounding environment (compensating subsidence), this implies that mass going up in
convective clouds is exactly balanced by this compensating subsidence in the local
environment. Thus, these schemes are concerned with transferring mass from one vertical

level to another (KWON; HONG, 2017).

The trigger functions are a set of criteria in the convective parameterization scheme used
to initiate parameterized convection (KAIN; FRITSCH, 1992). Overall, the trigger
functions consider the perturbations based on low-level vertical motion, parcel buoyancy,
moisture convergence, perturbations based on local average moisture advection, CAPE,
cloud depth threshold value, and moist sounding needed (CHOI et al., 2015). The
environment's response to convective heating is extremely sensitive to its vertical
distribution. It is also important for understanding the interactions between clouds and
their environment, which most affect their heating and drying (KAIN; FRITSCH, 1990).
Most schemes use simple one-dimensional entraining plume models to represent the
thermodynamic and mass flux characteristics of individual clouds. These models
constrain the mass flux profile by imposing a fixe rate of entrainment, or rate of increase

of mass flux, with height.
2.2.3 Planetary boundary layer schemes

Moisture, heat, and momentum exchanges occur within the PBL through mixing
associated with turbulent eddies. These eddies influence how the thermodynamic and
kinematic structures of the lower troposphe evolve. Such eddies operate on a
spatiotemporal scale that cannot be explicitly represented at the grid scale and time step
applied in most models. As such, their effects are expressed via the use of PBL
parameterization schemes (STULL, 1988). There are two major components of the
process by which turbulence is represented: the order of turbulence closure and whether

a local or nonlocal mixing approach is employed (COHEN et al., 2015).
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The unknown term in the turbulence modeling equations is always one order above the
maximum among the other terms, so the turbulence closure requires empirically relating
the unknown term of moment n+/ to lower-moment known terms. This is referred to as
nth - order turbulence closure. In first-order closure, only the prognostic equations for the
means of the variables are retained and the turbulent fluxes are parameterized (STULL,
1988). As the order of the closure increases, the parameterizations include more equations
for the higher moments. Thus, for 1.5-order closure, the parameterizations typically
include equations not only for the standard prognostic variables, but also the potential
temperature variance and the turbulent kinetic energy (STENSRUD, 2007). On the other
hand, the second-order closure also has predictive equations for all remaining covariance

terms.

The PBL schemes also differ according to the depth over which the known affects a given
point. Local closure schemes, only the vertical levels that are directly adjacent to a given
point directly affect variables at the given point. The opposite happens to nonlocal closure
schemes where multiple vertical levels within the PBL can be used to determine variables
at a given point (Figure 2.4). Large eddies can transport heat upward from the diurnally
heated surface layer regardless of the localized stability maxima and produce
countergradient fluxes. Nonlocal schemes account for these countergradient fluxes and,
thus, generally represent deep PBL circulations accurately (STULL, 1991; COHEN et al.,
2015).

Figure 2.4 — Schematic representations of the exchange among model layers in the local (ACM)
and nonlocal (ACM?2) closure schemes.

ACM ACM2

Source: Pleim (2007).
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Some studies have verified the influence of PBL schemes (JIA; ZHANG, 2020;
FALASCA et al., 2021) indicating that schemes with the nonlocal resolution are more
susceptible to unstable stratifications producing stronger turbulent mixing, as schemes
with local resolution are applicable to stable stratifications and produce less turbulent
mixing.

2.2.4 Land - surface schemes

The land-surface models (LSMs) use atmospheric information from the surface layer
scheme, radiative forcing from the radiation scheme, and precipitation forcing from the
microphysics and convective schemes, with internal information on the land's state
variables and land-surface properties, to provide heat and moisture fluxes over land points
and sea-ice points (SKAMAROCK et al., 2019). The most robust land-surface models
have treatment for vegetation, soil, snow, and water bodies. Characteristics such as the
amount and type of vegetation in one grid cell, carbon budget, the number of soil layers
for temperature and moisture, and the elevation of the terrain are also considered (JIN;

MILLER; SCHLEGEL, 2010).

Three important vegetation parameters are the green vegetation fraction, the leaf area
index (LAI), and the vegetation type or class. The green vegetation fraction is defined as
the grid cell fraction wherein midday downward solar insolation is intercepted by
photosynthetically active green canopy (CHEN et al., 1996). Traditionally, the LAI was
sought in table files according to the vegetation type, by now, most of the models can use
the satellite-based LAI that are a 12 monthly climatology in general (LI et al., 2019).
Vegetation types are also derived from satellite data and a simple biosphere model

vegetation categorization consists of 16 land cover classes (LOVELAND et al., 2000).

The depth and density of the rooting zone determine the soil moisture available for
exchanges with the first meters of the atmosphere. Once the upper soil layers become dry,
they can act as a barrier to further upward moisture transport through the soil. Vegetation
can overcome this barrier illustrating the importance of the amount, the type, and the

variability of vegetation to the latent heat flux and moisture (STENSRUD, 2007).

The regional climate system is often disturbed by land-surface and land use changes due
to human activities (e.g.,agricultural expansion, urbanization) and natural processes.

Studies like He et al. (2017) and Lopez-Bravo et al. (2018) suggest that the uncertainties
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of the surface models, like changes in the extent of urban areas and changes associated
with dynamic and thermodynamic variables, have induced local circulations and

influenced the temperature, precipitation, and wind fields.

Stensrud et al. (2009) predicted that by the middle of 2020 decade, due to the usefulness
of high-resolution forecasts and the rapid and continuous increase in computing power,
the NWP would become an important component of the convective scale warning system.
The high resolution of the models could provide information about the evolution and
structure of the storms, and it was essential that the models were initiated with a very
accurate representation of the convection to obtain the necessary correspondence between
forecast and observed. The challenges in achieving this goal included improvements in
data assimilation methods, increased use of radar observations, improvements in the
parameterization schemes of the models, in addition to a complete understanding of the
forces that initiate and organize severe storms, as well as the environmental parameters

that allow its identification and monitoring (JORGENSEN; WECKWERTH, 2003).
2.3 Weather analysis
2.3.1 Ingredients for severe weather

Severe storm events develop quickly and have significant consequences for society and
the economy. In this way, it is essential to quickly recognize the development and
conditions that lead to the formation of such events. This is done efficiently through
studies that determine the atmospheric environment before and during the occurrence of
a storm (FABRY, 2015). Heavy precipitation is the result of sustained high rainfall rates
or long lasting systems. In turn, high rainfall rates involve the rapid ascent of air
containing substantial water vapor and depend on the precipitation efficiency. The length
of an event is associated with its speed of movement and the size of the system
(DOSWELL; BROOKS; MADDOX, 1996). The main triggering factors for their
occurrence are the presence or combination of conditional instability, moisture, and the

initial lifting mechanism.

Instability determines the potential for air to accelerate vertically. The requirements for
moisture and conditionally unstable lapse rates can be understood in terms of convective
available potential energy (CAPE). The lift is needed to initiate the convection because

the atmosphere is never sufficiently unstable the convective overturning can begin
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spontaneously. Substantial negative buoyancy must often be overcome before a rising
parcel reaches its level of free convection (LFC). The origins of this required lift are
unlikely to be found in large-scale ascent. The magnitude of large-scale vertical motion
(few centimeters per second) is simply too small to accomplish the needed lift in a
reasonable time. Disregarding the cases where convection develops is a region of
extensive cloudiness, like the cold fronts, we can conclude that the lift needed to start

deep convection is generally a product os mesoscale process (DOSWELL, 1987).

Wind shear shapes storms and influences their evolution. When environmental wind shear
is limited, mostly isolated cells that do not interact in organized ways are observed. As
shear increases, specific organized interactions are promoted, and storm systems
generally become larger, more complex, and more persistent (FABRY, 2015). The life of
a single cell is limited by the collapse of its precipitation core, which is filled with heavy
hydrometeors, onto its updraft, and by undercutting of the updraft from its source of
potentially buoyant air by cold outflow driven by the evaporation of precipitation (Figure
2.5). Vertical wind shear increases a storm’s longevity by counteracting these two
detrimental processes (MARKOWSKI; RICHARDSON, 2010). The lifting mechanism
such as a cold front, a sea breeze, or smaller scale convergence patterns, and the synoptic-
scale environment associated with it also determine the location, shape, and extent of the

convection.

Environments with various combinations of CAPE and wind shear, which can occur at
all times and in all seasons, are capable of producing severe weather. Sherburn and Parker
(2014) presented a climatology for the severe weather environment, starting from high
shear values and low CAPE values, and introduced new parameters such as lapse rate at
low and mid-levels and wind and shear at multiple levels as statistically more skillful

indicators for severe weather forecasting (Figure 2.6).

Westermayer et al. (2017), with the goal of exploring the relationship between
atmospheric parameters and the occurrence of convective thunderstorms, used six years
of reanalysis data and found that instability is important up to a certain amount.
Approximate CAPE values between 200 and 400 J.kg™! were more important for the
occurrence of lightning strikes than larger values. The availability of moisture in the lower

troposphere had a greater influence on the occurrence of thunderstorms and wind shear
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played an important role, but only when it occurred at low or very high values, with a

lower probability of occurrence for intermediate values.

Figure 2.5 — Role of wind shear in storm development.
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The storm experiencing little or no wind shear will produce a vertical updraft, which will
quickly get killed off by falling rain. However, the storm experiencing strong wind shear will
develop a tilted updraft with the rain falling away from the updraft (available on

https://www.weather.gov/ilx/swop-springtopics).

Source: NWS/NOAA (2020).

Taszarek et al. (2021) states that the long-term trend of the environment characteristic of
severe storms, in other words, conditional instability, availability of moisture at low
levels, wind initiation, and shear mechanism, follow only partially the expectations of the
warming climate, that is, despite the increased instability, the environment may be less
favorable for thunderstorms due to stronger inhibition energy and lower moisture

availability.

Poletti et al. (2017) also presented a study based on meteorological indices for predicting
severe storms. They used a tool, based on a checklist, which considered physical and
thermodynamic processes directed at storm formation, evolution, and organization. One

of the main conclusions was the recognition of the seasonal dependence of some indices,
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suggesting the formulation of a new version for the identification tool, one for the warm

season and one for the cold season.

Figure 2.6 — Organization of individual convective storms and lines of systems of convective
storms as a function of CAPE and shear.
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(a) Schematic depiction of convective storm types usually associated with typical vertical wind
shear and CAPE environments: the approximate range of multicellular storms is shown by the
shaded region; (b) mesoscale convective system organization usually associated with similar
CAPE-shear regimes. The curved line running from the upper left to the lower right of each
plot indicates the approximate dividing line between severe and nonsevere storms. Although
the axis values are meant to be schematic, a typical range of CAPE is probably 0-5000 J kg™!
and the range of shear is probably 0-20 ms™ over the lowest 2.5 km of height.

Source:Jorgensen and Weckwerth (2003).
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In this way, Fabry (2015) has summarized the main ingredients necessary for a severe
storm to occur: 1) a high-CAPE value; 2) some initial resistance to convection or
convective inhibition (CINE); 3) a continuous supply of moisture; 4) some support from
the high levels; 5) wind shear, especially at low and medium levels; and 6) convergence
at low levels to break the CINE resistance local. Instability determines the potential for
vertical air acceleration, whereas wind shear shapes the storm and influences its
evolution. Finally, a lifting mechanism, such as a cold front, sea breeze, or smaller scale
convergence patterns, also determine the location, shape, and extent of the convection. In
the NEB case, smaller scale convergence patterns are caused by the changes in the
frinction as the low level air parcels flow from the ocean into the continent. Further
instability is associated to the local topography with a elevation of the order of a few
hundred meters parallel to the coast and apprximately perpendicular to the prevailing SE

trades (SILVA DIAS, 2022).
2.3.2 Storm morphology by weather radar

Storms produce various severe weather phenomena detectable by weather radar.
Convective processes within a thunderstorm are relatively fast, most lasting less than an
hour. In this interval, updrafts and downdrafts are generated, which can result in
precipitation and locally strong winds. Dozens of cells can be represented within the
coverage of a single radar, and despite the small spatial and temporal scales of these
storms, radars can monitor them almost instantaneously. This ability is the main factor

why radar networks have been installed in many countries (FABRY, 2015).

