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Abstract

:

Since 2020, southern Brazil’s Rio Grande do Sul (RS) State has been affected by extreme precipitation episodes caused by different atmospheric systems. However, the most extreme was registered between the end of April and the beginning of May 2024. This extreme precipitation caused floods in most parts of the state, affecting 2,398,255 people and leading to 183 deaths and 27 missing persons. Due to the severity of this episode, we need to understand its drivers. In this context, the main objective of this study is a multi-scale analysis of the extreme precipitation between 26 April and 5 May, i.e., an analysis of the large-scale patterns of the atmosphere, a description of the synoptic environment, and an analysis of the mesoscale viewpoint (cloud-top features and lightning). Data from different sources (reanalysis, satellite, radar, and pluviometers) were used in this study, and different methods were applied. The National Center for Monitoring and Early Warning of Natural Disasters (CEMADEN) registered accumulated rainfall above 400 mm between 26 April and 5 May using 27 pluviometers located in the central-northern part of RS. The monthly volumes reached 667 mm and 803 mm, respectively, for April and May 2024, against a climatological average of 151 mm and 137 mm for these months. The maximum precipitation recorded was 300 mm in a single day on 30 April 2024. From a large-scale point of view, an anomalous heat source in the western Indian Ocean triggered a Rossby wave that contributed to a barotropic anticyclonic anomalous circulation over mid-southeastern Brazil. While the precipitant systems were inhibited over this region (the synoptic view), the anomalous stronger subtropical jet southward of the anticyclonic circulation caused uplift over RS State and, consequently, conditions leading to mesoscale convective system (MCS) development. In addition, the low-level jet east of the Andes transported warm and moist air to southern Brazil, which also interacted with two cold fronts that reached RS during the 10-day period, helping to establish the precipitation. Severe deep MCSs (with a cloud-top temperature lower than −80 °C) were responsible for a high lightning rate (above 10 flashes km−2 in 10 days) and accumulated precipitation (above 600 mm in 10 days), as observed by satellite measurements. This high volume of rainfall caused an increase in soil moisture, which exceeded a volume fraction of 0.55, making water infiltration into the soil difficult and, consequently, favoring flood occurrence.
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1. Introduction


Studies focusing on Brazil have shown that extreme daily precipitation events are becoming more frequent, particularly in the country’s southern region [1,2]. Many of the reported episodes in the Brazilian literature are associated with high volumes of rainfall in less than 24 h. Due to this fact, the studies focus on describing the atmospheric systems that cause extreme precipitation without investigating the large-scale background associated with them.



Some episodes of daily extreme rainfall resulted from mesoscale convective systems (MCSs) embedded in a cold front environment, such as the event in northern Rio Grande do Sul (RS) and Santa Catarina in June 2020 [3]. Convective rainfall and the influence of the South Atlantic Convergence Zone (SACZ) were responsible for heavy precipitation and, consequently, floods and landslides that devastated Petrópolis (Rio de Janeiro State) in 2022 [4,5,6]. The interaction of a cold front with topography has also caused significant precipitation on the north coast of São Paulo State, with the highest volume (683 mm in less than 15 h) ever recorded in Brazil [7]. Extratropical cyclogenesis over southern Brazil caused great damage in central-northern RS in 2023 [8,9]. Furthermore, subtropical MCSs, developing in response to upper- and low-level jets and two cold fronts, led to the highest volume of precipitation and floods in the climatological history of RS during ten days (from 26 April to 5 May) in 2024 (which is the focus of this study). Unlike the others mentioned, this anomalous episode shocked the world due to its drivers, persistence, and socio-environmental impacts [10].



Indeed, until 2024, the most severe precipitation event recorded in RS State was in May 1941, which raised the Guaíba River to a record height of 4.76 m on 8 May [11,12]. This record was surpassed by the accumulated rainfall from 26 April to 5 May 2024, which raised the Guaíba River to 5.35 m [12]. This heavy rainfall caused flooding in the regions that received precipitation and in remote areas along the Patos Lagoon. After 5 May, the rains continued in the central-northern and southern parts of RS, but the Guaíba River level did not exceed 5.35 m. From the end of April to 9 August 2024, the Civil Defense of RS reported that 478 municipalities were affected by both rain and flooding, representing 96% of the total municipalities, resulting in 183 deaths and 28 missing people, and a total of 2,398,255 people affected by the extreme event [13].



The increase in intensity and frequency of extreme precipitation events is a feature in Brazil and worldwide, as documented by annual reports such as the State of the Climate, a yearly publication of the American Meteorological Society. For instance, in 2023, the western and eastern parts of Africa were affected by extreme daily rainfall associated with different drivers [14,15]. Extreme events do not follow the same pattern in every region or part of the world. Each episode deserves special attention due to the multi-scale coupling that leads to different precipitation systems. Additionally, the resulting rainfall affects the area, with impacts exacerbated by the physical characteristics of the region, which was the case in the event in RS. Hence, these factors are the motivation for this study. Given this, the present study aims to carry out a multi-scale analysis of the extreme precipitation that occurred from 26 April to 5 May 2024 in RS State in Brazil. We describe the large-scale patterns that interacted with the South American synoptic environment and led to the MCS development. In addition, a more detailed analysis of the spatial pattern of cloud-top characteristics, precipitation, lightning, and soil moisture estimated from satellites and the vertical structure of precipitating clouds is presented. This study is organized as follows: Section 2 describes the study area, data, and methodologies applied, and Section 3 presents the results and discussions. It begins with the characterization of the precipitation and floods in RS, followed by an analysis of the dominant large-scale circulation and synoptic systems during the study period, and ends with a mesoscale overview of the case study. Finally, the main conclusions are presented in Section 4.




