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Abstract: Intense rainfall events frequently occur in Brazil, often leading to rapid flooding. Despite their recurrence,

there is a notable lack of sub-daily studies in the country. This research aims to assess patterns related to the

structure and microphysics of clouds driving intense rainfall in Brazil, resulting in high accumulations within 1

hour. Employing a 40 mm/h threshold and validation criteria, 83 events were selected for study, observed by

both single and dual-polarization radars. Contoured Frequency by Altitude Diagrams (CFADs) of reflectivity,

Vertical Integrated Liquid (VIL), and Vertical Integrated Ice (VII) are employed to scrutinize the vertical cloud

characteristics in each region. To address limitations arising from the absence of polarimetric coverage in some

events, three case studies focusing on polarimetric variables are included. A fourth case study enhances the overall

understanding of these events, emphasizing the underexplored nature of short-term intense rainfall studies in

Brazil. Results reveal that the generating system significantly influences the rainfall pattern, especially in the

Southern, Southeastern, and Central-Western regions. Regional CFADs unveil primary convective columns with

40-50 dBZ reflectivity, extending to approximately 6 km. The microphysical analysis highlights the rapid structural

intensification, challenging the event predictability and the issuance of timely specific warnings.

Keywords: heavy rainfall; Weather radars; Nowcasting

1. Introduction

Brazil is a vast country with a north-south extent of 4394 km. Consequently, its five regions are
distributed across a wide range of latitudes, ranging from 5°N to 33°S, and, as a result each region has a
distinct climatic regime, as illustrated by [1]. Precipitation is a comum variable utilized to characterize
the climate of a region, witch is generated by different meteorological systems that affect each specific
area.

A significant portion of precipitating systems that define the pluviometric regime of a region
gives rise to episodes of intense rainfall, often considered extreme. However, there is no consensus
regarding the definition of the term in the literature, as it varies depending on data availability, study
area, and the objectives of each research. For instance, works such as [2–5] use fixed thresholds to
characterize episodes of intense rainfall. In Brazil, [6] define for the Southern region of Brazil when
the 50 mm isohyet encompasses a minimum area of 10,000 km². [7] and [8] define an extreme event
when daily precipitation exceeds a certain percentage of the seasonal climatological total for a specific
station. Additionally, some authors choose to assess intense rainfall through the use of percentiles,
such as [9–11]. This methodology is widely used when identifying precipitation extremes based on
typical precipitation patterns in a given region.

Although several methods exist to define it, a significant portion of studies on the subject consider
daily-scale precipitation. However, many events associated with flash floods, runoff, and/or rapid
inundations occur over a short period. Studies are scarce regarding intense rainfall events on a sub-
daily scale in Brazil, and existing studies focus on specific regions, such as [11]. Therefore, there is still
a need for a more comprehensive evaluation of events occurring over a short period across the country
to identify similar characteristics and possibly enhance predictability.

With the inclusion of meteorological radars, particularly those with dual polarization, the un-
derstanding of the microphysical structure of precipitation improves in the absence of in situ mea-
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surements and microphysical processes within observed precipitation [12]. This improvement results
from the availability of new variables capable of inferring additional parameters compared to single-
polarization (conventional) radars [13]. Over the last ten years, Brazil has acquired a network of
polarimetric radars covering parts of the country, although the majority are still of the conventional
type. Despite limitations in observations of physical cloud processes with conventional radars (though
not nonexistent), the country lacks information on the subject, necessitating its inclusion in research.

In this context, the main objective of this study is to investigate the structure and microphysical
aspects associated with clouds generating intense rainfall over Brazil, leading to high accumulations
in a very short period (1 hour). Thus, the study explores the possibility of any patterns in the clouds
that may generate such events. However, it is important to note that this study does not differentiate
between synoptic systems responsible for event generation to truly ascertain if there is any similarity
between all types of systems. Therefore, this study can be conducted for different regions of Brazil,
regardless of the meteorological systems affecting them.

Finally, it is worth highlighting the innovative content in this study. No other works in the
country have assessed the structure of intense rainfall events in the very short term using national-level
polarimetric radar data. Therefore, a significant portion of the results is limited to comparison and
discussion with international literature.

2. Materials and Methods

2.1. Data and Study Area

The data used to identify intense rainfall events are obtained from automatic rain gauges provided
by the National Institute of Meteorology (INMET), with a 1-hour frequency spanning from 2016 to
2020, encompassing a total of 5 years of data. Constant Altitude Plan Position Indicator (CAPPI) data
from nine S-band polarimetric radars (2-4 GHz) owned by the National Center for Monitoring and
Early Warning of Natural Disasters (CEMADEN) are employed. As the polarimetric radar network
covers only certain regions of Brazil, additional single-polarization (S-band) radars from two other
agencies are incorporated—six from the Department of Airspace Control (DECEA) and four from
the Amazon Protection System (SIPAM). Consequently, this study utilizes the study areas limited by
the radar coverage distributed across all regions of Brazil (Figure 1). The National Institute for Space
Research (INPE) provides the data for each radar. Table 1 presents the 19 radars used for the analyses
in this study.
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Figure 1. Spatial distribution of CEMADEN, DECEA and SIPAM radars in Brazilian territory, with
INMET stations selected for the study.

2.2. Case Selection

2.2.1. Weather Stations

We first applied a filter to choose INMET stations located within the radar domains to select
intense rainfall events. To calculate the distance between two points on a sphere based on their
geographical coordinates, we use the Haversine formula, represented by Equation 1.

D = 2 R arcsin

√
sin2

(
ϕ2 − ϕ1

2

)
+ cos(ϕ1)cos(ϕ2)sin2

(
λlon,2 − λlon,1

2

)
(1)

where D is the distance in km, R is the radius of the Earth, ϕ is the latitude and λlon the longitude.
By calculating the distance between the INMET station locations and the central points of the

radars, we identify stations within the coverage area of each radar. Additionally, the stations must be
located within a specified distance from the radar centers (which will be defined later). This detail
requires consideration because if a station is too close to the radar, it is affected by the blind cone (an
area without data), hindering event analysis. Furthermore, as the distance increases, the radar beam
becomes higher due to antenna inclination and the curvature of the Earth. If the distance is too large,
the lower radar elevation may only capture information from the upper parts of the cloud, neglecting
the lower portions, which also hinders analyses. Thus, a distance range is defined to minimize the
occurrence of these errors. It is essential to emphasize that such a limitation is necessary as the goal of
this study is to assess the complete vertical profile of clouds, not just surface-level precipitation.
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Table 1. S-band radars from CEMADEN, DECEA, and SIPAM used for the analyses.

Radar/ OP UF Polarization Frequency

Almenara/ CEMADEN MG Dual-polarization 10 min
Jaraguari/ CEMADEN MS Dual-polarization 12 min
Maceio/ CEMADEN AL Dual-polarization 10 min
Natal/ CEMADEN RN Dual-polarization 10 min

Petrolina/ CEMADEN PE Dual-polarization 10 min
Salvador/ CEMADEN BA Dual-polarization 10 min

Santa Tereza/
CEMADEN ES Dual-polarization 10 min

São Francisco/
CEMADEN MG Dual-polarization 10 min

Três Marias/ CEMADEN MG Dual-polarization 10 min
Canguçu/ DECEA RS Single polarization 10 min

Gama/ DECEA GO Single polarization 10 min
Morro da Igreja/ DECEA SC Single polarization 10 min
Pico do Couto/ DECEA RJ Single polarization 10 min

Santiago/ DECEA RS Single polarization 12 min
São Roque/ DECEA SP Single polarization 10 min

Manaus/ SIPAM AM Single polarization 12 min
Santarém/ SIPAM PA Single polarization 12 min
São Luiz/ SIPAM MA Single polarization 12 min

Belém/ SIPAM PA Single polarization 12 min

We select a limit of 150 km from the radar’s central point, based on [14], to obtain more accurate
data and avoid the previously mentioned issues. For the lower limit, we calculate the height and
distance of the beam based on the elevations of each radar used in this study. After performing the
procedure for all radars, we found that beyond a distance of 50 km, all are outside the blind cone
limits. Thus, we use thresholds between 50 and 150 km to filter the stations. Figure 1 shows the INMET
stations that comply with the established thresholds.