The first classifications of the reflectivities observed by radar on clustered structures refer
to Marwitz (1972a, 1972b, 1972c), who classified the storms studied into supercells,
multicells, and severely sheared storms. Numerous studies have used radar (PARKER;
JOHNSON, 2000), radar and satellite (JIRAK; COTTON; MCANELLY, 2003), and even
radar and rain gauge (BALDWIN; KAIN; LAKSHMIVARAHAN, 2005) reflectivity data
to categorize, especially mesoscale convective systems, by their mode of organization
(Figure 2.7). No matter which classification system is used, the classification of
convective system morphology can be difficult. Some subjectivity is inherent in the
classification since some systems exhibit aspects of multiple morphologies with changes

occurring both spatially and temporally (DUDA; GALLUS, 2010). Li et al. (2021) argues
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that the different modes of organization are related to their formation and the prevailing
thermodynamic mechanisms, and that prior knowledge of their morphology can increase

the predictability of systems.

Figure 2.7 — Schematic reflectivities illustrating the morphologies of the nine organizational
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This classification of mesoscale convective systems (MCSs) considers the arrangement of
convective and stratiform regions, the morphology of convective reflectivities and the direction
of the motion of the convective system. The arrow indicates the direction of the movement of
the MCS. NL - nonlinear mode, TS - trailing stratiform precipitation, NS - no stratiform
precipitation, LS - leading stratiform precipitation, PS - parallel stratiform precipitation, EL -
embedded lines, BE - bow echoes, TL/AS - training line/adjoining stratiform, and MRB -

multiple rain bands.

Source: Adapted from Li et al. (2021).

Among the main radar products for surveillance strategies, the most common are azimuth

or Plan Position Indicator (PPI) scans at different elevation angles, the Constant Altitude
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Plan Position Indicator (CAPPI), which is a representation of the radar reflectivity at a
specific ground level, the vertical sections or Range-Height Indicator (RHI), which are

sections extending across all elevations at a fixed position.
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3 METHODOLOGY

3.1 The study area

The NEB represents 21.25% of Brazilian territory, with three predominant climate types
(ALVARES et al., 2013): (i) humid coastal, from the coast of the state of Bahia to the
coast of the state of Rio Grande do Norte, (ii) tropical, in parts of the states of Bahia,
Ceard, Maranhao, and Piaui, and (iii) tropical semi-arid, in the countryside of all the states
of the region except Maranhdo (Figure 3.1). The region presents high temperatures, with
an annual average between 20 °C and 28 °C, and a small thermal amplitude. The rainfall
is irregular, with annual values higher than 2000 mm in the coastal region and less than
500 mm in the inland areas (CENAD, 2012). The NEB had the highest number of
abnormalities, as declared by municipal ordinances, in the period from 1 January 2013 to
5 April 2022, and was also the region with the highest rate of events per risk area
(CEMADEN, 2019; CNM, 2022). The metropolitan region of Recife (municipalities with
a red background in Figure 3.1c) has the largest coverage of the population in risk areas

and the second-highest number of people in risk areas (IBGE, 2018).
3.2 Data set

CEMADEN maintains a platform (Brazilian Early Warning System (BEWS)) for
registering the occurrence of natural disasters in Brazil (ASSIS DIAS et al., 2020). Via
this platform, details about geohydrological disaster events, such as locality, date and time
of the opening and closing of the alerts, the description of the event, alert levels, accuracy
of time and location, magnitude or scope of the alerts, human damage, and the sources of
the information records, are registered. Not all municipalities are part of the national
strategy for monitoring extreme rainfall events, either because they do not have the
minimum structure necessary for monitoring or because they do not have areas classified
as high risk. The municipalities monitored in eastern Pernambuco state can be seen in

Figure 3.1c.

Through this database were obtained the records of the occurrences of 24 severe rainfall
events for the east of the state of Pernambuco for the years 2017, 2018, and 2019.
CEMADEN’s automatic rain gauge network was used to analyze the rainfall intensity in

Pernambuco. The total quantity varied according to the date of the analyzed event due to
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the constant equipment maintenance, but it has a maximum number of 298 rain gauges

and a minimum of 170, represented by the red dots in Figure 3.1b.

Figure 3.1 — The study area.
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(c)
(a) Koppen’s climate classification for the nine states of NEB (BA — Bahia, SE — Sergipe, AL — Alagoas,

PE — Pernambuco, PB — Paraiba, RN — Rio Grande do Norte, CE — Ceara, PI — Piaui, and MA —
Maranhio); the black rectangle is the region where the numerical simulations were performed using the
WRF model. (b) A zoom-in representation of the eastern Pernambuco state; the red dots are the 298
rainfall stations used to verify the simulations. (¢) The 28 monitored municipalities affected by natural
disasters in this study (1 — Recife, 2 — Rio Formoso, 3 — Olinda, 4 — Camaragibe, 5 — Sdo Lourengo da
Mata, 6 — Jaboatao dos Guararapes, 7 — Abreu e Lima, 8 — Barreiros, 9 — Caruaru, 10 — Cortés, 11 —
Barra de Guabiraba, 12 — Cha Grande, 13 — Palmares, 14 — Amaraji, 15 — Gameleira, 16 — Ribeirao, 17
— Belém de Maria, 18 — Sao Benedito do Sul, 19 — Jaqueira, 20 — Catende, 21 — Sirinhaém, 22 — Escada,
23 — Primavera, 24 — Ipojuca, 25 — Cabo de Santo Agostinho, 26 — Moreno, 27 — Vitoria de Santo Antao,
and 28 — Igarassu).
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Figure 3.2 — Study area and radar characteristics.
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(a) The orography of the study area is in meters. The gray triangle denotes the radar's position and
range arc (shaded gray circle). Red points mark the position of the rainfall stations; (b) radar action

strategy with 13 elevations ranging from 0 to 20 degrees in the azimuth 85 degrees.

Also, radar data from the Agéncia Pernambucana de Aguas e Clima (APAC) was used to
verify the intensity and morphology of the storms. This radar is installed at latitude
8.19203°S and longitude 35.46051°W, in the municipality of Cha Grande and at an
altitude of 626 meters (Figure 3.2a). It is a dual-polarized S-band Doppler radar with 13
elevation angles, a horizontal range of 250 km in the surveillance mode, a spatial
resolution of 250 m in polar coordinates, an azimuthal resolution of one degree, and a
temporal resolution of 10 min (Figure 3.2b). A preliminary treatment was performed to
eliminate non-meteorological echoes through the radar polarimetric variables according

to Crisologo et al. (2014), and the products used in the storm analysis were volumetric
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reflectivity data. For processing the radar data, the wradlib library was used

(HEISTERMANN; JACOBI; PFAFF, 2013).

To classify the synoptic and mesoscale systems, we used the analyses in the synoptic
timetables and the 3-hour forecasts of the Global Forecast System (GFS) of the National
Centers for Environmental Prediction (NCEP) with a grid spacing of 0.25° latitude and
longitude (NCEP, 2015) and GOESI16 satellite data (GOES-R CALIBRATION
WORKING GROUP; GOES-R PROGRAM OFFICE, 2017).

3.3 Weather classification

Between 2017 and 2019, 413 natural disaster alerts were sent to the monitored
municipalities in eastern Pernambuco state. Among these alerts, there were occurrences
in 124 cases, when there was a confirmation of some flooding or landslide event. These
124 cases were grouped into 32 severe weather events, due to the ability of a single
weather system to affect multiple counties. Of these 32 meteorological events, 8 were
discarded for having an indirect relationship with rainfall. Thus, 24 episodes of severe

rainfall were analyzed in detail in this study.

Rainfall stations record precipitation values at a constant 10-minute interval. From the
time the alerts were sent, an objective analysis was performed using the Cressman method
(CRESSMNAN, 1959) with the same resolution of the simulations to be performed (2.5
km) and considering a radius of influence of 15.0 km for each observation, and spatial
maps of precipitation accumulations were built. In the regions where the highest rainfall
accumulations coincided with the alerted municipalities, temporal sections of

precipitation were constructed to identify the behavior of rainfall in each storm.

The radar products analyzed were CAPPI built with 1 km horizontal and 500 m vertical
resolution and the PPI from the first elevation. Vertical CAPPI sections were also
constructed at the positions and moments of highest precipitation. GOES 16 satellite data
in channels 2 (visible 0.64p), channels 8, 9, and 10 (water vapor 6.19u, 6.95u, and 7.34p,
respectively), and channels 13 and 16 (infrared 10.35u and 13.3, respectively) were used
to identify precipitation systems, often using a color enhancement to highlight the
structures of interest. Still, to classify the systems, through the GFS model data, the

meteorological variables of sea-level pressure, streamlines and wind magnitude at various
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levels, geopotential height, and wind divergence were also analyzed and the perturbed

field of these variables, which can be described by the following equation:

var' = var —var (3.1)

where var is any variable, var is the mean field and var’ is the perturbed field.
3.4 Numerical Simulations

Table 3.1 presents the four severe rainfall events selected for sensitivity testing with the
WRF model (version 4.2) according to the use of the microphysics, the planetary
boundary layer, cumulus, and land surface parameterizations and for diagnostic analysis.
Table 3.2 displays the set of tested schemes and their references. These schemes were
chosen because the official model documentation states that they can be used in high
resolution. For each event analyzed, 24 h of simulation was performed with initialization,

if possible, at least 6 h before the onset of precipitation.

Table 3.1 — Characteristics of the severe rainfall events studied.

Municipalit Higher rainfall rates Raifl Total

Date ies affected /10mi 1 24 duration accumulated
mm/10min  mm/1h mm/24h (hours) (mm)
20170528 16 14.9 473 280.4 48 395.9
20170720 16 23.2 29.1 170.5 72 264.0
20180422 5 15.1 61.0 135.7 57 193.6
20190529 4 15.6 55.2 212.7 37 224.0

The black rectangle demarcates the region used in the numerical simulations in Figure
3.1a. The simulations were performed in two nested regions following a one-way nesting
strategy, the parent domain, with a 5.0 km resolution and a 200 % 200 point grid, and the
internal domain (used in this study), with 2.5 km resolution and a 201 x 201 point grid,
both centered at 8.19203° S latitude and 35.46051° W longitude, with the model top at
50 hPa and 40 levels using the terrain-following vertical coordinate. For the initial and
boundary conditions, the GFS analysis and forecasts every 3 h were used. The time step

of the WRF model was set to 15 s, and the output frequency of the WRF model was 1 h.

All the possible combinations between the tested physical schemes would be on the order
of thousands of simulations. To reduce the high computational cost of the simulations,

we evaluated the physical schemes within their own physical type, choosing the most
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skillful scheme among them and then analyzing the next set of physical options (DAI et
al., 2021). After the simulations concerning the microphysics parameterization schemes,
it is possible to verify the PBL schemes because there is no direct interaction with
microphysics, followed by the cumulus parameterizations, which do not interact with the
PBL, and finally land surface schemes (Figure 3.3) (STERGIOU; TAGARIS;
SOTIROPOULOU, 2017). Each experiment set started with the RRTMG shortwave and
longwave radiation schemes (invariant in all simulations), MYJ scheme for the planetary
boundary layer, cumulus off, and RUC for surface and ranging of the microphysics
schemes. After the best microphysics scheme was defined, all the planetary boundary
layer parameterizations in Table 3.2 were tested, and after the best scheme was defined,

the cumulus and surface parameterizations were checked in the same way.