2. Materials and Methods


2.1. Study Area


The study area is RS, the most austral state in Brazil, which is located between the latitudes 27°05′ S and 33°45′ S and the longitudes 49°42′ W and 57°40′ W (Figure 1a). RS has diversified geography with five primary physiographic regions (Figure 1a): (a) the Uruguaio and Sul-Rio-Grandense highlands, which consist of elevated plateaus and hills ranging from 200 to 400 m; (b) the Periferic depression located inland from the coastal plain between the Uruguaio and Sul-Rio-Grandense and the Basaltic highlands, with altitude varying between 100 and 200 m, which is primarily an agricultural zone due to its fertile soils; (c) the Basaltic (Meridional) highlands located in the central-northern part of the state, with the highest altitude (regions of ~1400 m); (d) the Cuesta de Haedo located in the western portion of the state, with altitudes ranging from 300 to 800 m; and (e) the coastal plain extending along the Atlantic Ocean, consisting mainly of sandy beaches, dunes, lagoons, and wetlands, which is relatively flat and close to sea level [16].



The region’s climate is subtropical, following the Köppen classification [17], with cold winters and warm summers. Its precipitation has a homogeneous distribution during the year [18], with a total precipitation of 1250 to 1650 mm in the southern part and 1450 to 1850 mm in the central-northern part of RS [19].



The rainfall from 26 April to 5 May 2024 caused this state’s worst flood in covered areas and water volume [11,12]. Figure 2 illustrates several problems caused by the rainfall and consequent floods. Figure 2 also shows images of tornadoes in the cities of São Martinho da Serra and Gentil (Figure 2e,f, respectively), whose locations are indicated in Figure 1a. One dramatic situation was the case of a horse (Figure 2d) named “Caramelo”, which stayed for more than 24 h on a house’s roof until it was rescued by firefighters [20].




2.2. Data


Data from different sources were used in this study, including disaster databases, records of severe weather, rain gauges, flooding mapping, grid-point datasets, climate indices, and satellite and radar estimates. The details of these datasets are provided as follows:



Disaster databases: Records of natural disasters from 26 April to 5 May 2024 provided by the National Center for Monitoring and Early Warning of Natural Disasters (CEMADEN) were used (Figure 1). The CEMADEN compiles information from the Civil Defense, National Center for Risk and Disaster Management (Cenad), reports from social media, and registers from its own analysis. This database provides the date, location, and typology of disasters, such as flooding, flood, landslide, flash flood, and rockfall. Records of severe weather from the Severe Weather Recording Platform (PRETS) [21] were used [22]. PRETS is part of a broader project called PREVOTS, which documents severe storm reports of hail, wind gusts, and tornadoes in Brazil. The reports are collected from several sources, including social media, news media, governmental institutions, and volunteer storm spotters. All reports are manually checked to ensure quality. This database provides the date, time, location, and type (hail, wind gusts, and tornadoes) of severe storms. For this study, only tornado records that were registered by photography were used.



Rain Gauges: Data from January to May 2024 collected from 27 pluviometers (Figure 1, Table 1) provided by the CEMADEN [23], located in or close to the disaster region and recording the highest rainfall volumes between 26 April and 5 May 2024, were used. The frequency of these data is 10 min. As the time series from the CEMADEN is not very long, we used data from the National Institute of Meteorology (INMET) [19] for climatological comparison. The INMET has only 13 meteorological stations in RS covering the climatological period (1991–2020). We selected the INMET stations closest to the CEMADEN station since only one station located in Santa Maria (29.727° S, 53.807° W) was chosen.
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Figure 2. (a–f) Problems caused by the precipitation and floods in Rio Grande do Sul State from 26 April to 5 May 2024. Sources: (a) Correio Braziliense [24], (b) Agência Brasil [25], (c) Jovem Pan [26], (d) O Globo [27], (e) UOL [28], and (f) UOL [29]. 
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Flooding: The flood extent data were derived by Advanced Rapid Imaging and Analysis (ARIA) and Observational Products for End-Users from the Remote Sensing Analysis (OPERA) teams at NASA’s Jet Propulsion Laboratory and the California Institute of Technology. The methodology used the Dynamic Surface Water Extent (DSWx) products from OPERA, based on Harmonized Landsat Sentinel-2 (HLS) data. Specifically, two DSWx-HLS images were used on 21 April 2024 and 6 May 2024. These images were reclassified into two new classes: (1) water and (2) not water. The difference between the two reclassified images was then calculated to identify areas of new water detection, interpreted as flood extent. The water class included DSWx-HLS categories for open water, partial surface water, and HLS snow/ice, while the not water class included categories for non-water areas and HLS cloud/cloud shadow. From the Brazilian Institute of Geography and Statistics (IBGE), we obtained the Geospatial Database of street lines in Brazil that represents urban roads, urban expansions, and rural settlements across the country, including attributes such as street names, Census Sectors, and the National Address Database for Statistical Purposes (CNEFE) for the year of 2022. It also provides estimates of the number of residences per location. Updated with each Demographic Census and continuously between censuses through high-resolution imagery and field campaigns, the database began with data from the 2007 Censuses, enhanced by vector data from municipal agreements and private companies. Essential for detailed geographic and statistical analyses, Street Faces supports political decision-making and public policy implementation, aiding the IBGE in planning, collecting, and disseminating census results and other surveys.



Grid-Point Datasets: ERA5 reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) [30] was used. Monthly averages from 1980 to 2023 for April and May were downloaded to compute climatologies, while hourly data (0000, 0600, 1200, and 1800 UTC) were obtained for the studied period (26 April–05 May 2024). Both periods were downloaded with a horizontal resolution of 0.25° × 0.25°. In addition, sea surface temperature (SST) anomalies from 1980 to 2023 were provided by the National Oceanic and Atmospheric Administration (NOAA OI SST V2 High-Resolution Dataset) [31]. This dataset has a daily frequency and horizontal resolution of 0.25° × 0.25°. Outgoing Longwave Radiation (OLR) was also obtained from the NOAA (CPC Daily Blended OLR) [32]. This dataset has a daily frequency and horizontal resolution of 2.5° × 2.5°.



Climate Indices: Monthly climate indices (Indian Ocean Dipole—IOD, Pacific Decadal Oscillation—PDO, El Niño-Southern Oscillation—ENSO, Niño 1 + 2, Niño 3, Niño 3.4, Niño 4, Atlantic Multidecadal Oscillation—AMO, Tropical North Atlantic Oscillation—TNA, and Tropical South Atlantic Oscillation—TSA) were obtained from the Teleconnection Online Tool [33,34].



