Climate change, El Nifio and
infrastructure failures behind massive
floods in southern Brazil
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Main findings

e The unprecedented 2024 April-May floods in Rio Grande do Sul have affected over 90% of
the state, an area equivalent to the UK, displacing 581,638 people and causing 169 deaths.
While Rio Grande do Sul is often perceived as a well-off region, it still has significant pockets
of poverty and marginalisation. Low income has been identified as a significant driver of
flood impact. Informal settlements, indigenous villages, and predominantly quilombola
(descendants of enslaved Africans) communities have been severely impacted.



The lack of a significant extreme flood event, until recently, in Porto Alegre led to reduced
investment, and maintenance of its flood protection system, with the system reportedly
beginning to fail at 4.5m of flooding despite its stated capacity to withstand water of 6m.
This, in addition to the extreme nature of this event, contributed to the significant impacts of
the flood and points to the need to objectively assess risk and strengthen flood infrastructure
to be resilient to this and future, even more extreme, floods.

Both rainfall events characterised above, the 10-day and 4-day events, were found to be
extremely rare in the current climate, with return periods of 100-250 years. To increase the
statistical stability of the analysis given the relatively short data records, we use the 1 in 100
year event for the analysis in this study. This return period is also typically considered a
benchmark for risk analysis.

The El Nifio Southern Oscillation, a naturally occurring climate phenomenon, was found to be
important to explain the variability in the observed rainfall, consistent with previous research.
Most previous heavy rainfall events in the area occurred during El Nifio years.

The role of El Nino alone is comparably large. In observations, compared to a neutral ENSO
phase, the current (December-February) El Nifio resulted in a consistent increase across all
datasets and for both events: by a factor of 2-3 in likelihood and 4-8% in intensity for the
10-day event, and a factor of 2-5 in likelihood and 3-10% in intensity for the 4-day event.

To assess the role of human-induced climate change we combine observation-based products
and climate models that include the observed ENSO relationship and assess changes in the
likelihood and intensity for the 10-day and 4-day heavy rainfall over Rio Grande do Sul and
find an increase in likelihood for both events of more than a factor of 2 and intensity increase
of 6-9% due to the burning of fossil fuels.

These findings are corroborated when looking at a climate of 2°C of global warming since
pre-industrial times where we find a further increase in likelihood of a factor of 1.3-2.7 and an
increase in intensity of about 4% compared to present day. Again results are similar for both
event definitions.

While environmental protection laws exist in Brazil to protect waterways from construction
and limit land use changes, they are not consistently applied or enforced, leading to
encroachment on flood-prone land and therefore increasing the exposure of people and
infrastructure to flood risks.

Forecasts and warnings of the floods were available nearly a week in advance, but the
warning may not have reached all of those at risk, and the public may not have understood the
severity of the impacts or known what actions to take in response to the forecasts. It’s
imperative to continue to improve the communication of risk that leads to appropriate,
life-saving action.



Accumulated precipitation over Rio Grande do Sul
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Figure 1.1: Accumulated rainfall over Rio Grande do Sul, the southernmost state of Brazil, in late
April and early May 2024. The longer 10-day period (left) represents a succession of 3 rainfall events,
the shorter 4-day period (right) covers the single largest multi-day pulse of rainfall. Data from
MSWEP.

1 Introduction

Record-breaking rainfall in the Rio Grande do Sul province of Brazil led to extensive flooding in late
April and early May 2024. This was one of the most significant environmental tragedies experienced
in Brazil, affecting 90% of the state’s municipalities (The World, 2024). In total, 2.3 million
individuals were affected (BBC, 2024), with 640,000 people losing their homes (Hughes, 2024).
Tragically, there had been 169 confirmed deaths with a further 44 people unaccounted for as of May
29rd ( Esta rande d 1. 2024).
The region experienced persistent and extraordinary rainfall, equivalent to three normal months of
rain in a two-week period, with an average accumulation of 420 mm between April 24 and May 4.
The accumulated rainfall led to historic river levels and put 12 dams under pressure, posing a risk of
rupture. Flooding occurred across much of the state but was particularly intense in Porto Alegre, the
state’s capital and largest city, where this was the wettest start to May for 63 years (Globo, 2024) and
which lies on the bank of Guaiba Lake, where five rivers converge. Due to their combined discharge,
the lake was more than Sm above its usual level, well above the 3m flood level (Brasil Escuola, 2024
BBC Brazil, 2024). Five hydroelectric dams were shut down and power supplies had to be cut due to
the extensive flooding, leaving half a million people without electricity in and around Porto Alegre
(Peoples Dispatch, 2024, Al Jazeera, 2024). Only one of the city’s six water treatment plants remained
operational, leaving around 650,000 people — roughly a third of the state’s population — without water
(Peoples Dispatch, 2024, Al Jazeera, 2024). About 3,000 health care units were impacted, including
110 hospitals affected, 17 of which ceased operations entirely and 75 providing only partial services
(Tokarnia, 2024; Government of Brazil). Relief efforts have been hampered by extensive damage to
infrastructure, with 95 blockages reported on highways throughout the state and Porto Alegre almost
completely cut off, with the international airport expected to be closed until the end of May (Peoples
Dispatch, 2024). The economic impacts of the flooding are expected to be extensive; the state’s
economy, which accounts for around 6.5% of Brazil’s GDP, had been growing prior to April but is
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now projected to fall by 2% by the end of 2024 (Hughes, 2024). Food production, which accounts for
nearly 17% of the state’s GDP, has been particularly impacted, with the Brazilian bank Bradesco
forecasting a 3.5% recession in Brazil’s agricultural sector in 2024 and potential price spikes,
particularly on rice and dairy products, are a particular concern (Government of USA, 2024).

1.1 Rainfall extremes in Southern Brazil

Rainfall trends and variability in Southern Brazil (comprising the states of Parana, Santa Catarina, and
Rio Grande do Sul) are influenced by a combination of the seasonal patterns (largely affecting the
timing of precipitation), interannual climate phenomena such as the El Nifio Southern Oscillation
(ENSO), decadal oscillations and climate change. This region is characterised by a subtropical climate
(transition between tropical and temperate climate) with a continuous supply of moisture from the

Atlantic Ocean and the Amazon region (Teixeira and Satyamurthy, 2007). Mesoscale convective
systems are the most important rain-producing weather systems in this region mainly during
spring/summer (from September to February), whereas cold fronts are responsible for rainfall during
fall/winter (from March to August). For this reason, precipitation is distributed evenly throughout the
year (Teixeira and Satyamurty. 2009), making it the second rainiest region in the country, next only to
the Amazon rainforest in Northwestern Brazil (Luiz-Silva et al., 2021).