Figure 3.3 — Interactions between the WRF parameterization schemes.
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Source: Dai et al. (2021)

3.5 Forecast verification

Values of precipitation from the grid model and rain gauge point observations were
compared using the point-to-grid approach. This comparison can lead to uncertainties in
the verification results, but considering the high resolution of the model and the dense
observation network, these uncertainties can be minimized (MERINO et al., 2022). To

evaluate the model configurations, all the schemes in Table 2 were tested using standard
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deviation (o, Equation (3.2)), Pearson’s correlation coefficient (R, Equation (3.3)), and
root mean square error (RMS, Equations (3.4) and (3.5)) and summarized graphically
through the Taylor diagram (TAYLOR, 2001), the relative error (RE, Equation (3.6)),
and finally the bias (Equation (3.7)) to determine which scheme gave the best
performance, comparing the precipitation generated by the model and the hourly
accumulations data provided by rainfall stations. The equations of the statistical indexes

used are described below:

o7 = %;(xi - x)? (3.2)
_ ?:1(fi - ﬂ(oi —0) (3.3)
1.0 050,
RMS = —Z[(ﬁ f)--ol (3.4)
i=1
RMS? = of + 0f — 2050,R;, (3.5)
gp < EE =X 0) o (3.6)
21_1 0;

(3.7)

1v _
Bias=;Z(fi—oi>=f—'

In Equations (3.2)—(3.7), x indicates any variable, f is the forecast value, and o is the
observed value. The cumulative hourly rainfall values observed at the rain gauge stations
were compared with the cumulative hourly rainfall values predicted on an average across
the nine grid points closest to the position of the rain gauge in focus. Equation (3.5) is
used to calculate the RMS when the values oy, 0o, and Ry, are used in the normalized
Taylor diagram form (TAYLOR, 2001). When some configurations showed similar
results, the next set of schemes to be checked were analyzed not only with the improved
configuration considered but also with all the schemes considered good. Similarly, the
Taylor diagram was used as a tiebreaker metric when the RE and the bias were close

between two different configurations.

After testing the model's physical schemes, the HYSPLIT model (STEIN et al., 2015)

was used to verify where the air parcels influencing the region were coming from. The
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model calculation method is a hybrid between the Lagrangian approach, using a moving

frame of reference for the advection and diffusion calculations as air parcels move from

their initial location, and the Eulerian methodology, which uses a fixed three-dimensional

grid as a frame of reference to compute air concentrations. The model can be run

interactively through its platform called READY (ROLPH; STEIN; STUNDER, 2017),

and the data used in its execution were the same as those used in this study (NCEP, 2015).

Table 3.2 — Physical schemes tested in the simulations.

Number

Physics Options' Acronym Scheme Reference

28 TpsonAA Thompson Aerosol-Aware ggﬁ? son and Eidhammer

2 PurdLin Purdue Lin Chen and Sun (2002)

5 EtaFerr Eta (Ferrier) Rogers et al. (2001)

8 Thompson  Thompson Thompson et al. (2008)
Microph 10 Morrison Morrison 2-Mom Morrison et al. (2009)
ysics 18 NSSL+CCN NSSL 2-Mom + CCN Mansell et al. (2010)

24 WSM7 WREF Single-Moment 7-class Bae et al. (2019)

26 WDM?7 WRF Double-Moment 7-class Bae et al. (2019)

6 WSM6 WREF Single-Moment 6-class Hong and Lim (2006)

16 WDM6 WRF Double-Moment 6-class Lim and Hong (2010)

4 WSMS5 WREF Single-Moment 5-class Lim and Hong (2010)

2(2) MYJ Mellor-Yamada-Janjic scheme Janjic (1994)

Mellor-Yamada Nakanishi and Niino Nakanishi and  Niino

6() MYNN3 Level 3 (2009)

7(7) ACM?2 Asymmetric Convective Model Pleim (2007)
Planetary 10 (10) TEMF Total Energy - Mass Flux Angevine et al. (2010)
boundary 11 (1) ShinH Shin-Hong scheme Shin and Hong (2015)
layer? 4 (4) QNSE Quasi-Normal Scale Elimination Sukoriansky et al. (2005)

1(D) YSU Yonsei University Scheme Hong et al. (2006)

0(5 SMS3D Subgrid Mixing Scheme Zhang et al. (2018)

Mellor-Yamada Nakanishi and Niino Nakanishi and  Niino

> 0) MYNN2 Level 2.5 (2009)

1 KainF Kain-Fritsch Kain (2004)

3 GF Grell-Freitas Grell and Freitas (2013)
Cumulus 5 G3 Grell-3 Grell and Dévényi (2002)

6 Tiedtke Tiedtke scheme Zhang et al. (2011)

10 KFCuP Kain-Fritsch-Cumulus Potential Berg et al. (2013)

16 NewT New Tiedtke Scheme Zhang and Wang (2017)

1 TDS Thermal Diffusion Scheme Dudhia (1996)
Land 2 Noah Unified Noah LSM Tewari et al. (2004)
Surface® 3 RUC Rapid Update Cycle Benjamin et al. (2004)

4 NoahMP Noah Multi-Physics Niu et al. (2011)

4(1) UCM Urban Canopy Model Chen et al. (2011)

! Option number in the model configuration. 2 Numbers of the surface layer schemes used with the PBL

schemes.
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3.6 Diagnostic analysis

To characterize the severe rainfall events, several dynamic and thermodynamic
parameters were calculated in the regions where the maximum precipitation was verified
and where there were municipalities with confirmed occurrences of natural disasters

(areas denoted by the yellow box in Figure 3.4).

Figure 3.4 — Region of intersection between the heaviest precipitation and the alerted
municipalities.
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The blue shading (a—d) is the 24-h precipitation accumulation (mm/24 h) recorded by the rain
gauges and interpolated using the Cressman technique with a 15 km radius. (a) Precipitation
ranges from 20170527 12UTC to 20170528 12UTC, (b) from 20170720 00UTC to 20170721
00UTC, (c) from 20180422 O0UTC to 20180423 00OUTC, and (d) from 20190528 12UTC to
20190529 12UTC. The dotted line in black marks the 100 mm/24 h isohyet, the red areas are
the municipalities affected by natural disasters, and the yellow boxes are the intersection
regions between the heaviest rainfall and the municipalities affected by natural disasters and

where the diagnostic analyses were performed.
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To analyze atmospheric instability and initial convection resistance, the CAPE (Equation
(3.8)) and CINE (Equation (3.9)) indicators were used, respectively. The low-level
moisture supply was measured using moisture flux convergence (MFC, Equation (3.10)).
The support at high and medium levels was verified using cyclonic vorticity advection

(ADV;, Equation (3.11)), disregarding the f term due to low latitudes.

The relationship between vertical wind shear and the severity condition of the studied
events was also verified through vertical bulk shear in the deep layer (0—6 km, Equation
(3.12)) and the middle layer (0—3 km, Equation (3.13)) and the evaluation of the change

in wind direction with height.

Pn 3.8
CAPE = Rdf (Typ — Tye)dInp (3-8)
pf
pf
CINE = =Ry | (Typ —Tye)dInp (3.9)
pi
MFC = 99 99 (au + 617) 3.10
~ Yox vay ox dy (3-10)
¢ 0
ADV; = —( — —) A1
f ua + vay (3.11)
(3.12)
SHEAR_¢xm = \/u§00mb + Veoomp — \/u%Om + Viom
SHEAR_3km = \/u;SOmb + Vi50mp — \/u%Om + Viom (3.13)

where u and v are, respectively, the zonal and meridional wind components at the
corresponding levels; Ry is the specific gas constant for dry air; 7,, is the virtual
temperature of a rising air parcel through the humid adiabatic; T,. is the virtual
environment temperature; ps, pn, and p; are, respectively, the isobaric levels of free
convection, equilibrium, and lift condensation; ¢ and ( are the specific humidity and the
relative vorticity, respectively; CAPE, CINE, u, and v are provided by the model; and ¢

is calculated through the vapor pressure of the air and ( through the wind components.
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4 OBSERVATIONAL ANALYSIS

The analysis of the frequency of alerts sent to the eastern Pernambuco state can be seen
in Figure 3. Alerts intensify between late February and early August and are almost non-
existent between mid-August and December. There is also a slight preference for sending
alerts during nighttime hours (Figure 4.1a). The vast majority of the events are
concentrated in the coastal belt and the metropolitan region of Recife, especially the cities
of Recife, Cabo de Santo Agostinho, and Olinda, with more than 30% of alerts sent
(Figure 4.1Db).

Figure 4.1 — Warnings sent to eastern Pernambuco.

2017-2018-2019 2017-2018-2019

Frequncy of Warnings 1073

36.2°W 3B°W 35.8°W 35.6°W 35.4%W 35.2°W 35w
Day of Year

(a) (b)
Temporal (a) and spatial (b) distributions of the 413 alerts sent to eastern Pernambuco state between

the years 2017 and 2019.

The higher occurrence of alerts being sent at this time of year is aligned with the rainy
season in the region (OLIVEIRA; SANTOS E SILVA; LIMA, 2017) and the preference
for the coastal belt may be associated with higher population density, a greater number of
risk areas and susceptibility to natural disasters or so-called social factors (MATIAS
RIBEIRO et al., 2021), in other words, both the occurrence of severe weather systems
and the local characteristics of the cities that usually present areas with inadequate
housing conditions and higher social vulnerability (POLAND NICOLODI;
PETTERMANN, 2011). The higher number of alerts issued during nighttime hours may
be related to the night maximum of rainfall activity due to convergence between the mean
onshore flow and the offshore land breeze (KOUSKY, 1980) as these local systems can
induce thunderstorm formation by increasing instability and moisture flux convergence

due to their propagation (BHATE et al., 2016).
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4.1 Synoptic and mesoscale analysis

Figure 4.2 shows the severe weather systems that hit the eastern PE state at the moments
of the highest precipitation or early in their development. The events on days 20170303,
20170412, and 20170507 were characterized by a ridge on the surface, or even a closed
high-pressure core (Figure 4.2b), deflecting the low-level flow into cyclonic curvature
(Figure 4.2a-c) and favoring the convergence of the trade winds on the PE coast. In all
three cases, there was a confluence zone of currents at high levels or a ridge favoring
coupling between the low and high troposphere. Thus, these events were marked by local

forcing at the surface and altitude.

In the 20170524 event, the high-pressure region at the surface was again present and at
altitude an intense trough over the coast of PE with an area of strong horizontal wind
shear (Figure 4.2d), which allowed this event to be classified as a coupling between local
forcing at low and high levels. In the event of 20170527, a ridge extending between the
states of AL and PE favored the emergence of a trough in the ocean parallel to the coast
of these states (Figure 4.2¢). In the case of 20170614, it was possible to observe a
disturbing wave in the geopotential field at 700 hPa and the westerly cloudiness motion
coinciding with the trough axis at this level (Figure 4.2f). This configuration allowed the

event to be classified as an EWD.