Satellite Estimates: Brightness temperature, precipitation, lightning, and soil moisture data from satellite estimates were used. Brightness temperature was provided by the infrared channel (CH13, 10.35 μm) of the Advanced Baseline Imager (ABI) sensor on board the Geostationary Operational Environmental Satellite (GOES-16) satellite, which monitors the cloud-top characteristics [35]. The ABI sensor operates with a frequency of 10 min and has 16 channels [36]. This study used the CH13 infrared channel with 2 km of spatial resolution. Total lightning flash (intracloud and cloud-to-ground) from the Geostationary Lightning Mapper (GLM) on board the GOES-16 satellite was used. The GLM sensor captures radiance at the cloud-top at 777.4 nm to identify lightning during day and night [37], with efficiency exceeding 70%. The original data have 8 km and 20 s of spatial and temporal resolution, respectively, and are provided by the NOAA through Amazon AWS [38]. The data are accumulated in 5 min temporal intervals and provided by the Center for Weather Forecasting and Climate Studies and the National Institute for Space Research (CPTEC/INPE) [39]. Data from MERGE and Climate Hazards Center InfraRed Precipitation with Station data (CHIRPS) products were used for the precipitation spatial distribution analysis. MERGE is based on the precipitation provided by Global Precipitation Measuring (GPM) Integrated Multi-satellite Retrievals for GPM (IMERG) and combined with precipitation pluviometer measurements [40]. Data in hourly, daily, and monthly scales have been provided since 2000 by the CPTEC/INPE [41] with 10 km spatial resolution. CHIRPS is a quasi-global precipitation dataset combining precipitation data from satellite images and in situ station data [42]. The data have been available since 1981, with 0.05° and daily spatial and temporal resolution, respectively. The data were processed through Google Earth Engine [43]. Soil moisture from Soil Moisture Active Passive (SMAP) [44] was used. SMAP operates in polar orbiting with conical scanning and employs a microwave radiometer at 1.41 GHz and a Synthetic Aperture Radar (SAR) at 1.26 GHz. The data have 11 km and 3-hourly spatial and temporal resolution and were processed through Google Earth Engine [45]. Three SMAP products were used: top layer soil moisture (0–5 cm), root zone soil moisture (0–100 cm), and total profile soil moisture (0 to model bedrock depth).



Radar Estimates: The Constant Altitude Plan Position Indicator (CAPPI) of reflectivity from the Santiago weather radar was used. This radar is localized in RS State, installed at an altitude of 430 m, and operates in S-Band (2.7–2.9 GHZ, 10.89 cm), with 15 elevations (angles ranging from 0.4 to 18°) and a beam width of 2°. The radar is operated by the First Integrated Center of Air Defense and Air Traffic Control (CINDACTA I), belonging to the Department of Air Space Control (DECEA). It has a temporal resolution of 10 min. The CAPPI ranging from 2 to 15 km in height, with 1 km of vertical and horizontal resolution, was produced. Although other weather radars are available in RS, the Santiago Radar was the only one that captured the storms.




2.3. Analyses


The analyses described below were performed with the data in their original grid resolution, as presented in the previous section.



The extreme event: The extreme event of precipitation was initially characterized by an analysis of rainfall measured at the 27 rain gauge stations from the CEMADEN. In these stations, precipitation is accumulated in 10 min time intervals. For this work, we converted it on daily scale (from 0000 to 2359 UTC). The daily totals for the monthly scale were accumulated for January, February, March, April, and May 2024. The monthly precipitation of each CEMADEN station was compared with the climatology from the INMET. In addition, the time series of soil moisture from SMAP between April and May 2024 was obtained using the grid point closest to the location with the highest precipitation volume (Segredo City at 29.3399° S, 52.9820° W) determined within a 20 km buffer.



Flooding: The flooding area was defined using OPERA DSWx-HLS to identify surface water using the B01_WTR layer. The two images from 21 April 2024 and 6 May 2024 were examined for this analysis. Each image consisted of multiple Military Grid Reference System (MGRS) tiles, merged to create a composite image saved as a GeoTIFF file. The merging of these tiles ensured comprehensive spatial coverage of the area of interest. The reclassification and subsequent differencing of the images were crucial for accurately capturing the flood extent despite some challenges, such as misclassifying sediment-rich water as snow/ice in the HLS data. This methodology allowed for a precise delineation of flooded areas, aiding in assessing and responding to the flooding event.



Large-scale analysis: The primary purpose of this analysis is to describe the large-scale anomalies that can explain the circulation anomalies over Brazil during the study period. In other words, we investigated how large-scale circulation contributed to developing the synoptic systems that led to extreme precipitation. To achieve this, we present the anomalies for April 2024 for some variables (SST and OLR) and analyze others (stream function, velocity potential, and irrotational wind) by periods: the average of 1–30 April, 1–15 April, 16–30 April, and 26 April–5 May 2024. Anomalies were computed by taking the difference between 26 April and 5 May 2024 and the climatology from April to May (1980–2023). Notably, the stream function is a variable based on the rotational component of the wind, allowing for the analysis of cyclonic and anticyclonic action centers in the troposphere. This variable’s negative (positive) values in the Southern Hemisphere are related to anomalous high (low) pressure centers. Velocity potential and irrotational wind help identify areas of large-scale ascending and descending movements. Velocity potential indicates large sources of wind divergence in the tropics, which are fundamental for generating Rossby waves. Negative (positive) values of velocity potential refer to anomalous uplift (subsidence) areas. Additionally, OLR indicates regions of tropical convection are favorable as a source of Rossby waves.



Synoptic scale analysis: The main purpose of this analysis is to describe the synoptic pattern favorable to cloud development and extreme precipitation over southern Brazil. To achieve this objective, we present wind anomalies at 200 and 850 hPa computed by subtracting the April–May climatology of 1980–2023 from the average of 26 April–5 May 2024. Mass divergence (D) was calculated in spherical coordinates, according to Equation (1):


  D =    ∂ u   a   c o s   φ   ∂ λ    +    ∂ v   a   ∂ φ     



(1)




where   u   and   v   are, respectively, the zonal and meridional horizontal wind components,   a   is the Earth’s radius,   φ   is the latitude, and   λ   is the longitude. The vertically integrated moisture flux divergence (  V I M F  ) was calculated with Equation (2), following Peixoto and Oort [46]:


  V I M F ( λ , ϕ ) =   ∫  0     p   0      q    d p   g       



(2)




where   q   represents specific humidity,   p   is the pressure,   g   is the gravity acceleration, and     p   0     the superior limit of integration. In this study,   V I M F   was calculated considering the levels between 1000 and 200 hPa. Additionally, we computed the divergence of VIMF by using its components (    Q   λ     and     Q   ϕ    ) in the expression of mass divergence (D).