The frequency of extreme rainfall events in the region is impacted by El Nifio-Southern Oscillation
(ENSO) episodes (Cai et al., 2021). El Niflo events trigger a Pacific South America (PSA)
atmospheric wavetrain pattern that generates a persistent high-pressure centre over the eastern coast of
South America (Taschetto et al. 2021). This causes anomalous subsidence in the region and weakens

the South Atlantic Convergence Zone, a convective band in the austral summer characterised by
intense convergence of warm, moist air extending from the Amazon Basin to the subtropical South
Atlantic (Carvalho et al.. 2004). At the same time, the winds associated with the anomalous

high-pressure centre enhance the South America lower-level jet, a climatological northwesterly flow
east of the Andes that transports moisture from tropical latitudes to southeast South America
(Marengo et al., 2004). As a result, floods are common in southern Brazil, Uruguay, and northern
Argentina during El Nifio years. Even though the PSA pattern is strongest during spring and summer,
heavy precipitation and floods can occur during fall and winter when the frontal systems start to come
from higher latitudes and become stuck over the region, blocked by the persistent high-pressure centre
over central Brazil. Thus, the most impactful floods in southern Brazil associated with El Nifio tend to

occur during fall and earlier winter, such as the floods of the Itajai Agu River in July 1983.

Existing literature analysing trends in extreme precipitation and formal attribution of some of the most
significant extreme rainfall and flooding events in South and Southeastern Brazil suggest an
increasing trend in the intensity and frequency of extreme rainfall in various study regions. Avila et al.
(2016) analysed precipitation trends and their link to flash floods and landslides in southeastern
Brazil, revealing a significant increase in extreme rainfall from 1978 to 2014, especially over
mountainous areas. These changes in precipitation patterns have already impacted streamflow in the
region, with an increasing trend in floods between 1980 and 2015 over most of the river basins in

southern Brazil (Chagas et al.. 2022). Also, there have been temporal and spatial changes in the
occurrence of extreme events of precipitation in Santa Catarina (Fernandes and Rodrigues, 2018).
Furthermore, for this specific event, an analogue-based analysis by ClimaMeter found that extreme
precipitation events are up to 15% more intense in the period 2001-2023 compared to 1979-2000,
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studying an area over the eastern coast of Rio Grande do Sul (a box bounded by 48-53 W, 28-32 S),
with an additional minor contribution from modes of variability including ENSO (ClimaMeter, 2024).

According to the [PCC AR6 (Seneviratne et al., 2021), increases in the frequency and intensity of

heavy precipitation events over this region have been observed in the past. With additional increases
in warming levels (model projections for a particular level of warming with respect to pre-industrial
climate), these events are expected to become more frequent and more intense. These wetter

conditions will likely lead to longer periods of flooding and enhanced river discharges (Zaninelli etal.
2019).

Based on observations and CMIP5 climate models, Southern Brazil is expected to have a wetter mean
climate along with widespread increases in the intensity of wet days for the period 2050-2100 as
compared to present day in southern Brazil, as well as higher rainfall variability and high mean
rainfall amounts under future warming (see Figure 3 in Alves et al., 2020; Cai et al., 2021). Medeiros
et al. (2022) made similar conclusions based on CMIP6 models i.e. increasing tendency for severe and
prolonged extreme rainfall across all of Brazil overall, and especially in the central north and the

southern parts (Seneviratne et al.. 2021).

1.2 Meteorological event description

Extremely high rainfall was observed across the state (figure 1.1). In some regions, especially in the
broad central strip of the valleys, plateau, hillside, and metropolitan areas, rainfall accumulations
exceeded 300 millimetres (mm) in less than a week. For example, in the municipality of Bento
Gongalves, volumes reached 543.4 mm. From April 29-May 2, when heavy rain settled over Rio
Grande do Sul, accumulations have ranged between 200 mm and 300 mm. In the capital, Porto
Alegre, the volume reached 258.6 mm in just three days. This amount corresponds to more than two
months' worth of rain, compared to the 1990-2020 climatological normals for April (114.4 mm) and
May (112.8 mm).

The Inmet stations that recorded the most rain between April 26 and 9 AM May 2 Soledade (488.6
mm); Santa Maria (484.8 mm); and Canela (460 mm). The conventional meteorological station in
Santa Maria set a 24-hour rainfall record with 213.6 mm on May 1. This was the highest rainfall
recorded in the municipality in 112 years of observation, surpassing the previous record of 182.3 mm
set on June 23, 1944. In just three days, the rainfall total in the city reached 470.7 mm, which
corresponds to three months' worth of rain according to the climatological 1990-2020 average.
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Figure 1.2: Daily rainfall and mean sea level pressure from 25 April to 6 May 2024. The red box
shows the region shown in figure 1.1. Data ERAS.

The extreme rainfall was driven by the persistent "South Atlantic high", a region of high pressure over
eastern Brazil and the South Atlantic (figure 1.2). This intensified the trade winds, facilitating the flow
of easterly moisture from the tropical Atlantic Ocean to the central region of Brazil, followed by
enhanced moisture transport from central Brazil towards Rio Grande do Sul through the South
American Lower-Level Jet (SALLJ). On April 26, the air masses travelled along a continental route,
having originated from the central region of Brazil five days earlier (figure 1.3a). The persistent high
pressure system that developed over the south Atlantic Ocean acted as a blocking system of the
westerly flow. This resulted in high rainfall amounts that led to unprecedented floods over Rio Grande
do Sul (figures 1.1, 1.3b).
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Figure 1.3 . a) Five day backward trajectories ending in Rio Grande do Sul (29.08°S,55.19°W) and at
approximately 850 hPa on the 26 April. Source: (NOAA Hysplit). b) 30/04/2024 at 04:20UTC (01:20

AM Brasilia time). Areas in red indicate regions most favourable for heavy rainfall.

The subtropical South Atlantic high centre normally moves westward over central Brazil during
fall/winter (eastward over the South Atlantic during spring/summer). However, during this event, the
PSA pattern related to El Nifio amplified the high-pressure centre over central Brazil, making it larger
and more persistent there, intensifying the SALLJ and moisture flux from the Amazon. Moreover,
during this event, the temperature of the tropical Atlantic was anomalously warm, feeding more
moisture to the SALLJ. Another important contributing factor to the heavy rain was the proximity of
the jet stream bringing more instabilities (frontal systems). The fronts then were blocked by the
high-pressure centre, leading to extreme rainfall over southern Brazil.

Even though the aforementioned pattern is consistent with typical ENSO teleconnections and impacts,
several factors could have been intensified by GMST. It is expected that climate change will intensify
this teleconnection pattern (Cai et al., 2021). As a consequence, the high-pressure centre over central
Brazil is becoming larger and more persistent, pushing warmer air that holds more moisture further
south. Of the four biggest floods ever recorded in Porto Alegre (the capital of Rio Grande do Sul),
three occurred in the last nine months, the largest having occurred in May 2024 and the second largest
in 1941.