On the event day 20170623, a ridge was observed between the states of AL and PE
(Figure 4.2g) and the intensification of SASA strengthened the trade winds, which
characterized this mechanism as the main factor of the observed discrete cloudiness. In
20170627, the ridge system on the continent and the trough in the ocean appeared to be
displaced in the continent and it was possible to observe an intense high-level runoff in a
circulation that preceded the formation of a UTCV (Figure 4.2h). This high-level flow
was preponderant in favoring cloudiness on the coast of PE. In the case 0of 20170719, two
cloud cores were observed, the first on the coast of the PE and the second in the ocean,

favored by two cores of high pressure in the middle layer (Figure 4.21).

The event of day 20170724 presented discrete cloudiness with the surface ridge extending
between the states of AL and PE (Figure 4.2j). At the 650 hPa level, a ridge was also
observed over the state of PE favoring cloud formation. In 20180118, aligned high and

low-pressure cores were again observed over the state of PE with the storm formation on
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the coast and east of the surface ridge (Figure 4.2k). In the 20180217 event, the ridge
system on the continent and trough in the ocean was again present (Figure 4.21), in
addition to a closed high-level anticyclonic circulation over PE. This coupling once again

favored the development of the storm.

In the 20180306 event, the high pressure at the surface was again observed with two cores
and shifted further north concerning the previous cases (Figure 4.2m). Again, this high-
pressure system deflected the low-level trade winds and favored mass convergence and
storm formation to the east of its position. In the case of 20180405, the high surface
pressure was present and the northern periphery of a UTCV influenced the coast of the
PE (Figure 4.2n). In the 20180410 event, the ridge at the interior of the PE state was
present, as well as the deflection pattern of the surface air currents and intense cloudiness

detached from the ITCZ (Figure 4.20).

In episode 20180412, there was a closed high-level anticyclonic circulation with its
western periphery influencing the coast of the PE. The PE ridge was displaced further to
the coast, which allowed the formation of a westward trough and the formation of intense
inland cloudiness (Figure 4.2p). In the case of 20180421, the surface ridge in the PE
interior can be observed with intense cloudiness from the west (Figure 4.2q) and at high
levels an intense zonal runoff and is therefore classified as a case of cloudiness detached
from the ITCZ. By 20190203, the surface high-pressuree system was moving eastward
with intense cloudiness on the coast (Figure 4.2r). This cloudiness was coming from the
ITCZ with an intense runoff at altitude, which favored the penetration of a cloud pulse

and the formation of the storm.

In 20190205, there was the formation of a core of high pressure in the central portion of
PE associated with intense cloudiness originating from the ocean from the ITCZ position
(Figure 4.2s). In the 20190412 event there was intense cloudiness along the entire NEB
east coast, the high-pressure core appeared displaced to the north and low-pressure cores
were observed aligned to the ITCZ (Figure 4.2t). In the 20190527 events, it was possible
to observe the high-pressure system on the surface extending between the states of AL

and PE with slight cloudiness on the southern coast of PE (Figure 4.2u).
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Figure 4.2 — Weather analysis for the 24 cases studied in detail.
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Figure 4.2. Conclusion.
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On event day 20190612, a mid-layer ridge was observed extending across the states of
AL, PE, and PB, with a storm acting on the coast to the east of this system (Figure 4.2v).
In the case of 20190614, once again, the high-pressure system at the surface deflecting
the runoff of the southeast trade winds was observed (Figure 4.4w). In case 20190801, a
low-level ridge was observed between the states of AL and PE in addition to a medium-

level cyclonic circulation-favoring cloud formation on the coast (Figure 4.4x).

The meteorological analysis identified two main sets of features associated with severe
weather events. The first was composed of the synoptic systems acting in the region, and
the second, which acts in the absence of some larger scale system, was composed of a

mesoscale formation that can appear alone or associated with some other system.

The synoptic systems identified were ITCZ, EWD, UTCV and the high (HLF) and
medium (MLF) layer flows that can also favor convergence at the surface and the
development of severe thunderstorms according to wind shear (BROOKS; III;
WILHELMSON, 1994). The second type of forcing identified was high pressure on the
surface (HPS), sometimes with a closed isobar and sometimes in the form of a ridge and
may be accompanied by other systems (HPS+), commonly positioned in the eastern
portion between the states of AL and PE, but which was observed in all events and
adjacent regions. The typical characteristics of the analyzed events gathered through
meteorological, rainfall, and radar analysis can be seen in Appendix A, and the

categorization of events by meteorological analysis in Figure 4.3.

ITCZ cloud pulses and mid-level runoff favoring convection at the surface were the
highest frequency systems of the acting synoptic systems. This agrees with the results of
Grodsky and Carton (2003), which show that the ITCZ can influence the east coast of the
NEB. According to Kouadio et al. (2012), about 50% of severe rainfall episodes in the
eastern NEB occur due to EWD acting in conjunction with trade winds leading to and
strengthening the convective activity in the region. However, when we analyze the action
of the southeast trade winds and the characteristics of EWD, only one episode could be
classified as EWD, reducing the action of this synoptic system to less than 5% of cases
responsible for large precipitation. A similar thought can be applied to UTCVs, where

despite the central region of the PE being one of the main regions of action of this system
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(SOUZA DOS REIS et al., 2021), in this study, only one case was identified (Figures
4.2n and 4.3).

Figure 4.3 — Categorization of the results for the meteorological analysis.

Weather Analysis

Mesoscale

Synoptic

Events with synoptic features: ITCZ — intertropical convergence zone, EWD — easterly waves
disturbance, UTCV — upper tropospheric cyclonic vortex, HLF — high layer flow, and MLF —
medium layer flow. Events with mesoscale features: HPS — high pressure on the surface, and

HPS+ — high pressure on the surface accompanied by other systems.

The mesoscale systems linked to severe rainfall were associated with high pressure at the
surface that impeded the flow of the southeast trade winds, increasing the convergence of
the moisture flux and favoring convection at low levels. In several cases, the trade winds
colliding with this local high-pressure system were deflected into a cyclonic turn of the
winds where the region of highest cloudiness was observed. This system was observed in
all cases, however, when in the presence of a larger scale circulation, it overlapped with
the local system. This mechanism, alone or accompanied by other factors, was observed

in 50% of cases (Figure 4.3).

One hypothesis, that needs to be better explored, for the high surface pressure on the east
coast of the NEB may be related to the phases of the Atlantic Multidecadal Oscillation
(AMO) and its influence on the anomalous behavior of Atlantic Walker and Hadley cells
(SHIMIZU; ANOCHI; KAYANO, 2022). These authors found that convection
associated with the upward branch of a Walker cell over the Amazon contributed to the
strengthening of the hydrological cycle in northern Brazil and intensified downward

movements in the northeastern, the same with the Hadley cell that has an upward moving
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core around 7°N and a strong downward branch with a core around 7°S. Reboita et al.
(2016) identified that besides the Walker and Hadley cells, the Borborema plateau, a
group of highlands between the states of AL, PE, PB, and RN with an average height of
200 m, but with peaks that can exceed 1000 m, also exerts an influence on the semi-aridity
of the region, especially when the wind flow is coupled with the downward movements
of the general circulation cells of the atmosphere. This air subsides over the area allowing
the thermal equilibrium, heating the lower layers by adiabatic compression, and favoring

the high pressure at the surface (CHARNEY, 1975).
4.2 Pluviometric analysis

Figure 4.4 shows the spatial distribution of rainfall in the 293 rain gauges studied, the
positions of maximum rainfall and the municipalities with confirmation of natural disaster
phenomena. It is possible to see that some episodes reach large extensions (Figure 4.4 —
b,d,e, f,h,i,1,n,p,q,s, v, and w) while others occur on a smaller scale (Figure 4.4 — a,
c, g ],k m,o,r,t, u, and x). Local-scale events can also exceed accumulations greater
than 100mm as in cases 4.4u and 4.4r, as well as larger events may not reach that mark,

as in case 4.4s.

Figure 4.4 — The spatial distribution of precipitation for all cases studied.
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Figure 4.4 — Conclusion.
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The total time of the accumulations can be seen in Appendix A and the corresponding time

analysis in Figure 4.5. The red polygons are the municipalities affected by natural disasters.

The black dotted line represents the 100-mm isohyet.

Figure 4.5 shows the temporal distribution of rainfall in a 0.4 x 0.4 degree latitude and

longitude region over the intersection position between the highest accumulations and the

alerted municipalities. Through the analysis of these temporal sections, it was possible to

group the events into short and long duration, when they lasted less or more than 24 h, in

low, high, and very high-intensity events, when rainfall records were below 10

mm/10min, when they were between 10 and 15 mm/10min, and when they were above

15 mm/10min, respectively. And whether the precipitation was continuous or spaced,

when there was an interval with no rain longer than 1 h.

Figure 4.5 — The temporal distribution of rainfall for the 24 events studied at the intersection positions between
the highest spatial accumulation and the alerted municipalities.
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Figure 4.5 — Continuation.
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Figure 4.5 — Conclusion.
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Following this classification, it was observed that more than 60% cases were of long
duration, about 42% of cases had very high precipitation rates, 33% had high rates and

25% low rates, and most of the rainfall (~60%) occurred at spaced or short intervals.

Figure 4.6 - Relationship between total accumulated rainfall and the duration of the event.
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of event’s precipitation with red events classified as continuous rain and blue as spaced-out
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accumulation of 100 mm and the duration of 24 h.
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The events that reached a large spatial coverage or the greatest number of municipalities
presented continuous rainfall, with large accumulations and in a time interval generally
less than 72 h (Figure 4.6). Event D, which showed constant rainfall with a duration of
less than 24 h and a total accumulation around 140 mm, affected 10 municipalities and
was therefore considered more severe than other events with higher accumulations. Event
F, on the other hand, lasted about 200 h with spaced rainfall and total accumulations
around 200 mm, but affected only two municipalities. In general, long duration events
can have both high and low intensity, but occur mainly in a spaced manner. On the other

hand, short-duration events are either continuous or spaced (Figure 4.6).
4.3 Radar analysis

Through the radar reflectivity (Figure 4.7), it was observed that most of the storms come
from the eastern sector (southeast, east, and northeast), i.e., the ocean, and only two cases
showed reflectivity cores moving from north. Vertical reflectivity sections were also
constructed at the position and instants of the highest precipitation observed by the rain
gauges (Figure 4.9). These vertical sections allowed us to identify that in 16 cases the
maximum reflectivity cores were concentrated in a layer up to the height of 2000 m and
in the remaining 8 cases the height of the highest reflectivity was between 3000 m and
5000 m. Additionally, in most events (21 cases), the radar reflectivity exceeded the height
of 5000 m and in only 3 cases it was below that level (Figure 4.9).

It was also possible to group the cases according to the spatial distribution of reflectivity
into isolated single-cell events (UNI — unicellular), events composed of small-sized
multicell (MULT — multicellular), and events composed of large single-cell cells
accompanied by other smaller nuclei (UNI+ — unicellular plus). This analysis showed that
half of the cases are made up of several small-sized cells, while 37.5% of the cases are
made up of large nuclei accompanied by smaller cells, and the minority are single

convective cells.
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Figure 4.7 — Conclusion.
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The analysis of the radar data allowed us to group the cases into events that presented
several small reflectivity cores, storms with single cells and systems with one large cell
accompanied by several smaller cells (KOLODZIEJ HOBSON et al., 2012) (Figure 4.8).
The vast majority of storm cells move from the eastern sector and exhibit their maximum

vertical reflectivity confined in the layer up to 2000 m (KUMAR; BHAT, 2016).

Figure 4.8 - Grouping of storms according to their morphology and preferred direction of

movement (backward trajectories).
Radar Analysis

E

Spatial distribution of reflectivity: UNI — unicellular, MULT — multicellular, and UNI+ —
unicellular plus. The preferred direction of movement: E — east, SE — southeast, N — north, and

NE — northeast.
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Figure 4.9 — Vertical radar reflectivity sections for each case analyzed.