    Q   λ   =   ∫  0     p   0      q u    d p   g         



(3)






    Q   ϕ   =   ∫  0     p   0      q v    d p   g       



(4)







Mesoscale and cloud features analyses: The main goal of this analysis is to describe the cloud and precipitation features from satellite and radar images. Daily precipitation from MERGE and CHIRPS between 26 April and 5 May 2024 was used to represent the spatial distribution of precipitation in RS State. Cloud-top temperature (in this study obtained from the CH13 GOES-16 satellite) is related to cloud depth and is a proxy for strong convection [6,47,48]. Typically, deep clouds have higher graupel, ice crystals, supercooled water volume, and stronger updrafts, which are conditions favorable to lightning formation [49,50]. For that reason, lightning spatial distribution was analyzed. The total lightning from GOES-16 with a 5 min temporal scale was accumulated between 26 April and 5 May 2024. In addition, the spatial distribution of maximum soil moisture at the surface (top layer soil moisture between 0 and 5 cm in volume fraction units) between 26 April and 5 May 2024 was determined. The CAPPI sequential images of reflectivity from the Santiago radar were constructed to describe the precipitation structure of storms. In order to evaluate the vertical structure of some storms, vertical cross-sections of reflectivity were generated for the times closest to when the tornado registered at São Marinho da Serra City.





3. Results and Discussion


3.1. Precipitation and Flood


The monthly climatological distribution of precipitation in RS between January and May (INMET climatology, 1991–2020) is quite homogeneous, with totals not exceeding 200 mm/month (Figure 3a, blue bars). However, in 2024, from January to May, records from 27 rain gauges distributed across the state’s central-northern region (Figure 1b and Table 1) indicated an increase of more than four times the climatology for April and May (Figure 3a). For example, the maximum monthly precipitation registered by rain gauges was 667 and 803 mm in April and May, respectively, while the climatology was 151 mm and 137 mm/month, respectively. These results are consistent with the meteorological stations from the INMET, which registered 617.1 mm for Santa Maria City during May 2024, while the climatological mean was 136.6 mm [19,51].



Between 26 April and 5 May 2024 (Figure 1b and Table 1), the accumulated precipitation ranged from 415 to 812.6 mm. On a daily scale, April 30th was the day with the highest accumulation between April 1st and May 31st, with values exceeding 300 mm in 24 h (Figure 3b). Both daily and monthly accumulated precipitation in 2024 is unusually high compared with recent disasters registered in Brazil. For example, Baixada Santista on 2nd–3rd March 2020 (700–880 mm month−1 and 175–300 mm day−1) [48], Petrópolis in February 2022 (620 mm month−1 and 250 mm day−1) [6], and the Metropolitan Region of Belo Horizonte in January 2020 (240 mm day−1). Consequently, soil moisture presented a systematic increase from the beginning of April, reaching maximum values of approximately 0.55 (volume fraction, Figure 3c) close to 6 May 2024.



We used the disaster database from the CEMADEN to quantify the problems in the central-northern area of RS (Figure 1a). Note that the CEMADEN monitors only a limited number of municipalities in each Brazilian state, so the numbers presented here refer only to the monitored areas. A total of 70 disasters occurred between 26 April and 5 May 2024, with the majority being flood (56%), followed by landslide (26%) and flooding (11%) (Figure 1a). These disasters occurred in the area with the highest precipitation volume registered by the CEMADEN’s stations (Figure 1b). Most disasters occurred along the edges of regions with steep topography, particularly landslides, flooding, and rockfalls. In addition, several floods (white circles) occurred near rivers, as observed on the west side of the map and close to the Patos Lagoon (Figure 1a).



Here, we provide a more detailed analysis of the flood events in RS using satellite-derived flood extent data and residential information from the IBGE. The flood extent map highlights the areas affected by flooding (Figure 4). The Metropolitan Region of Porto Alegre (RMPOA) experienced the highest impact. Figure 5 provides a zoomed-in view of the metropolitan region, emphasizing the severity of the flooding in this densely populated area.



By overlaying the satellite-derived flood extent map with the residential data provided by the IBGE, we could calculate the number of houses affected by the flood in each mesoregion of RS. This method provided a comprehensive overview of the flood’s impact on residential areas, enabling a targeted response to the affected regions. In the RMPOA, the most urbanized and densely populated state, 335,552 residences were affected by flood (Figure 5). This massive number of affected residences highlights the critical importance of urban flood management and the necessity for robust infrastructure to mitigate future flood risks.



Other mesoregions also experienced varying degrees of impact. The Southeast Region had 49,865 affected residences, followed closely by the Central-East Region with 48,293 impacted homes. The Central Region had 1376 affected residences, the Northeast Region had 1519, the Northwest Region had 5185, and the Southwest Region had 3813. These numbers illustrate the widespread flooding across the state and each region’s diverse challenges. The comprehensive evaluation provided by this analysis is crucial for guiding disaster response and recovery efforts, ensuring that resources are allocated efficiently to the areas most in need.




3.2. Large-Scale Circulation


Figure 6 presents the SST anomalies for April, along with the indices of the major oceanic oscillations: IOD, PDO, ENSO, AMO, TNA, and TSA. Unprecedented high temperatures in the Atlantic Ocean basin’s northern and southern tropical sectors were recorded in April 2024 [34]. In the North Atlantic, positive TNA is associated with the extremely positive phase of AMO. Regarding the Pacific Ocean, the warm phase (El Niño) of the ENSO phenomenon was in the process of weakening during April (with Niño 3.4 region/ONI = 0.98 °C; the time evolution of this index can be seen in [52]). Although anomalously cold waters prevailed in the Niño 1 + 2 region (Figure 6), the index was still positive (0.32 °C), as in the other ENSO areas. In the Indian Ocean, April was characterized by neutral conditions (IOD = 0.31 °C) since the dipole index was lower than one standard deviation, as Reboita et al. [53] suggested. However, anomalous warming occurred throughout the Indian Ocean basin, especially in the tropical sector along the coast of Somalia. Hence, it is proposed that the coupling of El Niño and the warming of the Indian Ocean basin may have contributed to the extreme precipitation in southern Brazil, as previously highlighted by Taschetto and Ambrizzi [54] and discussed in this section.