A comparison between the 1941 and 2024 events shows that while in 1941, it took 22 days for the
water level in Guaiba Lake to reach 4.76 m above normal levels, in 2024 it took only 5 days for the
Guaiba to exceed 5 m (BBC Brazil, 2024; figure A.1), well above the flood level of 3 m necessary to
flood the city (Brasil Escuola, 2024). Moreover, the 2024 event flooded not just Porto Alegre but
almost 90% of the whole state, with all of the excess water flowing eventually to Guaiba. In 1941, less
rain fell, but combined with strong winds from the south was enough to cause disastrous flooding. As
a consequence, the 2024 floods are also more impactful. The 1941 event flooded 15,000 homes and
left 70,000 people homeless. A third of the region's commerce and industry were closed for around 40
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days. The 2024 event affected the whole state and many more cities, more than 2.1 million
individuals, with 538,000 people displaced and 76,000 citizens living in shelters just in the
metropolitan area of Porto Alegre. The area was also still recovering from floods in September and
November 2023 in which Guaiba reached 3.18 m and 3.46 m (BBC Brazil, 2024).

1.3 Event definition

To capture the nature of the extreme rainfall that resulted in extreme flooding across Rio Grande do
Sul, two event definitions are analysed in this study: the 4- and 10-day accumulations, averaged over
the state of Rio Grande do Sul, and shown in figure 1.4. The 4-day window captures the most severe
single event in which record rainfall fell across several consecutive days, while the 10-day window
(encompassing 26th April - 5th May, inclusive) captures the succession of heavy rainfall events,
including the very wet individual days either side of the major 4-day peak (figure 1.1). Figure 1.5
shows the rolling accumulations in 2024 against all other years since 1979 and as anomalies versus
the 1990-2020 climatology, showing that both 4- and 10-day events are the most extreme in the
record. The March-May season was selected because, despite the relatively flat mean seasonal cycle
of precipitation in the region, different mechanisms are prevalent at different times of year, including
the influence of ENSO. There is also greater variability exhibited in extremes in the austral spring and
early summer period from September to December (Figure 1.5).

Daily precipitation over Rio Grande do Sul

CPC MSWEP
70 T T 70 T T
i Years 1981-2023 H Years 1979-2023
| R 1 —
60 i 2024 60 - ! 2024
: ——- 10-day window : ——- 10-day window
| -~ 4-day window — 1 <= 4-day window
501 l i £ 501 | i
| 1 g 1 1
| | 5 | |
40 4 | | £ 401
i i g i i
| ! o 1 1
30 1 i i %30 i i i
| 1 1 s | I 1
| 1 1 1 1
20 i i 3 20 i i
1 ) 1 1 1 1 1
| 1 [a) I 1 I
] I 1 1 1
| I | | 1 1 1
10 | 1 i | 10 i 1 |
| 1 I | 1 [
) ) ] 4 1 1 ]
] /] I ) i ) 1
0 . L 1 — 0 —- L —t L
Apr 21st Apr 26th May 1st May 6th May 11th Apr 21st Apr 26th May 1st May 6th May 11th

Figure 1.4: Daily precipitation over Rio Grande do Sul from mid April to mid May in 2024 (ved) and
all other years (grey) recorded in each dataset (left: CPC, right: MSWEP). Blue and red dashed lines
show the 10- and 4-day windows (inclusive) in which the rainfall was most intense.
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Figure 1.5: Rolling 4-day (left) and 10-day (right) accumulations of rainfall in two datasets over Rio
Grande do Sul versus the 1990-2020 climatology and against all other years in the records since

1979.

2 Data and methods

2.1 Observational data

In this study we use four observational and reanalysis datasets to analyse changing rainfall extremes:

1. CPC daily precipitation. This is the gridded product from NOAA PSL, Boulder, Colorado,
USA known as the CPC Global Unified Daily Gridded data, is available at 0.5° x 0.5°
resolution, for the period 1979-present. Data are available from NOAA.

2. The Multi-Source Weighted-Ensemble Precipitation (MSWEP) v2.8 dataset (updated from
Beck et al., 2019) is fully global, available at 3-hourly intervals and at 0.1° spatial resolution,

available from 1979 to ~3 hours from real-time. This product combines gauge-, satellite-, and

reanalysis-based data.

3. The rainfall product developed by the UC Santa Barbara Climate Hazards Group called
“Climate Hazards Group InfraRed Precipitation with Station data” (CHIRPS; Funk et al.
2015). Daily data are available at 0.05° resolution, from 1981-31 March 2024. The product
incorporates satellite imagery with in-situ station data.
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4. GPCC Full Data Daily Product Version 2022 of daily global land-surface precipitation totals
based on precipitation data provided by national meteorological and hydrological services,
regional and global data collections as well as WMO GTS-data (Ziese et al., 2022). It is
provided at a regular latitude/longitude grid with a spatial resolution of 1.0 x 1.0 degree and
covers the time period from January 1982 to April 2024. Relative precipitation anomalies at
the stations (daily totals divided by monthly total) are interpolated by means of a modified
SPHEREMAP scheme (Becker et al., 2013; Schamm et al., 2014; Schneider et al., 2018) and
then superimposed on the GPCC Full Data Monthly Version 2022 (Schneider et al., 2022)
monthly precipitation totals with climatological infilling.

As a measure of anthropogenic climate change we use the (low-pass filtered) global mean surface
temperature (GMST), where GMST is taken from the National Aeronautics and Space Administration
(NASA) Goddard Institute for Space Science (GISS) surface temperature analysis (GISTEMP, Hansen
etal., 2010 and Lenssen et al. 2019).

As a measure of the El Nifio - Southern Oscillation cycle (ENSO) we use the detrended Nifio3.4
index. This is the Nifio3.4 index (average SST over 5° S—5° N, 120°-170° W) minus the SST between
20° S-20° N to adjust the index for climate change, as proposed in Van Oldenborgh et al., 2021, but
without rescaling each calendar month.

Finally, as a measure of sea surface temperatures in the South Atlantic (SA SSTs), we use the monthly
Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5; Huang et al., 2017) and
detrend the time series of SA SSTs, defined over a region bounded by 20°-5° S, 0°-30° W, using the
same approach as the relative Nifio3.4 index above.

2.2 Model and experiment descriptions

We use a collection of model ensembles with very different framings (Philip et al.. 2020): 2
multi-model ensembles from climate modelling experiments — one a regional climate model ensemble
and one a coupled global circulation model ensemble — and three single model ensembles related to
the FLOR model, one of which is an atmosphere-ocean coupled model, with the others being Sea
Surface temperature (SST) driven global circulation models.

1. Coordinated Regional Climate Downscaling Experiment CORDEX-CORE South America
(11 models with at 0.44° resolution (SAM-44) and 3 models at 0.22° resolution (SAM-22))
multi-model ensemble (Giorgi and Gutowski. 2015; Giorgi et al.. 2021), comprising 14
simulations resulting from pairings of Global Climate Models (GCMs) and Regional Climate
Models (RCMs)). These simulations are composed of historical simulations up to 2005, and
extended to the year 2100 using the RCP8.5 scenario.