Vertical Section -24.975 Vertical Section -24.932 Vertical Section -34.932
10000 10000 10000
48 42
36
8000 1 o 5000 0 5000
30
32 2
- l 24
6000 E 6000 1 6000 1
24 s 24 18
Z
16 g 16 1 12
4000 4 = 4000 4000
I : ‘
| 8
| o
2000 | | I 2000 o 2000 4 [ {
\ l Ak L N
N " I Y (LR 11 ! 1Y B
0 T - - - 0 T - - - 0 - - - -
-8.4 -8.2 -8.0 -1.8 -8.4 -8.2 -8.0 -7.8 -8.4 -8.2 -8.0 -1.8
Vertical Section -8.371 Vertical Section -8.668 Vertical Section -34.72
10000 7 10000
42
36
8000 1 8000
] 30
| 1 - -
6000 - t 6000 24
§ 3
i H H 18 5
e ‘&
4000 4 3 § 4000 0E
¢ § &
'l °
2000 4 2000
_16 0
. F Y
. o _24 . -6
0 - - - - - - 0L - - T - 0k - - - - - -
-35.8 -35.6 -35.4 —352 -35.0 —34.8 —34.6 -358 -357 -356 355 -35.4 -90 -88 -86 -84 -82 -8.0 -7.8
Vertical Section -34.89 Vertical Section -34.839 Vertical Section -8.329
10000 10000 10000
35 56 48
30 48 40
8000 1 8000
25 0 32
20 24
6000 4 6000
15 16
10 4 8
4000 4 s 4000
| 5 ¢ 0
|‘ l o 8 -8
2000 4 ' 2000 2000
J. | il K- 0 '
i ) i 10 s Al .,
0 - - - - [ ot - - - -
-8.4 -8.2 -8.0 -7.8 -35.8 -35.6 -354 -352 -35.0
Vertical Section -34 975 Vertical Section -8 004 Vertical Section -8 845
10000 10000
36
30
8000 4 8000
24 '
6000 18 6000 4 3
2
: i z
12 i £
; | i g
4000 4 § 40001 H 2
e \ i g
1 n 0
|
2000 4 I 2000
1 k I\ B l ‘
[l ‘ 1
12 ks i 12 I &l A
0 T T T T 0 T r T r T T T T r T
-8.4 -8.2 -8.0 -7.8 -35.2 -350 -34.8 -346 -34.4 -34.2 -354 -353 -352 -351 -35.0

0) (k) )

(continue)

50



Vertical Section -8.089

10000

8000 1

6000 1 ’ r
4000 4

2000 1

F 1

0-— T T T T T T
—35.05-35.00—-34.95-34.90-34.85-34.80-34.75

(m)

Vertical Section -8.191

10000

8000 1

6000 -

4000 1

20001

. i

-36.4 -36.3 -36.2 -36.1 -36.0 -35.9

(p)

Vertical Section -8.287
10000

8000

—34.8 -347 -346 =345 -344

(s)

0

10000

Vertical Section -7.75

nn

"

-35.0

V)

8000 l

6000

4000 '

2000

—34.8 —34.6

W = N
@ =
Reflectivity[dBZ]

o

48

N
=

=
o

=]

=16

Lkt AT

(SRS

Reflectivity[dBZ]

kT AD T

Bnflnn

Figure 4.9 — Conclusion.
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5 NUMERICAL ANALYSIS
5.1 Weather conditions of the selected events

The four episodes of severe rainfall chosen for the numerical simulations were classified
as (1) 20170528, event (e) in the synoptic and mesoscale analysis, a mesoscale convective
system (MCS) with a trough on the surface parallel to the coast (Figure 5.1a) with strong
wind divergence at 800hPa and intense near-surface MFC (Figure 5.1b); (2) 20170720,
event (i), an isolated system with less cloudiness than in the previous case, positioned to
the east of a ridge and favored by a confluence of high-level winds (Figure 5.1c) with
again a strong wind divergence at 750hPa and presence of a small MFC near the surface
(Figure 5.1d); (3) 20180422, event (q), an intense outflow embedded in pulses of ITCZ
cloudiness from the northern NEB coast (Figure 5.1¢) with strong wind divergence at
750hPa (Figure 5.1f); (4) 20190529, event (u), an isolated storm formed due to the
presence of a ridge on the east between the states of Alagoas and Pernambuco, forcing a
cyclonic wind curvature near the surface (Figure 5.1g) and presence of strong wind

divergence at 800hPa and weak MFC at the surface (Figure 5.1h).

Figure 5.1 — Synoptic and mesoscale analysis of simulated severe rainfall events.
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Figure 5.1 — Conclusion.

GOES-16 Band 10 20170720 15:00 UTC +
GFS Div 750hPa (107" 577} MFC 80m (107" kg.s™")

‘GOES-16 Band 10 20170720 15:00 UTC +
GFS StreamLines [200hPa] and Geopotential Height [1000hPa]

%0
155
255
=
/ 250
— ‘fr},!
=y 755
~ 5
0 g
’ -
i
/ 240 &5
]
]
235 10505 |
230 1205
W MW 3W o ==
JW 35TW 3UW 345w 3w 3L5W
(©) (d)
GOES-16 Band 16 20180422 18:00 UTC + GOES-16 Band 16 20180422 18:00 UTC +
GFS StreamLines [200hPa] GFS Div 750hPa (10 5*) MFC 80m (10~ kg.s™)
b B )
7 270
45°5
%0
s
250
20 75
Z
=
230 s
20 105°5
210
12°s
39eW 3750W  3OW  MSW  33W 315w 3000 oW W TLoew
(e ®
GOES-16 Band 10 20190529 09:00 UTC + GOES-16 Band 10 20190529 09:00 UTC +
GFS StreamLines [1000hPa] + Geopotential Disturbed [1000hPa] GFS Div 800hPa (10> 5~') MFC 80m (10~ kg.s™")
E ..J
1505 %0 1505 260
&5 50 65 20
750 .
240 s 240
=
s - :
s
=0 230
10.5°5 10 5°5
20
20
12°s 12°5
210
210 I
1B.5°5 JW 35TW W 5w 3w ALswW

3w 750w 34.5°W BW L5

(2

(h)

Synoptic and mesoscale analysis of simulated severe rainfall events: satellite images (a) and
(b) on the enhanced infrared channel (13.3 p and 10.35 p), (¢) and (d) on the enhanced water
vapor channel (7.4 p), (e) and (f) on the enhanced infrared channel (13.3 p), (g) and (h) on the

enhanced water vapor channel (7.4 p). The meteorological fields are described in the figures.
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Events 1 and 2 were associated with rainfall in large spatial extents, whereas events 3 and
4 were rainfall events concentrated in smaller regions. In all events, strong mass
divergence was observed between the 850 hPa and 600 hPa levels, generally with a
maximum at the 750 hPa level, on the order of 6.0 to 10.0 x 10”s!. This strong divergence
in the low- to mid-level layer was almost always accompanied by convergence in the
lower layer, around 900 hPa, with the maximum core on the order of =7.5 to —15.0 x 10"

357! (Figures not shown).

In event 1, starting on May 26 at 20UTC, the cloudiness began to intensify on the coast
and subsequently expanded inland after being stationary in the coastal area all day on
May 27. At high levels, there was diffluence of air currents and the proximity of the
subtropical jet stream (FEDOROVA; LEVIT; CAMPOS, 2018). Near the surface, there
was a trough parallel to the coast and an intense convergence of moisture flow from the
ocean. This event showed local and synoptic scale characteristics and weak coupling
between the high and low troposphere. The intense precipitation developed mainly
locally, and the main elements for its maintenance were the trough at low levels near the
coast and strong wind flow also in the low layer, as well as the strong MFC in the low

layer and the strong wind divergence at the 800mb level (Figures 5.1a and 5.1b).

For event 2, the cloudiness was more discrete compared to the previous case. A ridge
between the states of Alagoas and Pernambuco with an intense temperature gradient to
the north was observed. Earlier that same day, there were upper tropospheric cyclonic
vortices at altitude (DE MORAIS; GAN; YOSHIDA, 2021), with a core in the state of
Maranhdo and an eastern periphery influencing the coast of Pernambuco with a wind
diffluence zone at upper levels. In the satellite images, it was possible to observe the
westward advance of two cloud cores in the water vapor channel. However, no wave
characteristics were observed at low or medium levels related to the position of these
cores (GOMES et al., 2015). This event was characterized by the concentration of
cloudiness to the east of the surface ridge, well-related to the position of maximum
precipitation, a confluence zone of high-level winds with reduced intensity compared to
the previous case, strong wind divergence at the 700hPa level, and MFC in the low layer

with also reduced intensity compared to the previous case (Figures 5.1c and 5.1d).
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For event 3, the outflow in the high levels was essentially westerly, with intense
cloudiness, observed up to three days before the intense precipitation coming from the
northwest. This cloudiness was associated with the presence of the ITCZ with entirely
meridional outflow at high levels with strong wind divergence in 700hPa, weak MFC in

the low levels, and presence of widespread cloudiness and precipitation (Figure 5.1e and
5.11).

At the beginning of event 4, there was a closed anticyclonic circulation at high levels
(Figure not shown). Even after the weakening of this circulation, an isolated storm formed
to the east of a small surface ridge and intense flow perpendicular to the coast supporting
a strong divergence in the 800hPa followed by a weak MFC in the low layer. The position
of the surface moisture core, observed by the satellite image in the water vapor channel,
the divergence above that core, and the ocean moisture supply coincided with the position

of maximum precipitation (Figures 3.4d, 5.1g and 5.1h).

Synoptic and mesoscale analysis showed that events 1 (20170528), 2 (20170720), and 4
(20190529) were associated with high surface pressure, which contributed to the
formation of thunderstorms to the east of its position, and with the intense trade winds
that generally reach the coast perpendicularly and contribute to near-surface ocean
moisture flux convergence. However, event 3 (20180422) was under the influence of
ITCZ, which brought pulses of intense cloudiness from the north of the region. This
analysis corroborates the results of Espinoza et al. (2021) for event 1, where the
contribution of the ocean moisture flux to the heavy precipitation is indicated, and also
the results of Gomes et al. (2015) for event 2, where it is stated that more than half of the
tracked relative vorticity centers moving westward over the ocean are not classified as
easterly wave disturbances. In all events, the presence of a strong wind divergence
averaged over the layer between 800 hPa and 600 hPa with a strong low level convergence
was observed and appeared to be fundamental to the occurrence of severe thunderstorms

in this region.
5.2 Numerical simulations analysis

The 24-h simulation of event 1 was performed between 20170527 12UTC and 20170528
12UTC and totaled 69 runs. This event was the only one in which the best physical

combinations reproduced a total average accumulation with an RE of around 50%. The
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Thompson and TpsonAA MPHs were the best (Figures 5.2a, 5.3a, and 5.4a), with the
Taylor diagram indicating Thompson first (Figure 5.4a). The two worst schemes were
those with hail as the hydrometeor class (WSM7 and WDM?7). The PBL TEMF scheme
overestimated the rainfall by more than 200%, whereas the others underestimated it by
around 80%. MYJ showed the best RE and the lowest bias (Figures 5.2b, 5.3b, and 5.4b).
Turning on the cumulus parameterization, the KainF, G3, and KFCuP schemes were able
to reproduce rainfall better, with KFCuP being the best (Figures 5.2¢, 5.3c, and 5.4¢). The
RUC surface scheme showed the best RE and bias values (Figures 5.2d and 5.3d).