The SST anomalies in Figure 6 are heat sources contributing to the atmosphere’s convective processes. A proxy variable for identifying areas of intense convection is OLR. Low values of OLR (and negative anomalies) indicate a lower amount of infrared radiation leaving the atmosphere, which occurs in cloud-covered regions. In the global analysis (Figure 7), the western Indian Ocean stands out as the area of highest convective activity in the tropics (lowest OLR value). However, negative OLR anomalies also appear in the Tropical Atlantic and north of Australia. In the subtropics, the region with negative OLR anomalies in southern Brazil is particularly notable (Figure 7).



Due to the intense signal of negative OLR anomalies in the Indian Ocean, Figure 8a provides a zoomed-in view of this ocean basin. The negative OLR anomalies extend from the eastern coast of Africa to central portions of the Indian Ocean. They also spread to the north, covering southern Arabia and reaching as far as India. In a joint analysis with the SST (Figure 8b), there is a vast region of intense warming in the Indian Ocean, especially along the coast of Somalia, where positive SST anomalies exceed 2 °C (SST > 30 °C). Most of the oceanic area north of Madagascar recorded values above 1.5 °C in April 2024. This condition in the Indian Ocean contributed to the historic floods recorded in East African countries, leading to the deaths of 473 people and affecting about 1.6 million individuals [55]. Somalia, Tanzania, Ethiopia, Kenya, Uganda, and Burundi were the most impacted countries.



Since warm ocean waters are not always associated with anomalous convection in the tropics, the joint analysis of OLR anomalies and tropical disturbances using a Hovmöller diagram (Figure 9) can indicate potential storm-triggering mechanisms. Around 60° E longitude, negative OLR anomalies predominated throughout April 2024 (Figure 9), with simultaneous occurrences of low-frequency variability (purple contour) and Kelvin waves (blue contour). At the end of April, an even more constructive interaction of tropical variability modes occurred, with the Madden–Julian Oscillation (MJO) overlapping the other signals (Figure 9). Thus, the interaction between tropical variability modes and the warm waters in the western Indian Ocean was the main driver of deep convection in this part of the tropics.



Since the Indian Ocean was an important source of anomalous heat for the tropical atmosphere, which responded with a large and intense area of convection, this condition may have contributed to the dispersion of large-scale waves (acting as teleconnection patterns) that could explain the extreme precipitation in southern Brazil. The atmospheric circulation was analyzed through velocity potential anomalies and stream function at 250 hPa in different periods (Figure 10) to investigate this feature.



In April 2024 (Figure 10a), the velocity potential anomaly shows ascending movements in the western Indian Ocean in response to intense convection (Figure 8 and Figure 9). An individual analysis of April’s first and second halves (Figure 10c,f) highlights that the anomalous convection north of Madagascar was more intense in the first half (Figure 10c). A teleconnection pattern gradually formed between the Madagascar region and the South Pacific Ocean through interspersed action centers (Figure 10d).



During the second half of April, the storms remained concentrated in the western Indian Ocean (Figure 10e). During this period, the complete propagation of Rossby waves was established between the South Pacific and South America (Figure 10f). There was a strong amplification of the waves, characterized by a large amplitude ridge at 120° W, a downstream trough in Patagonia, and a ridge over south-central Brazil. The ridge over Brazil and the South Atlantic Subtropical Anticyclone (SASA) intensified this (more details on regional impacts are presented in the next section). The amplification of planetary waves from the South Pacific toward the South American continent is mainly attributed to the conservation of absolute vorticity due to latitude variations along the wave trajectory and constructive interaction, i.e., the superposition of waves. Between late April and early May (the period of the greatest impact of rains and floods in RS), the large-scale pattern maintained almost the same signal observed in the second half of April but with greater intensity. Finally, we can infer that the substantial wind divergence in the Western Pacific throughout April (Figure 10a) played a fundamental role in the teleconnection process observed this month, as evidenced by the wave train in Figure 10b.



Figure 11 illustrates the dynamic of the Rossby wave dispersion in April 2024 over the Southern Hemisphere. The combination of the variables of the velocity potential anomaly, irrotational wind anomaly, and stream function anomaly indicates that the strong upper-level wind divergence associated with ascending movements in the western Indian Ocean was the necessary condition for the emergence of two Rossby waves adjacent to the maximum source of anomalous heat in the tropics. This observed pattern is consistent with the conceptual model proposed by Rossby and described by Karoly [57] and Trenberth et al. [58].




3.3. Synoptic Scale


The global-scale patterns discussed in Section 3.2 are associated with the synoptic scale configuration in South America to explain the extreme precipitation event between 26 April and 5 May in southern Brazil. Figure 10d shows that the wave train originating from the Indian Ocean exhibits strong amplification between the Pacific Ocean and South America. This large-scale anomalous pattern explains the presence of the anomalous cyclonic circulation center at 250 hPa over Patagonia and the anticyclonic center over parts of central, southeastern, and southern Brazil (Figure 12a). These two circulation systems, located at the end of the Rossby wave trajectory in the Southern Hemisphere, contribute to intensifying the subtropical jet, which shows a strength of about 30 m s−1 above average over the La Plata river discharge (Figure 12a). This anomalous signal in the upper-level wind field reveals that from 26 April and 5 May, positively oriented troughs (the northwest–southeast axis) occurred in the south of the continent, and a more intense jet stream flow downstream accompanied the southern sector of the strong ridge positioned over parts of Brazil.