2. CMIP6. This consists of simulations from 13 participating models with varying resolutions.
For more details on CMIP6, please see Eyring et al.. (2016). For all simulations, the period
1850 to 2015 is based on historical simulations, while the SSP5-8.5 scenario is used for the
remainder of the 21st century.

3. The FLOR (Vecchi et al., 2014) and AM2.5C360 (Yang et al., 2021, Chan et al., 2021)
climate models are developed at Geophysical Fluid Dynamics Laboratory (GFDL). The
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FLOR model is an atmosphere-ocean coupled GCM with a resolution of 50 km for land and
atmosphere and 1 degree for ocean and ice. Ten ensemble simulations from FLOR are
analysed, which cover the period from 1860 to 2100 and include both the historical and
RCP4.5 experiments driven by transient radiative forcings from CMIP5 (Taylor et al., 2012).
AM2.5C360 is an atmospheric GCM based on the FLOR model (Delworth et al., 2012,
Vecchi et al., 2014) with a horizontal resolution of 25 km. Three ensemble simulations of the
Atmospheric Model Intercomparison Project (AMIP) experiment (1871-2100) from each of
the two models are analysed. Radiative forcings are using historical values over 1871-2014

and RCP4.5 values after that. Simulations are initialised from three different pre-industrial
conditions but forced by the same SSTs from HadISST1 (Rayner et al., 2003) after groupwise
adjustments (Chan et al., 2021) over 1871-2020. SSTs between 2021 and 2100 are from the
FLOR RCP4.5 experiment 10-ensemble mean values after bias correction.

2.3 Statistical methods

In this analysis we analyse time series from Rio Grande do Sul of March-May maxima of 4-day and
10-day accumulated precipitation where long records of observed data are available. Methods for
observational and model analysis and for model evaluation and synthesis are used according to the
World Weather Attribution Protocol, described in Philip et al. (2020), with supporting details found in

van Oldenborgh et al. (2021), Ciavarella et al. (2021) and here.

The analysis steps include: (i) trend calculation from observations; (ii) model validation; (iii)
multi-method multi-model attribution and (iv) synthesis of the attribution statement.

We calculate the return periods, Probability Ratio (PR; the factor-change in the event's probability)
and change in intensity (AL, the change in magnitude of the metric between the two reference states)
of the event under study in order to compare the climate of now and the climate of the past, defined
respectively by the GMST values of 2024 and of the preindustrial past (1850-1900, based on the
Global Warming Index). To statistically model the event under study, we use a generalised extreme
value distribution that scales with GMST. Next, results from observations and models that pass the
validation tests are synthesised into a single attribution statement.

In order to examine the effect of the ENSO on rainy-season precipitation alongside that of increasing
GMST, we extend the nonstationary model to accommodate an additional covariate. All results quoted
are from a statistical model including both covariates.

The variable of interest, X, is assumed to follow a normal distribution in which the location and scale
parameters vary with both GMST and ENSO:
X ~ GEV(“‘I Gy E | p'OJ 00' a' B' T' I)’

where X denotes the variable of interest, rainy-season precipitation; T is the smoothed GMST; [ is the
detrended Nifi03.4 index; p o % and & are the location, scale and shape parameters of the

nonstationary distribution; and a, 3 are the trends due to GMST and ENSO, respectively. As a result,
the location and scale of the distribution have a different value in each year, determined by both the
GMST and Nifio3.4 states. Maximum likelihood estimation is used to estimate the model parameters,
with
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This formulation reflects the Clausius Clapeyron relation, which implies that precipitation scales
exponentially with temperature (Trenberth et.al., 2003, O’Gorman and Schneider 2009), and so that

precipitation will scale exponentially with the strength of the detrended Nifio3.4 index. Under this
model, the effects of GMST and the detrended Nifio3.4 index are assumed to be independent of one
another, so that the change in intensity due to GMST is unaffected by the change in intensity due to
the ENSO phase. We note that this may not be the case in the real world, as the intensity and
frequency of El Nifio events may have been influenced by climate change (Cai et al., 2021); however,
by using a detrended Nifio3.4 index (see Section 2.1) we aim to minimise the correlation between the
two factors, and so do not expect the qualitative findings of this study to be affected by this
simplifying assumption.

2.3.1 Defining the ENSO state in climate models

The multi-method multi-model attribution step of the WWA protocol involves estimating, for each
climate model, the effective return level of a 1-in-n-year event under the current climate state, and
estimating the expected change in likelihood and intensity of such an event after a specified change in
the covariates. Because the smoothed GMST is generally monotonically increasing, the standard
WWA approach is simply to take the model’s 2023 GMST as a covariate and to estimate the expected
magnitude of an n-year event. However, the factual climate in this study is defined by the 2024 GMST
and by the mean of the detrended DJF Nifio3.4 index. During the attribution step, the detrended
Nifio3.4 index derived from the climate model is standardised so that the subset from 1990-2020 has
mean 0 and variance 1; the ‘factual’ climate is then defined as having the model’s 2024 GMST and
the 2024 observed value of the detrended Nifio3.4 index, standardised in the same way. This removes
any potential biases in the results due to differences between the amplitude of the modelled Nifio3.4
index and that observed.

3 Observational analysis: return period and trend
3.1 Analysis of point station data and gridded data

In this section four observational and reanalysis datasets are used to determine the return period of the
observed event in the current climate and the changing likelihood of such an event due to observed
GMST warming of 1.2 C. Plots of the March-May maxima of 4-day precipitation in each of these
datasets are shown in Figure 3.1; similar plots for the 10-day maxima are shown in Figure A.2. As
noted in Section 2.1, at the time the analysis was carried out CHIRPS data was only available until the
end of March, and GPCC until the end of April; these datasets therefore do not include the heavy
rainfall that led to the extensive flooding. The observed 2024 maximum in each of these datasets (pink
markers) was included in the trend fitting, but since this does not reflect the intense rainfall that led to
the flooding, is not used to estimate a return period for the event. In both CPC and MSWEP, the 2024
rainfall was far in excess of anything previously recorded in this region. The dashed red line indicates
a nonparametric loess trend fitted to each dataset; in all datasets, there is a weak decadal oscillation,
peaking in the mid-1990s, decreasing until around 2010 and then increasing again. We were unable to
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identify a covariate that adequately captures this behaviour in the statistical model, but note that
because of this unexplained variability, there is very high uncertainty about the relationship between

GMST and extreme precipitation in this region.
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Figure 3.1: March-May maxima of 4-day accumulated rainfall over Rio Grande do Sul in the four
observational datasets. The solid black line shows the fitted trend associated with increasing GMST,
with the Nifio3.4 covariate fixed at its mean level; the blue lines show the expected magnitude of
1-in-6-year and 1-in-40-year events under the same statistical model. The dotted red line shows a

nonparametric Loess smoother fitted to the observations. The 2024 event is shown as a pink dot, note
that in CHIRPS and GPCC, the 2024 maximum does not include the most extreme precipitation at the

beginning of May.