Figure 5.2 — Average hourly accumulated rainfall at the rain gauges and the rainfall generated
by the model for the simulated event 1.
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Figure 5.3 — Average hourly bias between the mean values calculated by the model and the
mean values observed by rain gauges for event 1.
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Figure 5.3 - Conclusion
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Figure 5.4 — Taylor diagram for event 1 settings.
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The simulations for event 2 were performed between 20170720 00UTC and 20170721
00UTC and totaled 30 runs. The three best MPHs were NSSL + CCN, EtaFerr, and
TpsonAA, whereas WDM7 and WDMG6 produced almost no rainfall (Figures 5.5a, 5.6a,
and 5.7a). For the PBL, again TEMF caused an overestimation and ACM?2 was the best
in terms of the RE and bias (Figures 5.5b, 5.6b, and 5.7b). Again, when the cumulus
parameterization was turned on, the KainF, G3, and KFCuP schemes were able to better
represent the rainfall (Figures 5.5c, 5.6¢, and 5.7¢). For the surface schemes, UCM
showed better RE and bias values than RUC, but the RUC showed better values according
to the Taylor diagram (Figures 5.5d, 5.6d, and 5.7d).

Figure 5.5 — Average hourly accumulated rainfall at the rain gauges and the rainfall generated
by the model for the simulated event 2.
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the legend are REs accumulated over 24 h for each configuration.
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Figure 5.6 — Average hourly bias between the mean values calculated by the model and the
mean values observed by rain gauges for event 2.
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Figure 5.7 — Taylor diagram for event 2 settings.
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Figure 5.7 — Conclusion.
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The simulations for event 3 were performed in the period from 20180422 00UTC to
20180423 00UTC and totaled 28 runs. The best MPHs were NSSL + CCN, WDMG6, and
TpsonAA; and the worst, again, were WSM7 and WDM7 (Figures 5.8a, 5.9a, and 5.10a).
The PBL TEMF scheme continued to register overestimates, whereas ACM2 was better
in all metrics (Figures 5.8b, 5.9b, and 5.10b). The KainF, G3, and KFCuP schemes again
showed better capability in representing rainfall, with KFCuP improving the average total
period accumulations by more than 50% (Figures 5.8c, 5.9c, and 5.10c). The surface
physical schemes show little variation among them with the exception of RUC, which

also stands out in all metrics (Figures 5.8d, 5.9d, and 5.10d).

Figure 5.8 — Average hourly accumulated rainfall at the rain gauges and the rainfall generated
by the model for the simulated event 3.
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Figure 5.8 — Conclusion.
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Figure 5.9 — Average hourly bias between the mean values calculated by the model and the
mean values observed by rain gauges for event 3.
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Figure 5.10 — Taylor diagram for event 3 settings.
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The simulations for event 4 were performed between 20190528 12UTC and 20190529
12UTC and totaled 51 runs. For the microphysics parameterizations, the schemes that
were best able to represent rainfall were TpsonAA, Thompson, and WSMS5. Morrison’s
scheme overestimated the rainfall, and all others were barely able to generate rainfall
(Figures 5.11a, 5.12a, and 5.13a). The TEMF boundary layer scheme also overestimated
precipitation. The MYJ and YSU schemes showed close values, with YSU being
considered slightly better (Figures 5.11b, 5.12b, and 5.13b). For this case, all the cumulus
schemes, with the exception of Tiedtke, which failed to form rain, were able to better
represent the precipitation (Figures 5.11c, 5.12¢, and 5.13c). The G3 parameterization
showed final average rainfall accumulations close to the values measured by the rain
gauges. However, it exhibits a large bias at the beginning of the simulations, making its

representation in the Taylor diagram inferior to KFCuP, which was therefore chosen as
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the best. Again, the RUC surface scheme showed assertive displacement with respect to

the others and was, therefore, chosen as the best (Figures 5.11d, 5.12d, and 5.13d).

Figure 5.11 — Average hourly accumulated rainfall at the rain gauges and the rainfall generated
by the model for the simulated event 4.
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Figure 5.12 — Average hourly bias between the mean values calculated by the model and the
mean values observed by rain gauges for event 4.
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Figure 5.13 — Taylor diagram for event 4 settings.
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Table 5.1 summarizes the best configurations and metrics obtained for each analyzed

event and Table 5.2 shows the variation of RE among each set of physical schemes tested

and the best RE achieved.

Table 5.1 — The best settings and their respective statistical metrics.

c
Event Date MPH PBL CUM SFC RE(%) Bias R*
Data  Model

20170528 Thompson MYJ KFCuP RUC -49.2 -13§8 5455 1.230 0.221
20170720  NSSL+CCN  ACM2  KFCuP RUC 3.6  0.08 3386 2.445 0.860
20180422 NSSL+CCN  ACM2 KFCuP RUC -714.2 -023 3.695 2.015 0.546
20190529 TpsonAA YSU KFCuP RUC -233 011 2872 1.176 0322

RMS
value  norm
5699 0.975
3.842 0528
3936 0.838
2967 0.951

* Normalized values.
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Table 5.2 — RE variation for each simulation set and per event (A%) and the best RE performed.

Event 1 Event 2 Event 3 Event 4 AVG

ARE Best ARE Best ARE Best ARE Best ARE

MPH 173.8 —-1473 -344 —65.6 365.1 1125 5538 —99.8 263.6
PBL! 7.9 -86.2 203 469 187 —T1.1 9.4 —-89.0 139
PBL? 324.0 237.0 3169 2700 183.6 1225 199.6 110.6 2233
CUM ? —47.0 —-492 564 3.6 —-67.2 —-142 976 24 62.5
CUM * —37.0 - —50.5 - -56.9 - —86.6 - —43.1
SFC —-64 492 8.2 —2.7 228 -142 268 24 11.5

I PBL without TEMF. 2 PBL with TEMF. 3 Difference between the worst CUM and the best
CUM. * Difference between the simulation without CUM and the best simulation with CUM.

Schemes

For the microphysics schemes, for events 1, 2, and 3, TpsonAA and NSSL + CCN were
always in the top three. The WDM?7 scheme appeared among the three worst in all cases
and failed to represent any rainfall in events 2 and 4. The WSM7 microphysics also
appeared among the worst three in events 1, 3, and 4. These schemes add the hail
hydrometeor to the microphysical and precipitation processes. According to Bae et al.
(2019), these schemes tend to increase the accretion rate of ice particles due to the faster
sedimentation of hail than graupel. In this way, the amount of hail is largely offset by a
reduction in graupel, but it is the maximum at lower altitudes. Snow weakens the
accretion of graupel at higher altitudes, which keeps it aloft, increasing its presence at
medium levels. The reduction in the sum of graupel and hail in the melt layer leads to a
decrease in the mixing ratio of the rain, which is compensated by falling hail. Therefore,
this scheme tends to increase convective activity in regions of greater instability and
decrease the intensity of precipitation in the stratiform region, thus configuring the role
of hail in suppressing light precipitation and increasing heavy precipitation. This fact may
have led to the poor performance of these schemes since this region is predominantly

marked by shallow warm top storms (ARAUJO PALHARINI; VILA, 2017).

TpsonAA microphysics incorporates the activation of aerosols as cloud condensation
nuclei (CCN) and ice (IN) and, therefore, explicitly predicts the cloud water droplet
number concentration, besides being designed for clouds where updrafts are present

(THOMPSON; EIDHAMMER, 2014). NSSL + CCN microphysics predicts the mass

65



mixing ratio and the number of concentrations of all hydrometeor species, and the version
used in this study also predicts the concentration of CCN (MANSELL; ZIEGLER;
BRUNING, 2010; LI; ZHANG; XUE, 2017). It is remarkable that the best microphysics
schemes verified in this study have explicit representations of aerosols and CCN.
Atmospheric aerosol particles have a significant impact on the development of deep

convective storms (SUN; ARIYA, 2006; HAZRA et al., 2017).

In a study on CCN concentration in northeastern Brazil, Almeida et al. (2014) stated that
the concentration of coastal aerosols is almost double the concentrations of the inland
aerosols and also influences the fraction of active particles, such as CCN, which has much
higher concentrations when it originates over the sea. This fact also agrees with the region
of highest precipitation in event 1 (inland Figure 3.4a), the only case where the best
microphysics was neither TpsonAA nor NSSL + CCN and was generally not well
represented. Oliveira et al. (2019) also analyzed aerosols in the NEB, identifying the
predominant concentration of dust, marine aerosol, biomass burning, and particulate
pollution, which can come from the ocean, the Amazon region, and even the coast of
Africa. Figure 5.14 shows the trajectory where the air parcels came from for each
simulated event and corroborates Oliveira's (2019) results. Overall, the lower and middle
layer are majority influenced by southeast trade winds in the tropical South Atlantic Basin
(UTIDA et al., 2019) but the high levels can be influenced by the outflow coming either
from the central portion of the Atlantic (Figures 5.14a and d), the coast of Africa (Figure
5.14b), or the Amazon region (Figure 5.14c).
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Figure 5.14 — Hysplit model backward trajectory direction.
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(a) event 1, (b) event 2, (c) event 3, and (d) event 4. Trajectories generated by the READY
platform  of the HYSPLIT model with GFS  data.  Available at
https://www.ready.noaa.gov/HYSPLIT _traj.php.

For the planetary boundary layer schemes, MYJ was among the top three in three cases
(being the best in event 1), ACM2 was the best in events 2 and 3, and TEMF was the
worst in all other events. The parameters relevant for severe storm prediction controlled

by PBL schemes act on buoyancy through modulations in potential temperature and
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mixing ratio associated with stronger variability in the mixing layer depth (COHEN et
al., 2015). A hypothesis for MYJ’s better performance, a 1.5-order closure local scheme,
in event 1, may be related to the production of a cooler and moister PBL (HU; NIELSEN-
GAMMON; ZHANG, 2010) since the region analyzed for this case was the one
positioned further inland and the simulations were between 12UTC on consecutive days,
which completely covers the period of greatest radiative surface cooling. In the ACM?2
scheme, a first-order closure hybrid scheme, non-local mixing, is represented by a matrix
that defines the mass flows between any pair of model layers even if they are not adjacent
(PLEIM, 2007). The YSU scheme, non-local first-order closure, considers the
entrainment on top of the PBL explicitly (COHEN et al., 2015) and was considered the
best scheme in work of Comin et al. (2021) for the same study region. Both schemes best
represent shear and buoyancy in the study by Wang et al. (2016) and are generally
characterized by a drying and warming daytime PBL (COHEN et al., 2015). These
schemes helped in a better depiction of the rainfall in the events that occurred at the

coastal zone interface (Figure 3.4b—d).

In the TEMF, a 1.5-order closure hybrid scheme, local mixing, is parameterized by a
turbulent diffusivity, whereas the impact of non-local transport and mixing under
convective conditions is parameterized using a mass flow method (ANGEVINE; JIANG;
MAURITSEN, 2010). In all events, this scheme overestimated the rainfall (Figures 5.2b,
5.5b, 5.8b, and 5.11b). Some works have reported a larger vertical gradient of the water
vapor mixing ratio and higher moisture content within the low cloud layer, which results
in a pronounced moisture flux (ANGEVINE; JIANG; MAURITSEN, 2010; WANG;
SHEN; HUANG, 2016), which can also be verified in this study in all events. Wang et
al. (2016) further stated that no single scheme performs optimally in all aspects and that
PBL schemes may depend on the atmospheric scenarios in which they are inserted.
However, all these hypotheses can be more rigorously investigated by analyzing turbulent
flows, diffusivity, and meteorological variables (such as potential temperature, wind, and
water vapor mixing ratio) within the boundary layer, which is not within the scope of this

work.