The barotropic nature of Rossby waves [59,60,61] becomes evident when the anomalous circulation fields at 250 and 850 hPa are compared (Figure 12), as the locations of these centers are similar at both levels. The anticyclonic action center at 250 hPa, when coupled with the SASA [62], intensifies it throughout all tropospheric layers. This change in high- and low-level atmospheric circulation during the event impacted the central-southeastern and southern regions of the country differently. While the high-pressure system over much of Brazil inhibited ascending movements in the atmosphere and cloud development, its contribution to accelerating the subtropical jet over RS led to regions of mass divergence in this location (Figure 12a) and, consequently, to the development of deep cloud clusters in the atmosphere (Figure 13). Divergence in the upper levels of the atmosphere is a dynamic mechanism of airlifting, and removing air from the atmospheric column contributes to the reduction of near-surface pressure. In the case of RS, the air rising in the atmosphere was warm and humid, thus providing suitable conditions for cloud formation.



With the intensified subtropical gyre of the SASA at 850 hPa, the low-level jet east of the Andes (LLJ) gains strength from northern Bolivia to southern Brazil. This pattern results in strong wind convergence at the exit of the LLJ at 850 hPa and divergence at 250 hPa at the latitudes of RS (Figure 12b), which is another indication of the coupling between low and high levels of the atmosphere. The combination of the ascending movements due to mass divergence provided by the subtropical jet over RS and the transport of warm and humid air by the LLJ (Figure 12) was the necessary “ingredients” for the development of MCSs (Figure 13) in the subtropics of South America, which follow the conceptual model presented in Silva Dias [63] and Martinez and Solman [64]. Therefore, most of the rainfall during the extreme event in the country’s south was associated with these systems. On the other hand, the anomalous cyclonic gyre in the south of the continent at 850 hPa was crucial for generating cold air pulses that brought frontal systems to meet the LLJ in southern Brazil. The low-pressure area associated with the passage of a cold front on 27 April was also crucial for channeling the LLJ toward southern Brazil and establishing the first heavy rains in RS. This cold front reached the extreme south of Brazil at 1200 UTC on 27 April, moved northeast, reaching the central-northern part of RS at 0000 UTC on 28 April, and migrated to the Atlantic Ocean in the following hours. In total, two cold fronts passed through RS during the study period. The second system approached the extreme south of the country at 1200 UTC on 1 May and, after 24 h, was located in the northern part of the state (figures not shown).



Oceanic variables and the integrated tropospheric moisture flux divergence were analyzed to investigate the origin of the moisture responsible for the heavy rains that hit the southern region (Figure 14). From an oceanic perspective, Figure 14a shows the SST anomaly and the average of this variable during the extreme event (26 April and 5 May). The Tropical Atlantic presented record warming during the first half of 2024, which persisted from April to May. Temperatures close to 30 °C (Figure 14b), associated with widespread positive anomalies, were observed along the entire northern coast of Brazil. This condition of the Atlantic Ocean resulted in greater evaporation, increasing the amount of water vapor available in the lower troposphere.



The analysis of moisture flux divergence reveals that the anomalous circulation of the SASA transported moisture from the Atlantic to the northern region of Brazil. Subsequently, this moisture was directed to the country’s south through the LLJ. It is important to highlight that the Amazon Basin plays a crucial role in recycling this moisture from the Atlantic due to the intense evapotranspiration process in the region. Finally, negative values of moisture divergence over the RS indicate regions of strong moisture convergence in the LLJ exit area (Figure 14c).




3.4. Mesoscale


Figure 15 presents the spatial distribution of precipitation, soil moisture, and total lightning registered between 26 April and 5 May 2024. During this period, precipitation (above 50 mm) covered the whole state of RS (Figure 15a,b). However, higher precipitation volumes (>400 mm) were concentrated in the central-northern part of the state, which also registered the higher precipitation volume by the rain gauges (Figure 1). Although MERGE presented higher precipitation than CHIRPS (>600 mm versus ~550 mm), both products presented similar spatial patterns for precipitation. Indeed, as demonstrated by several studies [65,66,67], MERGE typically shows higher correlations and lower errors than the CHIRPS product when compared with rain gauges.



The large area covered by precipitation is a consequence of the development of several MCSs. This result is consistent with those shown in Figure 13, which reveal the presence of MCSs covering most of RS with lower brightness temperatures (<−85 °C). This finding aligns with previous studies by Durkee and Mote [68] and Durkee et al. [69], highlighting the essential contribution of MCSs to precipitation across subtropical South America. Additionally, MCSs maintain favorable conditions for tornadoes. In fact, some tornadoes were reported by PREVOTS during the studied extreme event. One tornado was registered at São Martinho da Serra City (western part of RS State) on 27 April at 2000 UTC and another at Gentil City (northern part of RS State) on 11 May 2024 at 1650 using camera images from a video that recorded the event (Figure 1 and Figure 2e,f). Previous works on Brazil have documented tornadoes related to supercell and MCS characteristics [70,71,72].



Regarding soil moisture at the surface (Figure 15c), the fraction volume is above 0.3 for the entire state of RS. Additionally, for the central-northern part of the state, values above 0.55 were observed. These results are consistent with the precipitation maps (Figure 15a,b), indicating very moist soil, yielding favorable conditions for the occurrence of landslides. Figure 3c shows that the soil moisture had been increasing since the beginning of April. These results are consistent with de Freitas et al. [48], which showed the importance of the persistence of higher soil moisture for disaster occurrence.



During the analyzed period (from 26 April to 5 May), the total lightning observed by GOES-16 occurred in the entire state of RS, with higher (>10 flashes km−2 in 10 days) occurrence in the central-northern part of the state. A similar distribution was observed for precipitation (Figure 15a,b). Oda et al. [73] showed that the average lightning density in this region is approximately 25–30 flashes km2 year−1, indicating that this storm produced ⅓ of the total lightning expected for the entire year. These results indicate anomalous lightning activity during these periods caused by several mesoscale thunderstorms.



Figure 16 presents the CAPPI images of reflectivity at a 2 km height from the Santiago weather radar. Several storms were observed in the central-eastern-southern part of RS State for several days, indicating a persistent occurrence of precipitating clouds. Reflectivity values higher than 55 dBZ were observed in several regions. As reflectivity is related to the number of hydrometeors and the sixth power of the particle diameter [74], these results indicate the existence of higher concentrations of large raindrops. These observations are consistent with the higher precipitation volume observed in the earlier results (Figure 3 and Figure 15). In addition, Figure 16 is consistent with Figure 1a. On the east side of the radar, several storms and natural disasters (six floods and three landslides) were observed.