Figures 3.2 and 3.3 show the modelled return levels using both GMST and ENSO as covariates (see
section 2.3 for further details), for the 10-day and 4-day events, respectively. Due to the rapid nature
of this study, the observed event was only present in the CPC and MSWEP datasets ((a) and (b) on
each figure). In these datasets, both the 10-day and 4-day events were found to be extremely rare in
the current climate, with return periods of 135-235 years (table 3.1). This is clear from the anomalous
nature of the highest single event in both Figs 3.1(a-b) and 3.2(a-b). In order to increase the statistical
stability of the analysis given the relatively short data records, we use a 1 in 100 year event for the
analysis in this study (shown by the purple line in the figures). This return period is also typically

considered a benchmark for risk analysis.

10 day event
Dataset

4 day event




Magnitude Return period Magnitude Return period
(mm) (95% C.1.) (mm) (95% C.1.)
CPC 238.34 135.59 172.19 234.0
(20.10 - infinite) (22.46 - infinite)
MSWEP [ 248.60 202.53 168.59 188.88
(22.04 - infinite) (20.58 - infinite)

Table 3.1: Estimated return periods of 10- and 4-day rainfall events over Rio Grande do Sul in the two

reanalysis datasets with coverage of the event.
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Figure 3.2: Return period plots for the 10-day event for four observational and reanalysis datasets
used in this study, a) CPC, b) MSWEP, c) CHIRPS and d) GPCC, in the current climate and scaled to
a climate without anthropogenic warming. In a) and b) the observed event is shown by the highest red
dot, in all figures (a-d) the purple line labelled as the ‘observed event’ represents the 1 in 100 year

event used in this analysis.

The most striking feature of the 10-day return level plots is that the datasets that include the observed
2024 event show an increased likelihood due to GMST while those without show a decrease (figure
3.1, table 3.2). Similarly, by removing the event from the statistical model for MSWEP and CPC, the
shift due to GMST becomes negative. Therefore including the event itself in the fit - which represents
the most up to date knowledge on plausible extremes in the region - changes its nature fundamentally.



Multi-model analysis (as well as additional work beyond the scope of this study) is therefore required

to elucidate this connection more clearly. The return levels for all datasets for the 4-day event show a
consistent increase due to the influence of GMST (figure 3.2, table 3.3). This may be due to the
stronger influence of Clausius-Clapeyron scaling on shorter (single-event) rainfall extremes. Finally,
the GPCC dataset is excluded from the synthesis result for the 4-day event because the best estimate
of the probability ratio is reported to be infinite; while it is not unreasonable given the severity of the

event, this estimate is in stark contrast to all other datasets.

Event 2024 GMST ENSO
Dataset [ (1in 100 year event)
Magnitude | Return Probability Change in | Probability | Change in
(mm) period Ratio magnitude | Ratio magnitude
(95% C.1.) (%) (%)
CPC 232.50 100 1.98 5.47 2.85 8.24
(16.19 - inf) | (0 - inf) (-36.9-50.8) | (1.14-inf) (1.43-16.95)
MSWEP | 232.01 100 213 7.66 1.82 6.06
(11.42-inf) | (O - inf) (-32.7-76.3) | (0.95-44.27) | (-0.59-14.73)
CHIRPS | 188.79 100 0.15 -12.02 2.25 3.80
(12.04-inf) | (0 - inf) (-33.6-25.0) | (0.35-inf) | (-1.64-10.54)
GPCC 203.24 100 0.24 -13.83 1.81 5.52
(15.24-inf) | (0 - inf) (-36.3-26.8) | (0.75-6.32) | (-1.22-12.78)

Table 3.2: Change in probability ratio and magnitude for 10-day accumulations in Rio Grande do Sul,
due to both GMST and ENSO. Light blue indicates a wetting trend that crosses no change, while dark
blue indicates a statistically significant wetting trend.
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Figure 3.3: Return period plots for the 4-day event for four observational and reanalysis datasets used
in this study, a) CPC, b) MSWEP, ¢) CHIRPS and d) GPCC, in the current climate and scaled to a
climate without anthropogenic warming. In a) and b) the observed event is shown by the highest red
dot, in all figures (a-d) the purple line labelled as the ‘observed event’ represents the 1 in 100 year

event used in this analysis.

Event 2024 GMST ENSO
Dataset | (1in 100 year event)
Magnitude | Return Probability Change in | Probability | Change in
(mm) period Ratio magnitude | Ratio magnitude
(95% C.1.) (%) (%)
CPC 159.6 100 1.86 5.84
(8.72-inf) (0 - inf) (-33.1-85.8)
MSWEP [ 161.2 100 498.03 30.57
(10.84-inf) | (0.0001-inf) | (-18.2-108)
CHIRPS | 128.9 100 3.86 4.26 244 3.01
(9.88-inf) (0 - inf) (-30.1-41.8) | (0.14-inf) (-2.76-10.5)




GPCC 118.6 100 Inf 11.07 Inf 4.99
(4.82-inf) (0 - inf) (-19.1-49.8) | (1.38-inf) (1.69-14.62)

Table 3.3: Change in probability ratio and magnitude for 4-day accumulations in Rio Grande do Sul,
due to both GMST and ENSO. Light blue indicates a wetting trend that crosses no change, while dark
blue indicates a statistically significant wetting trend.

3.2 Influence of modes of natural variability

The El-Nifio Southern Oscillation (ENSO) and South Atlantic SSTs (SA SSTs) are known to play a
part in precipitation in this region at certain times of the year (section 1.2). Therefore, we first
investigate the effect of including both of these as additional covariates in the statistical model
(section 2.3).

The SA SSTs are represented using both the April and March-May mean (detrended according to the
rise in global tropical ocean temperatures, as set out in section 2.1) to capture the period in which the
extremes in question occur. Fitting a statistical model using both GMST and SA SST covariates gives
a worse fit, according to the Akaike Information Criterion (AIC), than GMST alone. This applies to
SA SSTs calculated from both April alone and the March-May mean. As a result, SA SSTs are
discounted. However, this only tells us that such SSTs do not play a significant role in similar
extremes historically. Given the unprecedented nature of this event, future studies analysing the
meteorological characteristics of potentially similar future events will still benefit from studying this
co-occurring SST anomaly. Additionally, there may be alternative approaches to detrending the index
to remove the signal due to GMST that could be tested.

ENSO is represented by the relative Nifio3.4 index, averaged over the December-February period to
capture the typical peak of the oscillation. Fitting a statistical model using both GMST and this ENSO
index as covariates gives an improved fit, according to the AIC, than GMST alone. The influence of
the current (DJF) El Nifo is therefore considered throughout this study. In observations, compared to
a neutral ENSO phase, the current (DJF) El Nifio resulted in a consistent increase across all datasets
and for both events: by a factor of 2-3 in PR and 4-8% in intensity for the 10-day event, and a factor
of 2-5 in PR and 3-10% in intensity for the 4-day event (tables 3.2 and 3.3). However, uncertainties
for individual datasets are very large, suggesting that model analysis is also needed to refine this
estimate.