2.2.2. Heavy Rain

Various methodologies are used to classify intense rainfall, each with different objectives. The
percentile technique is frequently utilized when the goals pertain to differentiating intense rainfall
among various regions. However, intense rainfall is often correlated with damages and disturbances
caused by such events. When the objective involves the inclusion of such correlations, it is important
to acknowledge that other variables need consideration beyond the percentile outcome. For instance, if
a certain rainfall rate is deemed high by the percentile but affects a forested area or a city with efficient
drainage and water flow, the likelihood of causing damage is reduced. In this study, as the objective is
more related to the cloud’s capability to generate high-intensity rainfall than distinguishing extremes
between regions and correlating with surface damages, a fixed threshold of 40 mm/h is chosen for
case selection. This threshold was chosen subjectively, based on the fact that if a cloud produces this
amount of rainfall in just one hour, it is considered of high intensity regardless of the region where it
occurs.

In this study, we consider "cases" to be all instances where rainfall exceeded the established
threshold and "events" as all cases that recorded accumulations within a single hour or with a maximum
interval of 2 hours between recordings. We selected 385 cases of intense rainfall across the study area
based on the established conditions.

2.3. Cases Validation

We first used radar data to validate the selected cases concerning rainfall records from INMET
stations. The validation methodology includes verifying if rainfall was recorded at the station and if
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the radar identified rainfall at the same location. Figure 2 illustrates the validation process. Firstly, we
created a 5x5 km area centered on the station’s location. This area is equivalent to 25 km2, given that
the horizontal resolution of the grid interpolated from radar data is 1 km. Subsequently, a temporal
variation of 1 hour is conducted using radar data to identify if rainfall was indicated at the location.
This period was chosen based on how accumulated data is stored over time. For instance, if an INMET
station recorded 30 mm at 21 UTC, it means that rainfall occurred between 20 and 21 UTC. The entire
period is analyzed as the exact rainfall time within this 1 hour is unknown. Since radars have a
frequency of 10 or 12 minutes, 6 or 5 images are evaluated within the period respectively (t+5 or t+4,
Figure 2 ). If any pixel within the 5x5 km area records a reflectivity greater than or equal to 40 dBZ
sometime during the analyzed period, the case remains selected for further checks. Additionally,
among all times analyzed within the hour, the one that recorded the pixel with the highest reflectivity
value in the 5x5 km area over the station is considered the time of registration of the maximum pixel
value, hereafter referred to as PMAX. We chose this methodology of the area centered on the station
because there may be some displacement between the exact station point and the radar information
due to the Earth’s curvature.

We excluded 196 cases after the rain accumulation validation stage for reasons of not reaching the
predicted reflectivity limits or for presenting missing radar data during the analyzed period. Cases
with missing data were excluded, mainly due to the frequency of radar data. With the same variations
of 10 to 12 minutes, if a piece of data is missing, a gap of 20 minutes without data is observed, which
significantly impairs the analyses performed.

Figure 2. Example of case’s validations. For each time analysis, an area 5x5 km is created centered on
the same station coordinate, and the time of the pixel with the highest value (PMAX) is recorded.

2.4. Vertical Structure and Microphysical Processes

The radar data used was made available by INPE in HDF5 and vol. We converted the data to
cartesian coordinates to facilitate manipulation and visualization using the CAPPI projection from 2 to
16 km, using the TRMM Radar Software Library (RSL) and saved in NetCDF format.

To compare events occurring in different regions of Brazil, we conducted analyses of the vertical
structure of storms using the CFAD methodology and calculating VIL and VII, which will be further
discussed in the following sections. Since dual-polarization radars provide additional variables
compared to single-polarization radars, the analyses encompassing the regions of Brazil as a whole are
limited to the reflectivity variable, as it is a common variable between conventional and polarimetric

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2024                   doi:10.20944/preprints202404.0970.v1

https://doi.org/10.20944/preprints202404.0970.v1


6 of 32

radars. However, to evaluate the microphysics of storms in more detail, 4 case studies are added.
Below, we explain the methodologies and processes used to develop each analysis separately.

2.4.1. Traking

To begin the analysis, we first tracked the pre-selected and validated cases. For this purpose,
the TATHU software (Tracking and Analysis of Thunderstorms) [15], provided and operationally
used by INPE, was employed. TATHU is a program developed in the Python language for tracking
convective systems, initially using satellite and/or meteorological radar data. The radar module
utilizes reflectivity data (in this study, the 3 km CAPPI) to track storm cores over time. Using a
threshold of 35 dBZ [16], which can be adjusted based on each research objective, TATHU creates a
contour around the cores with reflectivity equal to or greater than the chosen threshold. By adding a
temporal series of radar data, TATHU identifies cores in each dataset, enabling the tracking of storm
movement over time. In situations where a division of the tracked core occurs, TATHU follows the one
displaying greater intensity. In addition, for each tracked core, a unique code is generated. As time
varies, the program recognizes the same core from the previous image, and the code remains the same
at each time step. Thus, by identifying the code of the storm in question, the tracking of the specific
event responsible for generating each intense rainfall event is obtained.

The analyses aim to assess cloud evolution in moments before and after rainfall. Since intense
rainfall records are hourly, they encompass rainfall that occurred in the previous hour. For example, if
the station recorded rainfall > 40 mm at 18 UTC, it occurred between 17 and 18 UTC. As the desire is
to evaluate moments before and after, the temporal period added to TATHU was selected as 2 hours
before and 1 hour after the recording time of each case. Thus, within this interval, the cloud’s lifetime
is limited.

With the information about the position of each station in INMET, it was possible to determine
which core, tracked by TATHU, was responsible for generating the intense rainfall event. After that,
we extracted the georeferenced shapefile of the core’s contour for each time step of the cloud’s life
cycle for all selected cases (Figure 3).

Figure 3. Exemplification of the tracking carried out for a case that occurred in the municipality of Feira
de Santana - BA, which is covered by the Salvador radar. The colors indicate the shapefile extracted at
each time step of the storm.
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2.4.2. VIL and VII

Single-polarization radars have a limited number of variables compared to polarimetric radars.
However, Brazil still has a relatively small network of polarimetric radars compared to conventional
ones, which motivates their use in this study. Since two types of radars are employed, different
methodologies are applied to calculate the water and ice content within the cloud, as outlined below.

For single-polarization radars, the integrated liquid water content, VIL, is calculated based on [17].
VIL represents the relationship between liquid water content and radar reflectivity and is computed
along the vertical column using Equation 2.

VIL(Z) = 3, 4 × 10−6
∫ htop

hbase

Z4/7 · dh [kg/m2] (2)

where, Z is the reflectivity factor (mm6m−3), hbase and htop are, respectively, the height (meters) of
the base and the top of the precipitation column (i.e., Z ≥ 0 dBZ).