Figure 17 presents the CAPPI reflectivity at a 2 km height and vertical cross-section on 27 April 2024 at 1950, 2000, and 2010 UTC, representing the closest times to the São Martinho da Serra tornado. The tornado occurred close to the border of a straight-line storm that presented several convective cells embedded with higher reflectivity values (up to 60 dBZ) (Figure 17a,c,e). For the vertical cross-section (Figure 17b), the horizontal size of the storm is approximately 21 km, and the tornado occurred close to a convective cell with higher (up to 60 dBZ) reflectivity and a size of approximately 8 km. This core extends beyond 7.5 km of height, representing an isotherm’s location of approximately −10 °C. As observed by Pereira et al. [75], this region inside the clouds is prone to strong updrafts and lightning formation. These results are consistent with this region’s higher precipitation volume and lightning occurrence.





4. Conclusions


This study provides a comprehensive multi-scale analysis of the extreme event of precipitation that occurred in RS (southern Brazil) from 26 April to 5 May 2024. This extreme event produced 70 natural disasters (8 floodings, 39 floods, 18 landslides, 4 flash floods, and 1 rockfall) in 10 days (according to the CEMADEN), at least one tornado (on 27 April 2024) during this period, and associated precipitation amounts that exceeded the climatology for April and May three times. These disasters directly affected 2,398,255 people, leading to 183 deaths. This episode is distinct from others that have occurred in RS or other regions around the globe mainly because of the large-scale drivers that triggered the precipitating atmospheric systems, as well as the physical peculiarities of the area. The main findings are summarized below:



Large scale: On a large scale, a teleconnection pattern originating from the Indian Ocean favored an anomalous barotropic high-pressure pattern over central-southeastern Brazil. At upper levels, this pattern contributed to increasing the speed of westerly winds (subtropical jet) and, at the surface, the north-northwest winds (low-level jet east of the Andes).



Synoptic scale: The strengthened subtropical jet contributed as an air-uplifting mechanism and was associated with the warm and moist air transported by the low-level jet east of the Andes, which led to the formation of mesoscale convective systems. The passage of a cold front on 28 April also contributed to the heavy rains that affected RS.



Mesoscale: The synoptic environment triggered the formation of several MCSs with deep clouds (temperatures decreased to −85°, as viewed by satellite estimates, which caused a higher precipitation volume). The storms produced higher precipitation (>400 mm in 10 days) and total lightning (>10 flashes km−2) in the central-eastern part of RS State. The lightning registered represents one-third of the lightning expected for the entire year. This precipitation pattern promoted higher soil moisture, reaching a 0.5 volume fraction. The higher precipitation volume, the higher volume of rivers, and soil saturation were probably fundamental factors in producing these natural disasters. Regarding the weather radar, several convective cells were observed moving from west to east on the Santiago radar with high reflectivity values (> 50 dBZ). The tornado registered at São Martinho da Serra on 27 April 2024 between 1950 and 2010 UTC was associated with a deep precipitating system, which presented deep columns with higher reflectivity (60 dBZ) up to 7 km in height.



This study does not discuss the societal impacts of this extreme event. Still, it deserves future attention to highlight the region’s vulnerability and the fragility of the public politics of RS State. For future studies, an investigation of the implementation of risk management and urban expansion plans for cities in RS State is recommended. It is crucial to emphasize the need for enhanced communication between institutions and the public and improvements in monitoring and alert systems. For instance, expanding the network of meteorological stations and weather radars, alongside training technical personnel in weather forecasting, is essential. Investing in state and regional meteorological centers is pivotal for mitigating the impacts of natural disasters. Furthermore, increasing investment capital and establishing a robust resource allocation and utilization framework are central to this effort. In this regard, it is imperative to channel resources effectively into high-quality infrastructure projects that consider the potential impacts projected by climate change.
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Figure 1. (a) Location of the Rio Grande do Sul (RS) and Santa Catarina (SC) States in Brazil (solid black line); Santiago weather radar (RS, dashed grey circle); natural disasters: flooding (green triangle), flood (white circle), landslide (yellow triangle), flash flood (pink star), rockfall (red cross), tornado (red diamond); and CEMADEN stations (open red circles). (b) Location of the National Center for Monitoring and Early Warning of Natural Disasters (CEMADEN) rain-gauge stations (open red circles) and accumulated precipitation (mm) from 26 April to 5 May 2024. 
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Figure 3. (a) Monthly precipitation recorded by 27 CEMADEN stations (black line) from January to May 2024 and precipitation climatology from INMET for the 1991–2020 period. (b) Daily precipitation from April to May 2024 was recorded by 27 CEMADEN stations (black line). (c) Daily moisture from April to May 2024 from SMAP for top layer soil moisture (0–5 cm, black line), root zone soil moisture (0–100 cm, blue line), and total profile soil moisture (0 to model bedrock depth, red line). Figures (a) and (b) indicate the period with the heaviest precipitation with grey and red boxes. 
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Figure 4. Flooding area (dark blue) of ARIA/OPERA derived from DSWx-HLS and political mesoregions of Rio Grande do Sul State. In the upper-right figure, the red square highlights the RS state, that has been zoomed in and displayed in the left figure. 
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Figure 5. Flooding area (dark blue) of ARIA/OPERA derived from DSWx-HLS over the metropolitan region of Porto Alegre and the residential areas. Number of houses impacted by flood is in RMPOA: 335.552, Southeast: 49.865, Central-East: 48.293, Central: 1376, Northeast: 1.519, Northwest: 5.185, and Southwest: 3.813. Residential areas are indicated in red on the map. In the upper-right figure, the red square highlights the area that has been zoomed in and displayed in the left figure. 
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Figure 6. April 2024 climate indices and global SST anomalies (°C) based on the OISSTv2 dataset. 
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Figure 7. April 2024 OLR anomalies (W m−2) based on NOAA dataset. 
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Figure 8. Zoomed-in view of the April 2024 anomalies in the Indian Ocean: (a) OLR anomalies (W m−2) and (b) SST anomalies (°C). The black boxes indicate the areas used to compute IOD. 
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Figure 9. Hovmöller diagram for OLR anomalies (shaded change at 16 W m−2) averaged between 5° N and 5° S and tropical disturbances (in colored lines). The x-axis represents longitudes, and the y-axis represents time. Source: NOAA [56]. 
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Figure 10. (a,c,e,g) Velocity potential anomaly (106 m2 s−1) (shaded) and divergent wind component (m s−1; arrows) at 250 hPa (right panel) and (b,d,f,h) stream function anomaly (106 m2 s−1) at 250 hPa. Letters L and H indicate low- and high-pressure anomalous centers, respectively. 
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Figure 11. Comparison between (a) a conceptual model of the Rossby wave dispersion at upper levels associated with tropical convection [58] and (b) the case of April 2024: 250 hPa stream function anomaly (106 m2 s−1; (contour), velocity potential anomaly (106 m2 s−1; shaded), and divergent wind component (m s−1; arrows). Letter H indicates high-pressure anomalous centers. 
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Figure 12. Anomaly of wind magnitude (m s−1, shaded) and streamlines at (a) 250 hPa and (b) 850 hPa. The anomaly is obtained by the difference between the average from 26 April and 5 May and the average for April and May from 1980 to 2023. Green continuous lines indicate (a) divergence higher than 0.5 × 10−5 s−1 and (b) convergence lower than −0.3 × 10−5 s−1, both for the event average. 
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Figure 13. (a–l) Brightness temperature (°C) images from the infrared channel (CH13, 10.35 µm) provided by the ABI sensor aboard the GOES-16 satellite from 26 April 2024 at 1600 UTC to 4 May 2024 at 1930 UTC. 
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Figure 14. (a) Anomaly and (b) average of the sea surface temperature (°C) from 26 April to 5 May 2024, and (c) anomalies of the vertically integrated moisture flux divergence (shaded; 10−5 kg m−2 s−1) and vertically integrated moisture flux vectors (kg m−1 s−1) between 1000 hPa and 200 hPa. Anomalies were obtained by subtracting the climatology averaged over April and May from 1980 to 2023 from the average for 26 April to 5 May 2024. 
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Figure 15. (a,b) Accumulated precipitation (mm) estimated from MERGE and CHIRPS, (c) maximum soil moisture (volume fraction) from SMAP, and (d) accumulated total lightning flash (flashes/km2) from GLM aboard GOES-16 satellite from 26 April to 5 May 2024. 