4 Model evaluation

In this section we show the results of the model evaluation for the study region of Rio Grande do Sul
and surrounding region of southeastern South America. The climate models are evaluated against the
observations in their ability to capture:

1. Seasonal cycles: For this, we qualitatively compare the seasonal cycles based on model outputs
against observations-based cycles. We discard the models that exhibit multi-modality and/or
ill-defined peaks in their seasonal cycles (see appendix figures A.6-A.8 for seasonal cycles).

2. Spatial patterns: Models that do not match the observations in terms of the large-scale precipitation
patterns are excluded (see appendix figures A.3-A.5 for spatial patterns).



3. Parameters of the fitted GEV models (dispersion and shape parameters). We discard the model if
the model and observation parameter ranges do not overlap.

4. Correlation between March-May precipitation extremes and the detrended Nifio3.4 index. We
discard the model if the model and observation parameter ranges do not overlap.

The models are labelled as ‘good’, ‘reasonable’, or ‘bad’ based on their performances in terms of the
three criteria discussed above. We evaluate 13 models from CORDEX and 11 models from CMIP6.

All CMIP6 models, the AM2 and FLOR models, and all except for twvo CORDEX models for both
10-day and 4-day extremes pass the evaluation criteria (highlighted in yellow in Tables 4.1 & A.1).
All models were found to be ‘good’ or ‘reasonable’ at reproducing the observed Nifio3.4 correlations
(not shown in tables 4.1 and Al). This similarity across events is expected given that the event
definitions are very close, but improves our confidence that the models that pass evaluation are
capable of representing the types of extremes studied here: both single-event multi-day rainfall and
multi-event multi-day rainfall.

10-day accumulations

Model / Seasonal Spatial

Observations cycle pattern Dispersion Shape parameter Conclusion
CPC 0.268 (0.183 ... 0.326) |[-0.11 (-0.56 ... 0.22)

MSWEP 0.246 (0.182 ... 0.291) |-0.036 (-0.51 ... 0.22)

GPCC 0.208 (0.123 ... 0.268) |-0.037 (-0.41 ... 0.40)

CHIRPS 0.228 (0.158 ... 0.273) |-0.22 (-0.60 ... 0.021)

CORDEX

CanESM2_rcp85_

RCA4 (1) reasonable reasonable 0.240 (0.182...0.278) |-0.17 (-0.73 ... 0.034) |reasonable
CNRM-CM5_rcp85

_RCA4 (1) bad reasonable 0.240 (0.152 ... 0.286) [-0.36 (-0.82 ... 0.39) bad
CSIRO-Mk3-6-0_rc

p85_RCA4 (1) bad reasonable 0.181 (0.128 ... 0.214) |[-0.23 (-0.63 ... 0.077) |bad

GFDL-ESM2M_rcp
85 RCA4 (1) reasonable reasonable 0.236 (0.170 ... 0.276) [-0.068 (-0.41 ... 0.19) |reasonable

HadGEM2-ES_rcp
85_RCA4 (1) reasonable reasonable 0.288 (0.199 ... 0.346) |-0.27 (-0.67 ... 0.013) |reasonable

HadGEM2-ES_rcp
85 _RegCM4-7 (1) |reasonable reasonable 0.265 (0.169 ... 0.322) |-0.17 (-0.66 ... 0.15) reasonable

IPSL-CM5A-MR_rc
p85_RCA4 (1) reasonable reasonable 0.179 (0.112 ... 0.216) |-0.021 (-0.54 ... 0.24) |reasonable

MIROC5_rcp85_ R
CA4 (1) reasonable reasonable 0.200 (0.130 ... 0.238) [0.12 (-0.22 ... 0.50) reasonable




MPI-ESM-LR_rcp8

5 RCA4 (1) reasonable reasonable 0.365 (0.268 ... 0.418) [0.21 (-0.22 ... 0.64) reasonable
MPI-ESM-LR_rcp8

5_REMO2009 (1) |good reasonable 0.320 (0.234 ... 0.372) |0.039 (-0.41 ... 0.48) reasonable
MPI-ESM-MR_rcp8

5 RegCM4-7 (1) good reasonable 0.283 (0.207 ... 0.337) |-0.17 (-0.60 ... 0.27) reasonable
NorESM1-M_rcp85

_RCA4 (1) reasonable reasonable 0.237 (0.162 ... 0.279) [-0.064 (-0.52 ... 0.14) |reasonable
NorESM1-M_rcp85

_RegCM4-7 (1) reasonable reasonable 0.298 (0.218 ... 0.347) |-0.16 (-0.49 ... 0.012) [|reasonable
CMIP6

EC-Earth3_ssp585

_ri1p1f1 () good reasonable 0.291 (0.162 ... 0.368) [-0.12 (-0.50 ... 0.59) reasonable
EC-Earth3-CC_ssp

585_r1i1p1f1 () good reasonable 0.262 (0.201 ... 0.305) [-0.010 (-0.57 ... 0.25) [reasonable
EC-Earth3-Veg_ss

p585_r1i1p1f2 () good reasonable 0.266 (0.193 ... 0.318) |-0.17 (-0.60 ... 0.028) |reasonable
INM-CM4-8_ssp58

5_r1i1p1f3 () reasonable good 0.307 (0.207 ... 0.380) [-0.049 (-0.52 ... 0.47) |reasonable
INM-CM5-0_ssp58

5_r1i1p1f4 () reasonable good 0.338 (0.224 ... 0.402) |[-0.090 (-0.36 ... 0.39) |reasonable
KACE-1-0-G_ssp5

85_r1i1p1f5 () good reasonable 0.353 (0.252 ... 0.425) |-0.29 (-0.58 ... -0.061) |reasonable
MIROC6_ssp585_r

1i1p16 () good reasonable 0.276 (0.200 ... 0.330) [-0.33 (-0.65 ... -0.10) reasonable
MPI-ESM1-2-HR_s

sp585_r1i1p1f7 () |good reasonable 0.244 (0.177 ... 0.304) |-0.20 (-0.74 ... 0.14) reasonable
MPI-ESM1-2-LR_s

sp585_r1i1p1f8 () |good reasonable 0.227 (0.171 ... 0.266) [0.078 (-0.33 ... 0.39) reasonable
NESM3_ssp585 r1

i1p1f9 () good reasonable 0.246 (0.172 ... 0.300) [-0.19 (-0.52 ... 0.14) reasonable
NorESM2-LM_ssp5

85_r1i1p1f10 () reasonable good 0.322 (0.170 ... 0.414) |-0.077 (-0.40 ... 0.41) [reasonable
AM2.5C360