In all events, the rain representation was better with the cumulus parameterization
activated. This study was within the so-called gray zone for cumulus clouds (cumulus

schemes), and several recent studies have corroborated the activation of cumulus
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parameterizations at resolutions between 2 to 3 km (KOTRONI; LAGOUVARDOS,
2004; MU et al., 2019; LIU; CHENG; HU, 2021). One of the main arguments for this
activation is that these resolutions are still insufficient to represent the full spectrum of
the convective scale (BRYAN; WYNGAARD; FRITSCH, 2003). The KFCuP, G3, and
KainF convection schemes were better than the simulations with cumulus off in all events.
The innovation between KFCuP and KainF is mainly the implementation of a new trigger
function related to the temperature and moisture distribution in the convective boundary
layer via a probability density function (BERG et al., 2013). To solve the problems of
convective parameterizations, G3 uses ensemble and data assimilation techniques
(GRELL; DEVENYI, 2002). GF does a smoothing for the resolved cloud-scale transition,
thus being a “scale-aware” scheme, in addition to interacting with aerosols through CCN

autoconversion from cloud water to rain (GRELL; FREITAS, 2013).

In all cases studied, the land surface models showed the least variation between
simulations of the same event (Table 5.2). The RUC scheme was among the top two in
all cases, and TDS was among the top two in events 3 and 4. The TDS scheme has five
soil layers, and the energy budget includes radiation, sensible, and latent heat flux,
whereas in this study, RUC was used with nine soil layers, taking into account water
phase changes, vegetation effects, prognostic variables, and a host of features that make
it much more complex (BENJAMIN et al., 2004). The TDS scheme can be considered
the simplest one currently available and performs better than the others (it was the second
best in events 3 and 4). UCM was tested in all events, but a coherent analysis of the effects
of this scheme should be restricted to, for example, the metropolitan region of Recife
(within the yellow boxes in Figure 3.4c), where it is expected that this scheme can develop
its characteristics and contribute to the results. Still, UCM was the second-best surface
scheme with respect to the 24-h precipitation deviation in events 1 and 2. Table 5.2 shows
the variation in the RE concerning the average total cumulative over 24 h for each
simulation set tested and the observed improvement in this same index after the best
physical scheme was chosen. Disregarding the PBL TEMF scheme, the largest variations
are observed when using the microphysics and cumulus schemes. When TEMF is

considered, the PBL variations are as large as the microphysics ones.
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6 DIAGNOSTIC ANALYSIS

To describe the dynamic and thermodynamic factors that acted during the development
of the storms, the atmospheric instability and the favorability of the middle and upper
layers to the action of the systems were analyzed and the moisture supply in the low levels
was verified with data from new simulations performed with the best configuration
obtained from the previous analyses. These new simulations covered the total rainfall
period for each event and started 6 hours before the onset of rainfall recorded at the rain
gauges to cover the model spinup. For event 1 the simulations were from May 27, 2017,
at 00 hours to May 29, at 12 hours totaling 60 hours of simulation, for event 2 the
simulation was from July 19, 2017, at 06 hours to July 22, at 18 hours totaling 78 hours,
for event 3 the simulation was from April 20, 2018, at 12 hours to April 24 at 12 hours
totaling 96 hours, and for event 4 the simulation was from May 27, 2019, at 12 hours to
May 29, at 6 hours totaling 54 hours of simulation. These analyses were performed for

the regions within the yellow boxes (Figure 3.4) for each of the events studied.

For event 1, the analyses of the weather variables within the yellow box occurred in a
region with a lower pluviometric density (Figure 6.1a). The model was able to represent
an intense MFC just after the first 3 h of simulation. The MFC reached the 700 mb level,
with near-surface values exceeding 30 x 107 g-kg 's™! and was well-related to cyclonic
vorticity advection in the low and middle layers (Figure 6.1b). The CAPE values at the
beginning of the storm were intense, greater than 2500 J-kg !, and after the first 12 h
began to decrease in a reverse motion to the shear in the middle layer, and the CINE
values began to increase (Figure 6.1c). The low-level outflow was predominantly from
the southeast with a reversal and weakening from the 700 hPa level (Figure 6.1d) a strong
wind outflow at the 400 hPa level at the beginning of the event (Figure 6.1d and 6.1¢) and

wind divergence in the low layer during the whole period (Figure 6.1¢).
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Figure 6.1 — Analysis of the dynamic and thermodynamic variables inside the yellow box
(Figure 3.4) for event 1.
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(a) each rain gauge represents a different color (mm/10 min) and average accumulated
precipitation in blue at Total Time (TT) for event; MAT is for maximum accumulated total; (b)
maximum MFC (107 g-kg's™") and minimum 4DV, (107 s7); (¢) maximum values of CAPE
and CIN (J-kg™") and maximum values of bulk shear (m-s™') in their respective layers (outer
axis); (d) vertical variation in the mean wind vector (m's™"); and (¢) wind divergence (10~*s™)

and magnitude (m s™).
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For event 2, precipitation showed an increase in intensity around at 12UTC (Figure 6.2a),
which was directly related to the increase MFC (Figure 6.2b). Simultaneously, there was
an abrupt drop in the values of CINE and the vertical wind shear in both the deep layer
and the bottom layer, accompanied by the maximum peak of the CAPE (Figure 6.2¢). At
that same instant, between the 600 hPa and 500 hPa levels, the wind weakened and the
shear of its direction was remarkable (Figure 6.2d) with the intensification of high-level
outflow and favoring of the vertical extent of wind divergence (Figure 6.2¢) always
accompanied by intensification of wind convergence in the levels immediately below. In
this event, a rain gauge at a certain moment registered a shower of rainfall exceeding 20
mm/10 min. The MFC reached the 700 hPa level and near-ground values on the order of
30 x 107 g-kg's™!, which was favored by advection of cyclonic vorticity, which
weakened with height and was observed until the 300 hPa level aligned with the
maximum MFC values. The CAPE peaked (~1500 J-kg™!) just before the increase in
precipitation intensity and CINE (~50 J-kg™") about 3 h before the CAPE. Wind shear
was the highest in the lower layer (3 km) and showed values of 12 m-s™.

Figure 6.2 — Analysis of the dynamic and thermodynamic variables inside the yellow box for
event 2.
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Figure 6.2 — Conclusion.
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As in figure 6.1 but for event 2.

For event 3, the analyses within the yellow box covered the metropolitan region of the
city of Recife which has the largest concentration of rain gauges (Figure 6.3a). It is
possible to observe the good correspondence between MFC and the precipitation peaks
(Figure 6.3a,b). A cyclonic vorticity advection core was verified at 15 UTC between the
700 hPa and 800 hPa levels and another one at high levels at the end of the simulation
and coinciding with new rainfall occurrences (Figure 6.3b). The inhibition energy showed
four maximum peak intensities, always following the wind shear variations in both layers
and a variation almost always opposite to CAPE (Figure 6.3c). Again, the maximum
CAPE values were near 2500 J-kg ! and the maximum wind shear was around 10 m-s .
The outflow in the low levels was predominantly from the southeast with weakening in
the mid layer and reversal in the high levels (Figure 6.3d) and presence of intense outflow

at high levels (Figure 6.3¢).
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Figure 6.3 — Analysis of the dynamic and thermodynamic variables inside the yellow box for

event 3.
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As in figure 6.1 but for event 3.
Precipitation in event 4, a less spatially comprehensive or locally characteristic event,
showed the highest rain rates at the end of the observation period (Figure 6.4a). Despite
the smaller spatial coverage, the intensity of the rainfall can be seen, with precipitation

rates exceeding 15 mm/10 min. The MFC was confined to a lower layer than in the
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previous cases, at around 800 hPa, and the moisture supply was available at least 6 h
before the onset of precipitation. No support from the medium and upper levels was
observed for this event (Figure 6.4b). This was the only case where the shear in the deep
layer was predominantly higher than the shear in the middle layer (Figure 6.4c). Unlike
the other cases, the higher precipitation rates were associated with keeping the CAPE and
shear values with slight variation. (Figure 6.4c). The CAPE and shear values were also
lower than in the previous cases (approximately 2000 J-kg™! and 8 m-s™!, respectively).
This was the only case where the outflow in the middle layer did not weaken and the wind
at low levels was predominantly from the east (Figure 6.4d) with two overlapping
maximum wind speed nuclei (Figure 6.4e) and coinciding with the instant of intense MFC

at low levels.

Figure 6.4 — Analysis of the dynamic and thermodynamic variables inside the yellow box for
event 4.
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Figure 6.4 — Conclusion.
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As in figure 6.1 but for event 4.

In all simulated cases, the prevailing wind at the surface and in the low layer was from
the southeast and/or the east, in agreement with the influence of the trade winds in the
region. In all simulated cases, the moisture flux convergence in the low layer reached the
800 hPa level. In general, MFC was well-related to precipitation, with maximum values
observed before and during maximum precipitation, reaching values higher than 30 x 1073
g-kg 's™! in all cases, values comparable to the occurrence of the most robust updrafts
measured in nature (BANACOS; SCHULTZ, 2005). The cyclonic vorticity advection at
medium and high levels supported the convergence at low levels in events 1, 2, and 3.
Only in event 4, considered an isolated storm case, the support of the high and middle
layers was not observed. The lowest maximum CAPE value was observed in event 2
(around 1400 J-kg ') and the highest in events 1 and 3 (about 2500 J-kg!). The maximum
values of the CINE were between 30 and 60 J-kg™! in events 2 through 4. In event 1, it
presented the lowest values, increasing throughout the simulation. As expected, the values
of the CAPE and CINE show antagonistic movements, with a sharp drop in the values of
CINE from the maintenance of the CAPE and/or after reaching certain values (between

1200 and 1500 J-kg ™).

The vertical wind shear in the deep layer was higher than the shear in the middle layer
only in event 4. In the other events, the shear in the middle layer was higher, with
maximum values between 10 and 12 m-s!. An inverse relationship was also observed

between the wind shear in both layers and the CAPE values, that is, after wind shear
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intensifies, the CAPE values tend to decrease. However, the higher precipitation rates
were associated with increased wind shear, most noticeable in the deep layer for event 4
and the middle layer for the other events. Vertical wind shear tends to promote
thunderstorm organisation, although excessive wind shear can be detrimental to
convective initiation by increasing entrainment of environmental air into the storm. In

1

general, the wind shear starts at values around 6 m-s™', presents a drop after the first

precipitations, and gradually increases reaching maximum values around 10 m-s’!,

contributing to maintaining the storm’s lifetime.
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7 CONCLUSIONS

The present work analyzed 124 incident records of natural disaster alerts for the eastern
part of the state of Pernambuco/Brazil, which were grouped into 24 severe weather events,
and performed numerical simulation with the WRF model for 4 of these cases. The first
practical results of this work can be seen in Appendixes B and C. As expected, a positive
relationship was observed between the occurrence of the events and the rainy season in
the region and a preference for the occurrence of alerts during nighttime hours. The spatial
arrangement of the municipalities warned is concentrated on the coastal strip, which may
be associated with the greater rainfall regime and with the greater susceptibility to the
occurrence of natural disasters due to the characteristics of social development in this

region.

Half of the severe rainfall events were associated with synoptic scale systems and the
other half with a smaller scale surface high pressure responsible for blocking the advance
of the southeast trade winds and favoring convergence at the surface. Among the synoptic
systems, the ITCZ showed more significant action, while the high pressure at the surface,
which can be closed or in the form of a ridge, can act alone or be associated with some

other mechanism in general at medium and high levels.

The precipitation cells in 50% of cases were composed of multiple small-sized cells
entering the continent mainly from the east and southeast. The highest reflectivity
observed in a storm core was 60dBZ and almost 90% of cases showed a vertical extent

greater than 5000 m.