VII (Vertically Integrated Ice), as discussed in [18], is calculated using the Equation 3:

VII(Z) = 6, 07 × 10−3
∫ h−40◦C

h−10◦C

Z4/7 · dh [kg/m2] (3)

where, Z is the reflectivity factor (mm6m−3), h−10◦C and h−40◦C are the heights of the isotherms
of −10 ◦C and −40 ◦C, respectively, which are obtained from the soundings closest to the location of
each radar.

Vertical integration is limited to the thermodynamic layer between −10 and −40 ◦C, which is the
ice growth layer within a storm [19].

Calculations related to water content can lead to errors when using classical relationships [60].
In the case of polarimetric radars, equations using polarimetric variables are utilized, which studies
confirm as more efficient than classical relationships [20–25]. Therefore, in this study, for cases covered
by polarimetric radars, VIL is calculated through the integration of Liquid Water Content (LWC) [25]
from the base to the height of the 0°C isotherm.

VIL(Kdp) =
∫ h

0
2, 25K0,723

dp · dh (4)

Similarly, we calculated the ice content (Ice Water Content - IWC) for cases covered by polarimetric
radars based on [26]) through Equation 5:

VII(Kdp, Z) =
∫ h−40◦C

h−10◦C

0, 71K0,65
dp Z0,28 · dh (5)

The VIL integrations in both equations were performed up to the height closest to the 0°C isotherm
(obtained from the nearest sounding to each radar). Since the maximum column height will be below
the freezing level, only liquid water is considered, excluding contributions from potential ice particles,
as shown in [16]. The determined VIL and VII values were spatialized and saved separately from the
original data in NetCDF format for each selected time interval. To visualize and carry out analyses,
they are presented in the form of boxplots, allowing the assessment of different statistics concerning
the obtained data.

2.4.3. CFADs

Utilizing the methodology proposed by [27], we examine the structure of clouds that generate
intense rainfall. The analysis period selected is in line with the one used by [19]. In his case, it was
utilized the moment when hail occurred at the surface as a reference point. He analyzed the 30 minutes
before this moment and the 20 minutes after, totaling a 1-hour event. In the present study, the reference
period used is PMAX. However, it is noteworthy that the rainfall may have happened at different
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instants within the analyzed period, unlike hail occurrences, which have a specific moment of the
beginning of precipitation.

This phase of the study represents the final step associated with the verification/exclusion of
cases. After selecting PMAX and the chosen period for analysis, missing data within the period and
cases lacking sufficient duration for analysis were identified. It resulted in excluding several cases and
finally arriving at the total number of selected events.

The CFADs are created similarly to the validation methodology, but we perform some preceding
steps in this process, as illustrated in Figure 4. First, we apply a mask (step 1) to the VIL data using
shapefiles outlining storm contours extracted from the tracker. Afterward, we locate the pixel with the
highest VIL value (step 2) within the storm and create a 5x5 km area centered on this point (step 3).
At this stage, we record the location (lat/lon) of this highest VIL point. In the next step (4), we use
the data of the desired variable to construct the CFAD (in this study, we used reflectivity), and we
add the previously created 5x5 km area at the same coordinate (lat/lon) as the recorded highest VIL
point. Finally, we extract the vertical column, varying the data with respect to height (from 2 to 16
km), as exemplified in Step 5 of Figure 4. This process is carried out for each selected time step (from
30 minutes before PMAX to 20 minutes after). The CFAD methodology assesses the frequency of a
specific height value. As the created area was 5x5 km, we acquired 25 reflectivity points for each height,
resulting in 25 vertical profiles for each event.

Figure 4. Procedure carried out to construct CFADs

Since the aim is to assess the structure of storms that occurred within a specific region, the CFAD
is constructed by grouping all the events from that locality. For instance, we selected 17 events in the
South region. Given that 25 vertical profiles are extracted for each event, the total number of profiles
for the South region is calculated as 17 × 25 = 425. Consequently, the CFAD for the South region is
built based on 425 vertical profiles.

2.5. Case Studies

We present three case studies to conduct a specific assessment regarding the microphysics of the
selected events. The selected events occurred in the cities of Nova Alvorada do Sul (MS), Feira de
Santana (BA), and Alfredo Chaves (ES), covered by the polarimetric radars of Jaraguari, Salvador,
and Santa Teresa, respectively. These cases were chosen to study events in different locations. As
polarimetric variables are analyzed to assess the microphysics of the events, regions covered only by
conventional radars (South and North) are not included in this section. Vertical cuts are performed
to evaluate the microphysical structure of the events using the polarimetric variables Differential
Reflectivity (ZDR), Specific Differential Phase (KDP), and Cross-Correlation Coefficient (ρHV). The
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analyzed time period is the same as that used for generating CFADs, where, starting from the reference
period (PMAX), 30 minutes before and 20 minutes after are examined, totaling 1 hour of the event.

Additionally, we present a fourth case study, conducting a microphysical analysis of events thar
occured in the Southeast region of Brazil. We added this last case study to provide more information
on the topic and to demonstrate the various possibilities of analyses that can be conducted in the
future, as the study of intense rainfall events in the very short term is not sufficiently explored in the
country. In this study, we calculated the CFADs for the reflectivity and ZDR variables, as well as the
life cycle of VIL and VII for the most intense pixel of each selected event. All calculations follow the
same methodology discussed in this chapter.

3. Results and Discussion

3.1. Events

After completing thorough verification and validation processes, we identified 83 events, outlined
in Table 2, and categorized by region.

Table 2. Number of events selected by region.

Region Number of Events

South 17
Southeast 29
Midwest 14

North 15
Northeast 08

3.2. Regional Categorization

In this section we present the results obtained from calculating the water content (VIL), ice content
(VII), and CFADs for the selected events. The analyses are conducted by comparing the differences
between the selected events within the same region, juxtaposing them with other regions in the country.
It is important to note that regional categorization serves as a means to group information, acknowledg-
ing that locations within the same region share similar (though not identical) characteristics concerning
climate and typical meteorological events. Additionally, various factors, such as orography linked
to storm structure and evolution [28,29], convection type, the system responsible for precipitation
generation, and others, can influence these results. Nevertheless, despite these influencing factors,
the study’s primary objective is to discern any patterns in the behavior of the analyzed variables,
disregarding differentiation among events and assuming they all contributed to intense rainfall.