Member 6 () reasonable reasonable 0.176 (0.132 ... 0.214) |-0.074 (-0.41 ... 0.17) |reasonable
Member 7 () reasonable reasonable 0.142 (0.0926 ... 0.167) [0.037 (-0.28 ... 0.56) reasonable
Member 8 () reasonable reasonable 0.178 (0.133 ... 0.210) |-0.20 (-0.63 ... 0.13) reasonable
FLOR

Ensemble member

1() reasonable reasonable 0.167 (0.125 ... 0.195) |-0.25 (-0.72 ... -0.053) |reasonable
Ensemble member

2() reasonable reasonable 0.182 (0.127 ... 0.228) |-0.18 (-0.73 ... 0.20) reasonable
Ensemble member

3() reasonable reasonable 0.185(0.131 ... 0.222) |-0.38 (-0.69 ... -0.084) |reasonable




Ensemble member
4 () reasonable reasonable 0.210(0.135 ... 0.261) |-0.29 (-0.69 ... -0.0076) |reasonable

Ensemble member
5() reasonable reasonable 0.145(0.104 ... 0.172) |-0.023 (-0.54 ... 0.22) |reasonable

Ensemble member
6 () reasonable reasonable 0.152 (0.108 ... 0.177) [-0.17 (-0.69 ... 0.098) [reasonable

Ensemble member
7() reasonable reasonable 0.167 (0.121 ... 0.198) [-0.12 (-0.61 ... 0.36) reasonable

Ensemble member
8() reasonable reasonable 0.149 (0.108 ... 0.178) |-0.25 (-0.64 ... 0.077) |reasonable

Ensemble member
9() reasonable reasonable 0.170 (0.109 ... 0.209) |-0.19 (-0.58 ... 0.21) reasonable

Ensemble member
10 () reasonable reasonable 0.202 (0.140 ... 0.248) |-0.32(-0.71 ... 0.074) |reasonable

Table 4.1: Model evaluation results for 10-day MAM maxima rainfall events in Rio Grande do Sul.
Models that passed evaluation are highlighted in light orange while those that failed are highlighted
in red.



5 Multi-method multi-model attribution

This section shows Probability Ratios and change in intensity Al for models that passed the evaluation
tests and also includes the values calculated from the fits with observations.

5.1 10-day accumulations

Model /
Observations

Threshold for
return period
100 yr

Current
warming
level ['C]

Probability ratio
PR [-]

Change in
intensity Al [%]

Probability ratio
PR [-]

Change in
intensity Al [%]

2.0 (0.0000010 ...

CPC 232.5mm 1.2|1.5e+19) 5.5(-37 ... 51) 29(1.1...45) 82(1.4..17)
2.1 (0.0000010 ...

MSWEP 232 mm 1.2]2.1e+19) 7.7 (-33 ...76) 1.8(0.95...44) [6.1(-0.59 ... 15)
0.24 (0.0000010 ...

GPCC 203.2 mm 1.2]3.3e+15) -14(-36...27) [1.8(0.75..6.3) [5.5(-1.2..13)
0.15 (0.0000010 ... 2.3(0.35 ...

CHIRPS 188.8 mm 1.2|5.1e+14) -12 (-34 ... 25) 6.0e+2) 3.8(-1.6...11)

CORDEX

CanESM2_rcp85

_RCA4 (1) 1.8e+2 mm 1.2[9.8 (0.40 ... ») 11 (-5.5 ... 24) 37 (2.6 ... ) 15 (8.7 ... 21)

GFDL-ESM2M_r 27013 ..

cp85_RCA4 (1) [1.8e+2 mm 12141 (4.1 ... ©) 49 (6.4 ... 1.1e+2)|7.7e+4) 13(5.3...22)

HadGEM2-ES _rc

p85_RCA4 (1) 1.4e+2 mm 1.216.1 (0.065 ... =) 8.2(-6.1...23) 3.6 (0.96 ... ») 6.1(-0.24 ... 13)

HadGEM2-ES _rc

p85_RegCM4-7

(1) 2.3e+2 mm 12154 (1.7 ... =) 21(-0.84 ...41) [1.2(0.25... =) 1.2(-5.8...10)

IPSL-CM5A-MR_ 0.71 (0.014 ...

rcp85_RCA4 (1) |[1.4e+2 mm 1.2]2.8 (0.44 ... ») 8.8(-5.2...28) 1.6) -3.0(-8.7 ...4.7)

MIROC5_rcp85_ 3.2(1.7 ..

RCA4 (1) 1.5e+2 mm 1.2]1.2 (0.047 ... 6.7) 3.0(-16 ... 27) 1.1e+3) 17 (8.3 ... 24)

MPI-ESM-LR_rc

p85_RCA4 (1) 1.3e+2 mm 1.2]1.0 (0.0064 ...7.2) |0.58 (-21...28) |1.5(0.56...14) |[8.1(-6.9 ...23)

MPI-ESM-LR_rc

p85_REMO2009

1) 2.6e+2 mm 1.2[1.6 (0.39 ... 20) 7.8 (-11...34) 1.2(0.64...4.7) |3.2(-7.2...16)

MPI-ESM-MR _rc

p85_RegCM4-7

(1) 2.2e+2 mm 1.2]2.6e+3 (2.0 ... =) 50 (13 ... 98) 2.7 (0.69 ... ») 8.6 (-4.5 ... 27)

NorESM1-M_rcp

85 RCA4 (1) 1.5e+2 mm 1.2]14 (0.51 ... =) 19 (-6.3 ... 48) 1.8 (0.85 ... =) 49 (-1.7 ...10)

NorESM1-M_rcp

85_RegCM4-7

(1) 2.3e+2 mm 1.216.6 (0.016 ... =) 15 (-15 ... 58) 25(2.8 ... ©) 23 (12...35)




CMIP6

EC-Earth3_ssp5 23(1.2 ...

85 _r1i1p1f1 () 2.0e+2 mm 1.2]1.7 (0.29 ... 5.8e+2) 5.0 (-8.2 ... 22) 1.5e+3) 8.2(1.7 ...15)

EC-Earth3-CC_s

sp585_r1i1p1f1

0 2.1e+2 mm 1.2|1.7 (0.78 ... 15) 6.4 (-2.6 ... 17) 27(1.6..14) 11 (4.1...19)

EC-Earth3-Veg_s

sp585_r1i1p1f2

0 1.9e+2 mm 1.213.6 (0.71 ... 6.0e+2) |12 (-2.6 ... 30) 3.16 (1.4 ... 659) |11 (3.7 ... 19)

INM-CM4-8_ssp 0.68 (0.079 ...

585 _r1i1p1f3() [1.2e+2 mm 1.2|11 (0.1 ... ) 15 (-7.4 ... 40) 2.2) -29(94...54)

INM-CM5-0_ssp 2.5(0.091 ...