Figure 15. (a,b) Accumulated precipitation (mm) estimated from MERGE and CHIRPS, (c) maximum soil moisture (volume fraction) from SMAP, and (d) accumulated total lightning flash (flashes/km2) from GLM aboard GOES-16 satellite from 26 April to 5 May 2024.



[image: Atmosphere 15 01123 g015]







[image: Atmosphere 15 01123 g016] 





Figure 16. (a–l) Constant Plan Position Indicator (CAPPI) at 2 km height of reflectivity from Santiago weather radar (RS) from 27 April at 2000 UTC to 2 May at 0100 UTC. 
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Figure 17. CAPPI at 2 km height of reflectivity and vertical transversal section of a thunderstorm from Santiago radar on 27 April at (a,b) 1950, (c,d) 2000, and (e,f) 2020 UTC. The dashed line in figures (a,c,e) represents the vertical transversal section, and the red diamond is the location of the São Martinho da Serra tornado. 
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Table 1. Information about the precipitation registered by the 27 rain-gauge stations from CEMADEN: city, station name, latitude, longitude, and accumulated precipitation between 26 April and 5 May 2024.
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	Station Number
	City
	Station Name
	Latitude
	Longitude
	Precipitation (mm)





	1
	Segredo
	Prefeitura
	−29.3399
	−52.982
	812.6



	2
	Fontoura Xavier
	Centro
	−28.9848
	−52.3444
	778



	3
	Lagoa Bonita do Sul
	Centro
	−29.49
	−53.013
	749.2



	4
	Caxias do Sul
	Forqueta
	−29.214
	−51.282
	679.6



	5
	Candelária
	Fábrica de Injetados
	−29.6629
	−52.7873
	666.8



	6
	Nova Palma
	Centro
	−29.47
	−53.465
	636.8



	7
	Faxinal do Soturno
	Centro
	−29.5809
	−53.4467
	634.8



	8
	Soledade
	Centro
	−28.8302
	−52.5104
	624.8



	9
	Alto Feliz
	Alto Feliz
	−29.382
	−51.3176
	617



	10
	Lajeado
	Moinhos D’Água
	−29.452
	−52.003
	589.4



	11
	Arroio do Tigre
	Taboazinho
	−29.3345
	−53.0845
	587.8



	12
	Santa Maria
	Lorenzi
	−29.727
	−53.807
	553.4



	13
	Cachoeira do Sul
	Comunidade Três Vendas
	−29.8908
	−53.0043
	546.4



	14
	Bom Princípio
	Centro
	−29.489
	−51.356
	541.2



	15
	São Francisco de Paula
	Centro
	−29.4417
	−50.5828
	532



	16
	Nova Petrópolis
	Centro
	−29.3756
	−51.1144
	526.2



	17
	Teutônia
	Teutônia
	−29.4524
	−51.8097
	502



	18
	Três Coroas
	Rio Paranhana
	−29.5157
	−50.7742
	486



	19
	Cruzeiro do Sul
	Secretaria da Agricultura
	−29.5132
	−51.9848
	473.2



	20
	Venâncio Aires
	Centro Linha Brasil
	−29.5371
	−52.3016
	466.8



	21
	Estrela
	Indústrias
	−29.4824
	−51.9687
	442.6



	22
	Viamão
	Vila Augusta
	−30.048
	−51.084
	427



	23
	Itati
	Restaurante Mirador
	−29.3549
	−50.1719
	424.93



	24
	Canoas
	Marechal Rondon
	−29.924
	−51.17
	423.4



	25
	Gravataí
	Morungava
	−29.8816
	−50.93
	422



	26
	Serafina Corrêa
	Centro
	−28.7102
	−51.9298
	419



	27
	Sapucaia do Sul
	Paraíso
	−29.833
	−51.15
	415
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