3.3. VIL and VII

Figure 5 displays boxplots derived from the VIL calculations, organized by region, for each
analyzed time frame. Initially, the South region (Figure 5 e exhibits the highest water content values,
followed by the Midwest region (Figure 5 c, North region (Figure 5 a, Southeast region (Figure 5
d), and finally, the Northeast region (Figure 5 b). We established this hierarchy without taking into
account the outlier values. The Southern and Central-West regions demonstrate similar behavior
concerning medians (50th percentile, second quartile). The first 20 minutes of the event (at moments
-30 minutes and -20 minutes) show lower medians, with values increasing at each subsequent time
interval. Furthermore, we observed the highest median value at the -10 minute mark for both regions.
This outcome suggests that the selected events in these regions experienced a rapid increase in
water content from one moment to the next. Given that the median values remain high in the time
intervals following PMAX, it is indicative that the rainfall may have persisted for several minutes
throughout the cumulative period rather than occurring in just a few minutes. Additionally, some
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similar characteristics are noticeable among tropical regions (Figures 5 a and 5 b). The instants with
the lowest median values are the first and last ones analyzed, respectively, and the highest values
are concentrated between -20 minutes (-24 minutes, North region) and +10 minutes (+12 minutes,
North region). Additionally, the moment featuring the highest median value is at -10 minutes (-12
minutes, North region). In contrast to the South and Midwest Regions, the VIL calculation for the
North and Northeast regions shows both intensification and de-intensification of water content within
the analyzed instants. In the first two regions, only VIL intensification is well-characterized. Therefore,
it is suggested that the selected events in the North and Northeast regions may have had shorter
durations compared to the South and Midwest. This information aligns with the findings of [30],
where the authors report that rain cells belonging to typical cloud clusters in the Amazon (in both rainy
and dry seasons) have a life cycle of 0.6 hours, indicating a short duration. Lastly, the Southeast region
shows some similarity in the positioning of instants with higher and lower water content with the
North region, concentrating the highest values between -20 minutes and PMAX. However, unlike the
other regions, VIL extremes (outliers) are observed in almost every instant, which may be associated
with the variability of the selected events, discussed later in Section 3.4

Figure 5. VIL calculation for the analyzed time instants. PMAX is the reference period for the highest
reflectivity value over the station location during the event. The colors indicate the median values of
the VIL values, with shades of blue referring to higher medians (higher VIL) and shades of brown for
lower median values (lower VIL).
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While it is possible to infer certain information, as discussed above, uncertainties may be associ-
ated with them. One such uncertainty arises from the methodology of the VIL calculation, where we
integrated water content up to the nearest height of the 0°C isotherm to account solely for the liquid
water portion, as the VII, which considers the approximate ice layer, was also calculated. Since no
differentiation was made regarding the type of system (deep or not) that generated the events, there is
high variability in the types of clouds that may (or may not) have been considered. This variability
may have influenced some results, especially in tropical regions where the formation of warm clouds is
normal. Additionally, in the Northeast region, for instance, the analysis grouped VIL values calculated
using both polarimetric and conventional radar equations, another factor that could influence the
results. When examining the difference between the South and North regions, particularly questioning
why North clouds exhibit lower VIL than the South clouds, given that the North region is warmer and
should theoretically have clouds with a higher quantity of liquid water. Beyond the details mentioned
above, this specific result may have been influenced by the fact that no calibration was performed
between the used radars. As discussed in [31], Canguçu and Morro da Igreja radars (located in the
Southern region) tend to slightly overestimate reflectivity values compared to the TRMM satellite
radar, which was used as a reference. However, in the Northern region, [32] shows that the Belém
and Manaus radars exhibit a high underestimation compared to the TRMM radar. In other words, the
lack of radar calibration could have been a determining factor in the differences found between the
Southern and Northern regions in the VIL calculation.

Figure 6 illustrates the calculation of ice content (VII) for the selected events. In general, we see
a greater variability in the positions of the medians for the highest VII values is observed compared
to the VIL values. Particularly concerning the regions of interest, the Southern region (Figure 6 e)
exhibits notable disparities in ice content compared to other regions. Several studies consider the
subtropical region of the South Atlantic (which includes the South brazilian region) as one of the areas
on the planet most affected by severe convective events [33–37]. Such events involve clouds with
deep vertical development, reaching very low temperatures, and consequently, they form a substantial
amount of ice. Due to the presented values, Figure 6 e (related to the South region) uses a different
scale compared to the others. We adjusted this to provide a clearer visualization of the results obtained
among the regions.

In contrast to the South region, in the North region (Figure 6 a), there is minimal ice formation in
the clouds. The North brazilian region is situated in the tropical region of the Earth, which is the part
of the globe with the highest solar incidence, making it warmer [38]. Although the tropical region is
also influenced by deep convection events [39,40], due to the higher temperatures, there is also the
formation of warm clouds over the region, which practically do not produce ice.

The Midwest (Figure 6 c) and Southeast (Figure 6 d) regions exhibit outlier values in moments
preceding PMAX, indicating that the studied clouds have ice peaks up to 30 minutes before PMAX
occurs. Moreover, in the Midwest region, the highest median of VII values occurs immediately after
PMAX, the exact moment with the highest VIL (Figure 5 c). Similarly, in the Northeast region (Figure 6
b), the highest median occurs at the moment just before PMAX, which is also the exact moment as the
highest median for water content (Figure 5 b. Based on these results, we suggest that for the Northeast
and Midwest regions, the onset of precipitation occurred around this moment. At that point, there was
already sufficient water in the cloud to overcome gravity, and there was still ice present that could
melt, sustaining intense precipitation for a longer duration.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2024                   doi:10.20944/preprints202404.0970.v1

https://doi.org/10.20944/preprints202404.0970.v1


12 of 32

Figure 6. Similar to Figure 5, but for cloud-integrated ice content (VII).

3.4. CFADs

Constructing regional CFADs involves utilizing data from all selected radars, irrespective of
their polarization. As conventional radars lack polarimetric variables, we cannot assess microphysical
parameters across all events in this analysis. Therefore, we use only the reflectivity variable, which is
common to both radar types.

Figure 7 displays the CFAD for the North region of Brazil, incorporating the 15 selected events in
the area, constructed with 375 vertical profiles of clouds generating intense rainfall. In the figure, we
observe an area with higher frequency values between the 40-45 dBZ and 50-55 dBZ intervals along
the vertical axis for all analyzed time intervals. The reflectivity CFADs in this study are created using
a 5x5 km sample (25 km2) centered on the pixel with the highest VIL for each time interval of each
studied event. As described in Section 2.4.2, we calculate VIL from liquid water content (LWC); that is,
the pixel with the highest VIL used as the center of the sample is a region with high LWC. As discussed
by [41], regions with high LWC values are closely associated with the location and intensity of updrafts
in clouds. Therefore, we refer to the area with higher frequency values along the vertical axis as the
updraft region. This association is also utilized by [19].

At the -36 minute mark in Figure 7, we observe the presence of an updraft, indicating that the
clouds are already in the growth phase. Between -24 and -12 minutes before PMAX, there is a reduction
in their height, but at -12 minutes, we observe a peak frequency in the 45-50 dBZ range, between
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4 and 5 km in altitude. We suggest that this characteristic transition between -24 and -12 minutes
is associated with the moment when the updraft is still transporting droplets to the higher parts
of the cloud (-24 minutes). Shortly after, the process of collection and coalescence begins, making
the droplets larger, and as they become heavier, they concentrate at lower altitudes (peak frequency
at -12 minutes). At the PMAX moment, the updraft height increases again, reaching around 13 km,
and we observe two peak frequencies, between 3 and 4 km, and between 5 and 6 km. This moment
indicates that the cloud is still in the growth phase, being fed by the updraft. Since at -12 minutes
there was already a higher concentration of droplets between 4 and 5 km, and the updraft at PMAX
is still active, some of these droplets are again transported upward, while others concentrate in even
lower regions of the clouds, generating the observed dual peaks. Finally, in the moments after PMAX,
the peak frequencies progressively concentrate in the lower parts of the clouds, and the height of
the most active part of the clouds decreases, indicating that they are entering the dissipation phase,
and precipitation is already occurring. It is noteworthy that the PMAX period is merely a reference
period, not necessarily associated with the onset of precipitation, as it may extend for several minutes
throughout the cumulative period.