The rainfall was also classified as short and long duration, with the longest lasting event
being over 200 hours and the shortest lasting event being only 14 hours. The rain gauge
that registered the highest accumulation was 366 mm in rainfall that lasted 48 hours
without interruption but with weak intensity. The heaviest rainfall rate accumulated more
than 140 mm in just 14 h. The most common events are long duration and capable of large

rainfall totals.

Four severe rainfall events that triggered natural disasters were chosen for detailed
analysis with the WRF model. The event of 20170528 was associated with an MCS, the
cases of 20170720 and 20190529 were associated with isolated storms, and the event of
20180422 with runoff coming from the ITCZ. All cases showed substantial wind
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divergence averaged between the 800 and 600 hPa levels and the presence of moisture
flux convergence from the ocean. In all the cases analyzed, high pressure was observed
on the surface over the continent, sometimes with closed isobars and sometimes in the
form of a ridge, which in half of the cases directly contributed to the intensification of

convergence near the coast to the east of its position, and the favoring to storm formation.

For the analysis of the physical configurations of the model, the microphysics schemes
with aerosol and/or CCN treatment stood out. The microphysics incorporating hail as a
hydrometeor category performed the furthest from the observations. The TEMF boundary
layer scheme offered parameters for an overestimation of rainfall in all cases. None of the
characteristics that allow categorizing the planetary boundary layer schemes, such as
order of closure or local or non-local scheme, stood out widely, but the parameterizations

that showed the best results were ACM2, MY, and YSU.

The numerical simulations were performed at 2.5km horizontal resolution, and almost all
simulations with the cumulus parameterization tuned were closer to the observed
precipitation. The KFCuP scheme was better in all simulations and was responsible for
more than a 50% improvement in the representation of rainfall in events 2 and 3. The
surface schemes showed the slightest variation from each other, with the RUC scheme
also being the best in all simulations. It has been shown that air parcels from different
locations, not only from the adjacent ocean, charged with the thermodynamical properties
of their regions of origin, such as the Amazon region and the west coast of Africa, can act

on the east coast of the NEB.

The analyses of the dynamic and thermodynamic variables in the intersection regions
between the heaviest precipitation and the warned municipalities show an intense
moisture convergence flow in the low layer that easily reaches the 700 hPa level and that
presented values that exceeded 3.0 x 1072 g-kg 's™!. The maximum CINE values were
around 30 J-kg™! in the first and second cases and 50 J-kg™' in the third and fourth cases
indicating the absence of a more robust lifting mechanism where diurnal heating or local
topographic features would be sufficient for triggering convection. However, the lifting
mechanisms indispensable for the development of storms has not been completely

identified.
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The CAPE values almost reached 3000 J-kg™', and an antagonistic relationship was
observed with wind shear variations, especially in the middle layer, which showed the

! and the variations

highest values. The highest shear values did not reach 15 m-s~
throughout the storms were, on average, between 6 m-s ' and 8 m's™'. Also of note is the
presence of the substantial wind divergence between the low and mid-layer well related

to the storm formation position.

Regarding the specific objectives that guided this work:

1) It has been demonstrated that mainly Intertropical Convergence Zone, high and
medium level outflow, local high pressure at the surface, and secondary
participation of Upper Tropospheric Cyclonic Vortices and Easterly Wave

Disturbances play a role in the region;

2) An important contribution of the microphysics schemes that take aerosols and
CCN into account was found. The convective scheme KFCuP was much better
than the others and RUC for the surface. The ACM2, MY, and YSU schemes
stood out for planetary boundary layer;

3) For the meteorological variables, it was observed an important role of mid to
low level wind divergence with strong convergence in the levels immediately
below, intense CAPE values, and strong moisture flux convergence, besides

wind shear values in the average below 10 m-s™".

7.1 Suggestions for further work

This work was inserted in the context of extreme weather and climate events and sought
to contribute to the identification of synoptic and mesoscale systems through satellite,
model, radar, and rainfall data, and to propose a better configuration for numerical
simulations as well as to identify and describe the main ingredients responsible for severe
rainfall events. As a suggestion for future work, we suggest expanding this analysis to the
other priority regions for natural disasters in Brazil, for example, the metropolitan regions
of Sao Paulo, Rio de Janeiro, Manaus, and Salvador, and the mountainous regions of the
states Rio de Janeiro, Santa Catarina, and Espirito Santo, all of which are known to be

sensitive to severe rainfall events.

80



A vital aspect identified in this study was the ability to contribute to the formation of
severe thunderstorms of the high-pressure surface system when positioned near the coast
of the states of Alagoas and Pernambuco. This system and all its effects need to be better
studied. Also, for the eastern coastal region of the NEB, the influence of sea surface
temperature on the increase or suppression of moisture fluxes from the ocean has not been
considered in this study. Studies that consider this effect on local storm formation need
to be considered. One suggestion to better understand the lifting mechanisms, especially
of entirely mesoscale storms, is to increase the region of the simulations in the ocean
direction because one of the observed features not explored in this study was the presence
of several wind convergence and water vapor mixing ratio cores coming from outside the

grid.
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GLOSSARY

Some terms commonly used in natural disasters

Alert/warning

Capacity

Disaster risk

Exposure

Hazard

Occurrence records

Resilience

Vulnerability

A tool indicating that the disaster risk situation is predictable in
the short term.

The combination of all the strengths, attributes and resources
available within an organization, community or society to
manage and reduce disaster risks and strengthen resilience.
The potential loss of life, injury, or destroyed or damaged assets
which could occur to a system, society or a community in a
specific period of time, determined probabilistically as a
function of hazard, exposure, vulnerability and capacity.

The situation of people, infrastructure, housing, production
capacities and other tangible human assets located in hazard-
prone areas.

A potentially damaging physical event, phenomenon or human
activity that may cause the loss of life or injury, property
damage, social and economic disruption or environmental
degradation.

When it is confirmed that the warned severe weather system has
generated some kind of social or physical disturbance.

The ability of a system, community or society exposed to
hazards to resist, absorb, accommodate to and recover from the
effects of a hazard in a timely and efficient manner, including
through the preservation and restoration of its essential basic
structures and functions

The conditions determined by physical, social, economic and
environmental factors or processes, which increase the

susceptibility of a community to the impact of hazards.
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APPENDIX A - SEVERE RAINFALL EVENTS STUDIED

Synthesis of the synoptic and mesoscale, rainfall and radar characteristics for the cases studied.
“N° cities” is the number of municipalities affected by the natural disaster; “Type” refers to the
main mechanism for system formation identified; “MRR” is the maximum rain rate (mm/10min);
“Total rainfall” is the highest accumulated rainfall recorded in a rain gauge; “Total time” is the
total rain duration; “Rain type” is the temporal classification of rainfall; “Max dBZ” is the highest
observed reflectivity; and “Radar type” is the classification according to the observed reflectivity
cells.

Event o, e MRR 00 e pe  dBZ trpe
20170303 (a) 2 HPS+ 20 115 21 CT 48 UNI
20170412 (b) 2 HPS+ 12 107 24 SO 48 MULT
20170507 (c) 1 HPS+ 9 72 30 SO 42 UNI
20170524 (d) 10 HPS+ 10 137 21 CT 48 UNI+
20170527 (e) 16 HPS 10 366 48 CT 42 MULT
20170614 (f) 2 EWD 8 193 204 SO 42 UNI+
20170623 (g) 1 HPS 11 95 36 SO 35  MULT
20170627 (h) 5 HLF 14 130 48 CT 56  UNI+
20170719 (i) 17  MLF 23 264 72 CT 48 UNI+
20170724 (j) 1 MLF 9 110 98 SO 36 MULT
20180118 (k) 4 HPS 14 84 17 SO 48 UNI+
20180217 (1) 4  HLF+ 15 181 56 SO 48  MULT
20180306 (m) 1 HPS 15 75 15 CT 56  MULT
20180405 (n) 1 UTCV 20 142 41 SO 50  MULT
20180410 (o) 1 ITCZ 10 99 17 SO 48 UNI+
20180412 (p) 1 HPS+ 14 78 42 SO 48  MULT
20180421 (q) 5 ITCZ 13 193 84 SO 56  UNI+
20190203 (1) 1 ITCZ+ 20 143 14 SO 56  MULT
20190205 (s) 2 ITCZ+ 17 82 39 SO 56  MULT
20190412 (t) 4 ITCZ 21 93 15 CT 60  UNI+
20190527 (u) 2 HPS 16 224 44 SO 56  MULT
20190612 (v) 7 MLF 18 237 54 CT 48 UNI+
20190614 (w) 3 HPS 9 179 93 CT 36 UNI
20190801 (x) 1 HPS 5 108 45 CT 42 MULT

HPS — high pressure on the surface, HPS+ — high pressure on the surface associated with another
mechanism, HLF — high-level flow, MLF — medium-level flow, CT — continuous, SO — spaced
out, UNI — single-celled isolated nuclei, UNI+ — large-single-celled nucleus plus small cells,
MULT - small multicellular nuclei.
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Abstract: The Northeast of Brazil {MEE) is the region with the highest number of municpal decees
of emerpency situation declaration caused by weather events in the period from 2013 to 2072 and
with the hiphest rate of nahmal disasters per risk area. In the NEB, the cty of Redfe and its
ﬁwmm;ﬁﬂmﬁﬂﬁmﬂﬁ:mﬂmmmn
microphyrsics (MEPH) schemes, 9 planetary boundary Layer (FBL) schemes, 5 cummlus (CUR), and 7
mmshn!snpply:llnwlﬂﬂs,:ndﬂtm:ppmt thhe-medmmhighhvdsi:u.slm:mfmdim
wrere verified. The model’s configurations were verified by 296 rain pauges with hourly registrations
through statizhical metrics such as bias, MSE. standard deviation, and Fearson's comelation, and
demonsirated that the MFH schemes of Thomp=on Aercsol-Aware and ISSL + CCM, ACME, MY]
for the PBL, KFCuF for CUM, amd RITC for SFC were conssdersd the best. All fhe cames were betber
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1. Introduction

The history of sodoeconomic development of Brazil is characterized by different uses
of land and different patterns of land occcupation, revealing a heterogeneous population
distribution This disorderly occupation when exposed to natural climate variability and
the natural susceptibility of the regions leads to landslides and floods [1], which are
disasters that cause the mardmonm nmomber of deaths in Brazil [2]. Mumerous studies have
investigated fhe ocourrence of floods, flash floods, and landslides triggered by severe
weather events delivering large amoumnts of rainfall [3-8]. Exireme hydrometeorclogical
events, responsible for large amounts of predpitation, have become more frequent and
intense in recent decades [7]. Exireme events are also components of matural climate
variability, and their pericdicity and intensity, whether natural or induced by human
activities, may change [10]. Such phenomena can impact sodety, causing natural
disasters, depending on site vulnerabilities.

To respond to the growing number of natural disasters, the Brazilian governmendt
has implemented the National Plan for Fisk Management and Disaster Response [11].
Following a dialogue among the three spheres of public administration (federal, state, and
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Three years of natural disaster alert issuance data, 2017 to 2019, were used to
analyze and characterize severe rainfall events in the eastern state of
Pernambuco/Brazil. The analyses were performed using GOES-16 satellite data,
GFS/NCEP model data with 0.25-degree resolution, radar data and data from 298
rainfall stations in the region. The warnings were concentrated during the rainy season
and in a narrow coastal belt. The main systems responsible for the heavy precipitation
were the ITCZ and a high pressure on the surface responsible for blocking the trade
winds and favoring convection. Small-sized multicells were the type of radar reflectivity
core that caused the most as well as systems lasting longer than 24 h and with heavy
precipitation.
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