Figure 7. CFAD of the Northern region of Brazil created from an area 5 x 5 km (25 km2), centered on
the pixel with the highest VIL for 15 intense rain events selected in the region. n = 375 refers to the
number of vertical profiles used in generating the CFAD. As 25 vertical profiles are extracted for each
event (due to the size of the area) and 15 cases are studied in this region, there are a total of 375 vertical
profiles to analyze the events as a whole.

Figure 8 presents the CFAD for the Northeast region of Brazil, constructed from 8 events, i.e., 200
vertical profiles. In the initial moment (-30 minutes), we observe that the updraft of the clouds is still
in development, unlike the Northern region, where at -36 minutes, the clouds already have a formed
updraft. Therefore, the events in the Northeast region exhibited a faster development than those in
the North region. At -20 minutes, there is a strengthening of the updraft. At the moment just before
PMAX (-10 minutes), frequency values around 35% are observed in the 45-50 dBZ range between 2
and 4 km, and the total height of the ascending air column is reduced. From this, we suggested that the
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concentration of the highest frequency between 2 and 4 km is associated with the presence of raindrops
that concentrate in the lower parts of the clouds, indicating that precipitation may have started around
this moment. This information corroborates with the result from 5 b, where the median of the highest
VIL value is at the same moment. In other words, considering all analyzed events in the Northeast
region, it is the moment when the clouds have the highest amount of liquid water. At the PMAX
moment, there is again a strengthening of the updraft, presenting frequency peaks, although not very
intense, in higher regions of the clouds (between 9-10 km and 12-13 km), indicating the presence of
ice. In 6 b, the moment with the highest amount of ice is also at -10 minutes, but as there might be a
delay concerning reflectivity, and the data frequency is every 10 minutes, the presence of ice is more
clearly observed at PMAX and not at -10 minutes. At +10 minutes, two frequency peaks are observed,
between 6 and 7 km and between 8 and 9 km, which are associated with the weakening of the updraft,
which is no longer strong enough to keep the ice in the higher parts of the clouds. Therefore, it starts
to fall within the cloud, generating peaks at different heights. Finally, at the last moment, we observe
reduced cloud activity as they are in the process of dissipation.

Figure 8. Similar to Figure 7 but for the Northeast region of Brazil. In total, 200 vertical profiles were
used, referring to 08 selected events..

In Figures 9–11, corresponding to the CFADs of the Midwest, Southeast, and South regions,
respectively, we observe outcomes with minimal frequency variability across the analyzed time
intervals. To comprehend this characteristic, we calculate the standard deviation of reflectivity values
to height for each moment of the analysis, as depicted in Figure 12. The 75th percentile value (9.95
dBZ) of the deviation data set is delimited by a vertical dashed line.

The South, Southeast, and Midwest regions (purple, red, green, respectively) emerge as the only
areas where deviations surpass the 75th percentile (points to the right of the percentile line), specifically
starting from a height of 5 km (horizontal dashed line). Additionally, the South region (purple) generally
exhibits the highest deviation values among the three regions, followed by the Southeast, and lastly the
Midwest. These findings align with their respective geographical characteristics. In contrast to tropical
regions, areas at higher latitudes experience a more significant temperature gradient throughout
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the year and are more influenced by the Earth’s rotation effects. These conditions contribute to a
variety of phenomena, impacting overall precipitation in these regions. Due to the diverse range of
events influencing these areas and generating distinct cloud structures, Figure 12 reveals that the most
significant deviations are not localized in the lower parts of the clouds but occur above 5 km in height.
Essentially, the intense rainfall events selected in the South, Southeast, and Midwest regions may
have originated from clouds with both deep vertical development and shallower structures [42–44].
Notably, the Midwest, despite having tropical characteristics, is also affected by extratropical systems
[45]. This characteristic becomes evident in Figure 12, where, despite showing high variability in the
data, the Midwest region (among the three above the 75th percentile) exhibits the smallest deviations.

Figure 9. Similar to Figure 7 but for the Midwest region of Brazil. In total, 350 vertical profiles were
used, referring to 08 selected events.

As this study does not differentiate between the systems responsible for generating events and the
time of year in which they occur, the high variability of events in the South, Southeast, and Midwest
regions is the factor behind the generation of CFADs with less pronounced results. Nevertheless,
despite the CFAD in Figure 11 show high deviations in the dataset, some characteristics are observed.
The first three moments do not exhibit significant frequency variations among them, but at the PMAX
and +10 min moments, peaks of frequency in lower parts of the clouds are noticeable, suggesting a
higher concentration of hydrometeors in those regions. Finally, at the +20 min moment, a weakening
of the updraft is observed, already associated with the dissipation phase of the clouds.
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Figure 10. Similar to Figure 7 but for the Southeast region of Brazil. In total, 725 vertical profiles were
used, referring to 08 selected events.

Figure 11. Similar to Figure 7 but for the South region of Brazil. In total, 425 vertical profiles were used,
referring to 08 selected events.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2024                   doi:10.20944/preprints202404.0970.v1

https://doi.org/10.20944/preprints202404.0970.v1


17 of 32

Figure 12. tandard deviations of reflectivity values as a function of height for each instant analyzed in
the creation of the CFADS. The vertical line represents the 75th percentile (P75) of the entire deviation
data set. The horizontal line represents the height at which the deviation values are above P75. The
colors represent the deviations for each instant and height separated by regions.

Reflectivity serves as a variable for making associations and assumptions about the physical
and morphological characteristics of hydrometeors. To obtain specific information, we need to use
polarimetric variables since their values are directly linked to these characteristics. However, as the goal
of this section is to analyze all regions of Brazil, and since not all regions are covered by polarimetric
radars, we use reflectivity as the analytical variable. Although it is impossible to definitively determine
the microphysical characteristics of hydrometeors present in the clouds, we can infer some information
based on the literature. For example, clouds with intense vertical development typically reach very
cold top temperatures as temperature decreases with height. [41] mention that if a cloud exceeds
the height corresponding to 0°C, we can observe supercooled droplets. As the cloud reaches more
negative temperatures, the presence of ice crystals, graupel, and hail becomes apparent. According to
the authors, the probability of ice being present in a cloud with a top temperature of -13°C is 100%.
Therefore, using this information and relying on the theory of warm and cold cloud formation, we can
make some, albeit limited, associations with the microphysical processes that occur.
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3.5. Case Studies

In the previous section 3.4, the analysis of microphysics was not possible due to using data from
radars with different polarizations to generate CFADs. To examine such characteristics, we conducted
various case studies across the country. The following three case studies present selected events from
each region of Brazil covered by polarimetric radars. Additionally, we introduce a fourth case study
that focuses on a microphysical analysis of events occurring in the Southeast region of Brazil. We
included this last case study to provide further insights into the topic and to showcase the diverse
analytical possibilities for future investigations, considering that the study of intense short-term rainfall
events is not sufficiently explored in the country.

3.5.1. Nova Alvorada do Sul (Jaraguari Radar)

This intense rainfall event occurred in the municipality of Nova Alvorada do Sul, located in the
state of Mato Grosso do Sul, on February 5, 2020, between 17:00 and 18:00 UTC. During this event,
46.4 mm of rainfall was recorded within a one-hour period. At the station’s location, the Jaraguari
radar detected a maximum reflectivity of 51.75 dBZ at 3 km altitude at 17:24 UTC (PMAX). Figure
13 displays vertical cross-sections of polarimetric variables ZDR, KDP, and ρHV . These variables are
commonly employed for the microphysical analysis of precipitation systems, as discussed in works
such as [25,46,48–50], among others. The analysis moments range from -30 to +20 originally, adjusted
due to the 12-minute radar data frequency from Jaraguari.

For a clearer understanding of the vertical cross-sections, Figure 13 a illustrates the location of
each cut at different time instances, indicated by a black line. The cut is centered on the cloud region
that reached its maximum reflectivity (PMAX) at the station. The north/northwest (south/southeast)
edge corresponds to the left (right) side of Figures 13 b, c, d. It’s noteworthy that at -36 minutes,
the cloud is already formed with a reflectivity of around 40 dBZ. However, in the initial moment,
various nuclei are observed close to each other, yet not highly organized. In subsequent timeframes,
the system organizes itself, forming a larger convective area where points of reflectivity exceeding 50
dBZ (depicted in pink) are observed.

ZDR is a variable directly linked to particle axis sizes. The more spherical the particles (droplets,
hail), the closer ZDR is to zero. Conversely, in the case of oblate hydrometeors (the horizontal axis is
larger than the vertical, for example), ZDR shows positive values. In the initial moments of Figure
13 b, at -36 minutes and -24 minutes, there are more intense ZDR regions around 2 dB, between 2
and 4 km. These regions are observed at some points along the radar distance axis, but from the -12
minute mark, the more intense ZDR values concentrate at distances greater than approximately 125
km. Furthermore, these ZDR values extend vertically, with values around 3.5 dB up to 5 km altitude
and approximately 2.5 dB between 5 and 10 km altitude. These regions, referred to as "ZDR columns,"
are well-documented in the literature, as discussed by [47,48,51–53]. According to the authors, ZDR
columns are associated with the location and intensity of updrafts. Moreover, they may extend more
than 3 km above the 0°C isotherm, indicating supercooled liquid droplets being lifted by the updraft
from the cloud base to higher areas, creating this columnar appearance. Between the moments -24
min and -12 min, we see an increase in ZDR values in the lower parts of the cloud, indicating the time
when water droplets grow through microphysical processes of collision and coalescence and settle
near the base due to their increased weight. Shortly after, at the PMAX moment, associated with the
intensity of the updraft, these drops and droplets are lifted upwards and freeze. At the +12 min mark,
negative ZDR points are observed between 9 and 10 km altitude, indicating the freezing of the droplets.
Due to the 12-minute interval between radar scans, some features may be missed during this time.
Therefore, despite the indication of droplet freezing at this moment, it is suggested that freezing may
have occurred in previous minutes, and at this specific moment, the ice within the cloud may already
be melting, leading to the formation of more liquid water within the cloud. This suggestion is based
on the observation that at this moment (+12 min), high ZDR values are concentrated between 2 and 5
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km altitude. Finally, at the +24 min mark, these ZDR values have already decreased, indicating that
surface precipitation was already occurring between this time and the previous hour.

Some details mentioned in the ZDR analysis are complemented by the results in Figure 13 c, which
presents the values of the variable KDP. As discussed in 3.4, KDP is the specific differential phase. For
spherical hydrometeors, there is no phase difference (or it is small) between the horizontal and vertical
waves emitted by the radar, resulting in KDP being close to zero. However, in the case of larger droplets
with a more oblate shape, a phase difference is observed, leading to positive KDP values. Various
authors [54–58] also mention the presence of "KDP columns" in clouds with deep convection, but these
are typically spatially displaced to the west or northwest of the ZDR column. We also observed such
columns in this study from the -24 min moment. Between -24 min and -12 min, areas with positive
KDP values are still present at various points along the radar distance. However, from the PMAX
moment onward, the KDP column mainly concentrates between distances of 125 and 135 km, i.e.,
displaced northwest concerning the ZDR columns, as reported in the literature. Additionally, at the
PMAX moment, there is a notable presence of a negative KDP core between 8 and 10 km altitude.
This core aligns with the earlier suggestion in Figure 13 b, where a strengthening of the updraft is
observed at the PMAX moment, leading to an increase in the height of the ZDR column, indicating
the transport of droplets and particles from the lower parts of the clouds to higher altitudes. These
particles, reaching very cold temperatures, freeze through microphysical processes like aggregation
and accretion. However, as reported by [47], despite the proximity of the ZDR column to the KDP
column, the concentrations and types of hydrometeors present in the KDP columns differ significantly.
They are characterized by concentrations of small and medium-sized raindrops and melted ice particles
(1-4 mm). Furthermore, KDP columns are usually associated with the regions of cloud downdraft,
unlike ZDR columns. In other words, after the melting of the ice observed at the PMAX moment,
there is an intensification of the downdraft, characterized by an increase in KDP values at the +12 min
moment. Therefore, from the analyses of the ZDR and KDP variables, it is concluded that precipitation
began around the +12 min moment and extended for at least another 12 minutes, as positive KDP
values are still observed at the +24 min moment.

Finally, in Figure 13 d, we display the vertical cross-sections of the variable ρHV , which is linked
to the particle heterogeneity. From the figure, we note values ranging between 0.8 and 0.9 at distances
beyond approximately 130 km throughout the analyzed moments. As discussed by [47], lower values
of ρHV are normally observed in the updraft region, where there may be the presence of hydrometeors
with distinct shape and orientation characteristics.
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Figure 13. Vertical sections of the intense rain event in the municipality of Nova Alvorada do Sul - MS. a) Horizontal reflectivity in 3 km of the Jaraguari radar for the
moments 36 minutes before and 24 minutes after the PMAX, totaling 1 hour. The black line indicates the location where the vertical cut is made. b) Vertical sections of
the ZDR variable for each instant analyzed. c) Vertical sections of the KDP variable for each instant analyzed. d) Vertical sections of the variable ρHV for each instant
analyzed. The x-axis of the vertical sections is oriented in the increasing direction of latitude.
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3.5.2. Feira de Santana (Salvador Radar)

The second case selected occurred in the municipality of Feira de Santana, Bahia, on January 23,
2020, at 21 UTC. Using reflectivity data from the Salvador radar, Figure 14 a illustrates that the system
generating the event displays an extensive reflectivity area ranging between 35 and 50 dBZ throughout
the analyzed moments. Consequently, it is a larger and different system compared to the first case
study. This event accumulated 52.8 mm of rainfall in 1 hour, with the maximum reflectivity (on the 3
km CAPPI) observed over the station being 50.13 dBZ at 20:30 UTC (PMAX). The north/northwest
(south/southeast) edges of the vertical cross-sections correspond to the left (right) side of Figures 14 b,
c, d. In contrast to the first case study, from the initial analyzed moment (-30 min), the cloud appears
in a more organized system, thus presenting some different microphysical characteristics. In Figure
14 b, we notice that at moments -30 min, -20 min, and -10 min, along the radar distance axis, there
are various locations with positive ZDR values, indicating that precipitation might have already been
present, though perhaps not at its most intense. At the -10 min mark, values around 2.5 dB concentrate
between distances of 110 and 115 km at altitudes of 2 to 4 km. As ZDR values decrease in the subsequent
time (PMAX), it is indicated that a more significant precipitation rate may have occurred between
-10 min and PMAX. Comparing the moments in Figure14 a, it is noteworthy that there isn’t a clear
weakening of the system over the hours. Additionally, at the +10 min mark in Figure 14 b, some points
of positive ZDR are again observed in the lower parts of the clouds, indicating that precipitation may
have persisted throughout the moments and not necessarily occurred in just a few minutes.

Figure 14 c shows that since the first moments, there are strong signs that precipitation was
already present because the -20 min timeframe, in particular, exhibits the highest KDP values in the
lower parts of the cloud. An interesting detail emerges at the -10 min mark, where a core of negative
KDP values is observed between heights of 10 and 11 km, resembling the findings of the first case
study despite different event origins. In both events, the core of negative KDP values aligns with
the higher ZDR column, emphasizing that during the strengthening of the updraft, which transports
droplets from the base to higher cloud regions, some of these droplets freeze. Subsequently, when this
negative KDP core is absent, new intensifications are observed at lower cloud levels in both KDP and
ZDR. This suggests that the melting of this ice could serve as a robust indicator of increased surface
precipitation. In Figure 14 d, it is evident that in the early moments (-30 min and -20 min), low ρHV
values are distributed at various points along the vertical cut, not exceeding a height of approximately
4 km. However, at the -10 min mark, a core of ρHV values ranging between 0.8 and 0.9 is observed at
heights of 5 to 7 km. This core is linked to the transport of droplets to higher cloud regions, resulting
in the observation of different forms, orientations, and phases of hydrometeors at distinct heights,
consistent with the findings at the same moment in Figures 14 b and c.
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Figure 14. Similar to Figure 13, but for the case study of Feira de Santana - BA. The data comes from the Salvador radar.
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3.5.3. Alfredo Chaves (Santa Tereza Radar)

The third case study occurred in the municipality of Alfredo Chaves, in the state of Espírito Santo,
on January 18, 2020 (January 17 in the local time), at 01 UTC. However, this event has a particularity:
it consists of two selected cases. INMET stations recorded two intense rainfall events on January 18,
one at 00 UTC, accumulating 51.2 mm, and another at 01 UTC, registering 51.6 mm. Interestingly, the
PMAX times at the Alfredo Chaves station were at 23:50 (46.63 dBZ) in the first case and at 00 UTC
(46.25 dBZ) in the second. In other words, despite the total accumulation being 102.8 mm in 2 hours,
there is an indication that this precipitation may have occurred in a much shorter time frame, given
the close PMAX registration times for both cases. Due to the substantial rainfall in a short period, it
was chosen as the focus of the study. In Figure 15 a, it can be observed that, similarly to the second
case study presented in this work, the cloud generating the event was already part of an organized
system from the initial analyzed moment (-30 min). It already showed points with reflectivity greater
than or equal to 50 dBZ. However, despite being already formed, it still intensifies over the moments,
reaching its maximum over the station at the PMAX moment (using the 00 UTC PMAX in this case).

Figure 15 b reveals several points along the horizontal axis with ZDR values ranging between 0.5
and 1.5 dB from 2 to 6 km in height. However, when comparing this figure with the ZDR analyses from
the two previous case studies, one can observe a lack of clear ZDR columns. Instead, only a few isolated
points of ZDR between 1 and 2 dB are noted over the analyzed moments. At the -10 min moment, there
is a subtle clustering of positive ZDR values between distances of 70 and 75 km, potentially associated
with a minor strengthening of the updraft in that region. As we progress through the moments in
Figure 15 c, the KDP column gradually establishes itself. At the PMAX moment, high KDP values
are observed in the lower parts of the clouds, linked to the descending current resulting from the
precipitation within the cloud. In the subsequent moments, the column diminishes. An essential point
to note is the presence of missing data in the Santa Tereza radar data from approximately 8 km in
height. Consequently, despite not visualizing the formation of a negative KDP core (associated with ice
formation) before the intensification of the descending current, as seen in previous case studies, it is
suspected that data gaps may have played a determining role in the non-visualization. This suspicion
arises because, at +10 min and +20 min moments, cores of negative KDP are still observed in the clouds.
It is crucial to acknowledge that this is a hypothesis, as, unlike the other events, there is not a very
significant increase in the observed updraft.

Finally, Figure 15 d displays the vertical cut with minimal variations in ρHV , indicating that there
are not many hydrometeors with different shapes and orientations in the regions without data gaps.
Therefore, for this specific study, the polarimetric variables primarily revealed the intensification of
the descending current at the PMAX moment but did not provide many clues about why the intense
rainfall event occurred. Consequently, it is suggested to develop different analyses to investigate the
actual reasons for its occurrence, given that this event caused various disruptions for the population of
Alfredo Chaves, as reported by [59].
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Figure 15. Similar to Figure 13, but for the case study of Alfredo Chaves - ES. The data comes from the Santa Teresa radar.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2024                   doi:10.20944/preprints202404.0970.v1

https://doi.org/10.20944/preprints202404.0970.v1


25 of 32

3.5.4. Southeast Region

In this final case study, we present a different approach compared to the three events studied
earlier. This difference arises from the aim of showcasing various types of analyses applicable to
this type of event, especially when dealing with a topic that has received limited attention in local
literature, as is the case with the subject of this work. Among the five regions examined in this study,
the Southeast region exhibited the highest number of selected events covered by polarimetric radars.
Therefore, it is chosen as the focus area for this case study. Figure 16 illustrates the locations of the
radars used in this study, along with the automatic stations of INMET where the events were selected.

Figure 16. Location of the Santa Tereza (blue) and Três Marias (green) radars, and the INMET automatic
stations (red) used in the study.

It is important to highlight that all criteria for selecting stations and events remain consistent with
the overall methodology of this study. Furthermore, the same methodologies employed in the study
for calculating integrated water (VIL) and ice (VII) content within clouds and constructing CFADs are
also applied here. However, unlike Section 3.4, which exclusively examines the CFADs of reflectivity,
this section includes an analysis of the CFAD for the ZDR variable.

After applying all validation criteria, we selected seven intense rain events that accumulated
more than 40 mm in 1 hour. Figure 17 presents the time series of VIL and VII calculations for the seven
studied cases. Comparing the VIL and VII life cycles with radar reflectivity fields for each event (not
shown), we observed some differences and similarities. As seen in Figures 17 a, b, e, and f , there is
an increase in VIL and VII values just before the PMAX moment (dashed vertical line). Immediately
after this increase, there is a sharp decrease in values. This suggests that the rise may be associated
with convective development, where raindrops and ice particles grow in the cloud, resulting in high
reflectivity values. As precipitation begins, VIL and VII values start to decrease. Despite these four
events sharing a common characteristic (isolated developing cores), some nuances are notable. The
events in Figures 17 a and b started their life cycle as small, isolated cores, reached maturity, and
dissipated shortly after. However, the event in Figure 17 e showed an increase (mainly in ice content)
but maintained high VIL and VII values for almost an hour before decreasing. Among the seven events
studied, this was the one with the highest rainfall accumulation, exceeding 100 mm in 2 hours. As
discussed in the previous case study analysis, there is an indication that this event generated rainfall in
less than 2 hours, given the proximity of the PMAX times for both cases that compose this event. This
information aligns with the VIL and VII life cycle since after 00 UTC, the values for both variables begin
to reduce. In 17 f , there is an increase in VIL and VII minutes before the PMAX moment, followed
by a decline. However, in subsequent instants, the life cycle shows a second peak in water and ice
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content. This feature is observed because, during the stage when the cloud is most intense, it splits
into two cores, with the part responsible for the highest reflectivity reaching its peak and dissipating.
On the other hand, the other core intensifies again, resulting in the second observed peak in VIL and
VII values.

The events in Figures 17 c and d were cores belonging to larger-scale precipitating systems, so, in
general, they did not show significant variations in the VIL and VII life cycles. However, the main
difference between them is that the first (at a certain point) separated from the larger system and
showed a peak of intensification.

Finally, and similarly to the previous ones, there are a few variations throughout the instances
of the VIL and VII life cycle in the event in 17 g. This event was a small and localized core, which
exhibited practically constant reflectivity values over the analyzed instances. Its peak of VIL and VII
does not align with the PMAX moment, suggesting that the cloud responsible for the event generated
rain more steadily over the 1-hour recording period.

Figure 17. Life cycle of the water (VIL) and ice (VII) contents integrated in the cloud, in the highest
intensity pixel (VIL and VII) of each analyzed event. The dashed vertical line indicates the PMAX
instant.

In Figure 18 the CFAD of reflectivity for the seven selected cases is presented. Overall, there is no
clear change in the vertical structure of the events over time. However, some characteristics stand out:
the highest frequency values are observed between 45 - 50 dBZ, from the base up to approximately 4 km
in height. At the -10 min moment, there is an increase in frequency values, suggesting a strengthening
of the updraft and the presence of ice since PMAX is the instant of the highest reflectivity observed
in the rain gauges, and the presence of ice in the clouds facilitates higher reflectivities. At the PMAX
moment, the previously more structured column begins to decrease in height, possibly indicating
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the onset of precipitation. In the subsequent moments, there is no notable weakening of the clouds;
therefore, it is suggested that the rain, in general, did not occur in a single moment but rather more
continuously. [19] generated reflectivity CFADs for 16 hail events in the Southern region of Brazil. In
contrast to the results obtained in this case study, the author found the formation of a more intense
convective column, which quickly dissipated after hail started at the surface.

Figure 18. CFAD frequency diagram of the reflectivity variable using a 25 km2 sample centered on the
maximum VIL value for each instant analyzed. The CFAD was built from the 7 cases studied, and
therefore, with 175 vertical profiles. PMAX is the reference period in which the maximum reflectivity
value on the rain gauge was observed within the hour of recording the accumulated rainfall. The y-axis
refers to height in km and the x-axis to reflectivity intervals in dBZ.

The calculation of the ZDR variable CFAD is shown in Figure 19. At the -30 min and -20 min
moments, the highest frequency values are between the 0 and 1 dB intervals, indicating the presence of
spherical droplets in the lower parts of the clouds. Additionally, although low, there are frequency
values between the 2.5 - 3 dB range, indicating that the clouds were in a growth phase. At the -10 min
moment, the frequency values in the lower parts of the clouds decrease. In contrast, the convective
column increases in height. This increase in the frequency of positive ZDR values in higher parts
of the clouds is associated with the ZDR columns, also identified in previous case studies. Due to a
strengthening of the updraft, drops, and droplets are transported to higher regions, which eventually
freeze through processes like aggregation and accretion, resulting in a frequency peak in negative ZDR
intervals at an altitude of 8 km. At the PMAX moment, liquid drops fall within the cloud and grow
through collision and coalescence processes, displaying the highest frequency values in the lower areas
of the clouds. In the subsequent moments, frequency values decrease, but the column remains with a
clear division of positive ZDR values up to 6 km in height and negative values above this height. As
the main column’s weakening is not very evident, it is suggested, as highlighted in Figure 18, that the
rain occurred continuously after the cloud initiated the precipitation process.
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Figure 19. Similar to Figure 18, but for the ZDR variable.

4. Conclusions

Despite the different techniques in the literature for defining intense rainfall in Brazil, many studies
on the subject consider rainfall occurrence on a daily scale. However, numerous events associated with
flash floods and rapid flooding occur over a short period. In Brazil, studies are scarce regarding sub-
daily intense rainfall events, and existing studies focus on very specific regions. Therefore, the main
objective of this study was to examine the structure and microphysical aspects associated with clouds
generating intense rainfall over Brazil, resulting in high accumulations in a very short time (1h). Intense
rainfall events were selected from hourly data from automatic rain gauges of the National Institute of
Meteorology. After applying various validation criteria, 83 events were chosen and distributed across
the five brazilian regions. The selected intense rainfall events exhibit the main convective column
with reflectivity values ranging between 40 and 50 dBZ, generally extending to approximately 6 km
in height in all regions of Brazil. Events in the Northeast region were faster compared to those in
the North, as within the analyzed period, the North region already had formed clouds at the first
analysis instant, while in the Northeast region, clouds were still developing. In the South, Southeast,
and Midwest regions, reflectivity values did not show significant variations throughout the analyzed
hours. However, the divergence of events considered in these regions was the factor responsible for
the less expressive results, as each system can generate different cloud structures. This conclusion was
drawn from calculating the standard deviations of events for each region, concerning height. From
this calculation, we observed that the only regions where the deviations exceed the 75th percentile are
these three regions. Additionally, the highest deviations are observed from 5 km in height, confirming
the variability of the vertical structures of the events studied in these specific regions.

The VIL and VII life cycles show that events in the South region had the highest values among
the regions throughout the analyzed moments. This result aligns with the fact that intense events
that typically affect the region have a deep vertical development, reaching very low top temperatures,
conducive to ice formation in clouds, often characterized as severe events. Events in the North and
Northeast regions were faster than those in the Southern and Central-Western regions, as in the former,
both intensification and de-intensification of VIL and VII values are observed, while in the latter, only
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the intensification of values is well evidenced. Regarding the case studies, it was found that the onset
of intense precipitation in the events was preceded by a momentary intensification of the updraft,
responsible for transporting drops and droplets to higher parts of the clouds. It is suggested that some
of this content froze due to low temperatures, but in just 10 minutes, the melting of the particles was
already observed in the studies, and there was an intensification in the downdraft, verified by the
increase in values in the KDP columns and the high frequency of positive ZDR values in the lower
parts of the clouds in the fourth case study. However, in the third case study, it was not possible to
verify the ZDR columns associated with the strengthening of the updraft in the moments before the
intensification of the downdraft, nor the formation of ice in the higher parts of the cloud. However,
various data gaps were observed in the Santa Tereza radar data from approximately 8 km in height,
which also hindered the analysis of the event. Therefore, the development of other analyses in the
future is suggested to verify the conditions that favored the occurrence of this event, as it caused
significant damage to the municipality. Furthermore, the case study in the Southeast region showed
that the selected events exhibited an abrupt increase in VIL and VII near the PMAX instant and then
a drop when the events were isolated development cells. In contrast, when the events belonged to
larger systems, there were not many variations in VIL and VII. From all the conducted analyses, it is
concluded that short-term intense rainfall events are characterized by a rapid intensification of their
structure, regardless of the region in Brazil. Additionally, the type of system responsible for generating
the events significantly influences the results concerning the South, Southeast, and Midwest regions, as
it becomes challenging to find certain patterns when there are various cloud structures. Therefore, it is
suggested as a development for future work to conduct analyses of these events, making a separation
of the synoptic (or mesoscale) system type responsible for generating them. Specifically evaluating
events that occurred in different locations and generated by different systems, it is concluded that
the momentary intensification of the updraft and subsequent melting are determining factors for the
intensification of the downdraft and consequently the onset of intense precipitation. Because these
characteristics occur within a few minutes, the predictability of the systems is complex, making it
difficult to issue specific warnings promptly. Finally, it emphasizes the importance of continuing future
studies aimed at evaluating the atmospheric conditions that determine short-term intense rainfall
events.
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