585 _r1i1p1f4 () |[1.6e+2 mm 1.2|1.0e+2) 11 (-16 ... 44) 1.0(0.52...2.9) [0.29(-6.3...7.8)

KACE-1-0-G_ssp 0.41 (0.0000010 ...

585 r1i1p1f5() [2.3e+2 mm 1.2(2.6) -6.7 (-20 ... 10) |1.8(0.78 ... =) 3.8(-1.8...9.4)

MIROC6_ssp585 2.0 (0.044 ...

_r1i1p16 () 2.3e+2 mm 1.2|2.3e+4) 6.7 (-15 ... 35) 7.2(2.0... ) 18 (8.9 ... 27)

MPI-ESM1-2-HR

_ssp585_r1i1pif 28(1.5..

7() 2.3e+2 mm 1.2]0.73 (0.027 ... 7.8) [-3.3(-21...17) 8.5e+3) 11 (4.1...19)

MPI-ESM1-2-LR

_ssp585_r1i1p1f

8() 1.6e+2 mm 1.2]0.40 (0.0028 ... 2.4) |-9.9 (-27 ...9.4) 11.9(1.0...12) 6.4 (0.058 ... 13)

NESM3_ssp585_ 0.49 (0.0000010 ...

r1i1p1f9 () 1.7e+2 mm 1.2(4.0) -5.7 (-16 ... 8.2) [3.1 (1.2 ... =) 78(1.5...14)

NorESM2-LM_ss

p585_r1i1p1f10 0.66 (0.0000010 ...

0 1.6e+2 mm 1.2(7.9) -4.5(-31 ... 27) 1.5(0.49...15) [4.3(-4.1...14)

AM2.5C360

Member 6 () 1.4e+2 mm 1.2136 (1.3 ... =) 14 (1.5..31) 11 (2.8 ... =) 11 (6.1 ... 16)

Member 7 () 1.3e+2 mm 1.216.4 (0.41 ... ») 7.7 (-41..21) 3.9(1.6...54) 5.9(2.0...11)
9.3(2.7 ...

Member 8 () 1.3e+2 mm 1.2]0.41(0.12 ... 2.2) -5.8(-15...4.3) |2.7e+2) 12 (5.9 ... 16)

FLOR

Ensemble 7.2(3.0..

member 1 () 1.4e+2 mm 12|83 (4.2 ... ©) 15 (6.3 ... 23) 8.8e+3) 8.3(5.5...12)

Ensemble

member 2 () 1.2e+2 mm 1.2]13 (0.95 ... =) 6.6 (-0.31...13) |99 (8.7 ... =) 9.5(7.1...13)

Ensemble

member 3 () 1.3e+2 mm 1.2]2.3e+3 (1.6 ... =) 9.4 (1.4 ...18) 2.4e+2 (9.4 ... ) |84 (6.1...11)

Ensemble

member 5 () 1.3e+2 mm 1.212.6 (0.34 ... 3.1e+2) (4.3 (-3.8 ... 11) 12 (4.6 ... ) 9.8(7.8...12)

Ensemble

member 6 () 1.2e+2 mm 1.2]2.6 (0.63 ... 53) 49 (-24..13) 3.7(22..15) 6.4(3.9...8.9)

Ensemble

member 7 () 1.3e+2 mm 1.2]2.3(0.42 ... 1.8e+2) |4.2(-5.6 ... 14) 8.7 (3.4 ...93) 10(7.6 ... 12)

Ensemble 1.3e+2 mm 1.216.7 (1.4 ...2.7e+2) |[8.0(1.5...15) 11 (4.0 ... 9.6(7.4..12)




member 8 () 1.7e+2)
Ensemble
member 9 () 1.3e+t2 mm 1.2]4.3 (0.80 ... ») 6.7 (-1.3 ... 16) 9.5(4.1 ... =) 9.8(7.1...12.6)

Table 5.1: Observational and model attribution results for 10-day MAM maxima rainfall events in Rio

Grande do Sul.

5.2 4-day accumulations

Model /
Observations

Threshold
for return
period 100 yr

Current
warming
level ['C]

Probability ratio
PR []

Change in
intensity Al [%]

Probability ratio
PR []

Change in
intensity Al [%]

1.9 (0.0000010 ...

CPC 159.58 mm 1.2]1.2e+19) 5.8 (-33 ... 86) 3.2(1.3...51) 11 (3.1 ... 23)
5.0e+2 (0.00061 ...

MSWEP 161.22 mm 1.2|2.7e+20) 31(-18 ... 1.1e+2) |4.9 (1.4 ... 2.3e+2) [11 (3.1 ... 22)
3.9 (0.0000010 ... 2.4 (0.14 ...

CHIRPS 128.87 mm 1.2]2.2e+20) 4.3(-30 ... 42) 1.3e+4) 3.0(-2.8...10)

CORDEX

CanESM2_rcp85

_RCA4 (1) 1.2e+2 mm 1.2|5.0e+2 (0.82 ... ©) |20 (-1.6 ... 36) 24 (2.1 ... ) 13 (6.5 ... 20)

GFDL-ESM2M_r

cp85_RCA4 (1) |96 mm 1.2|52 (2.0 ... ») 32(5.1...68) 5.1(1.9 ... =) 14 (7.0 ... 23)

HadGEM2-ES _r

cp85_RCA4 (1) [81 mm 1.2]2.1 (0.014 ... =) 41 (-15...21) 2.0(0.71 ... ») 40(-1.9..11)

HadGEM2-ES_r

cp85_RegCM4-7

(1) 1.2e+2 mm 1.2]65 (0.22 ... ») 8.4 (-6.5 ... 24) 1.4 (0.046 ... ») 1.2(-5.7..7.2)

IPSL-CM5A-MR

_rcp85_RCA4 0.57 (0.0000090 ...

(1) 94 mm 1.2]0.78 (0.11 ... 41) -2.7 (-18 ... 17) 1.5) -6.2 (-16 ... 7.1)

MIROCS5_rcp85_

RCA4 (1) 1.0e+2 mm 1.2]1.9(0.17 ... 18) 8.6 (-11 ... 34) 4.2(2.0..8.1e+2) |19 (9.8 ... 27)

MPI-ESM-LR_rc

p85_RCA4 (1) |94 mm 1.2]1.2(0.10 ... 33) 4.4 (-19...37) 1.5(0.67 ... 7.4) 8.4(-54 ...24)

MPI-ESM-LR_rc

p85_REMO2009

(1) 2.1e+2 mm 1.2]12.6 (1.1 ...12) 22 (2.7 ... 46) 1.1(0.75 ... 2.0) 21(-59..12)

MPI-ESM-MR _rc

p85_RegCM4-7

1) 1.6e+2 mm 1.2|47 (0.96 ... =) 39 (-1.6 ... 93) 2.7 (049 ... ©) 11 (-3.7 ... 32)

NorESM1-M_rcp

85 RCA4 (1) 1.0e+2 mm 1.2|1.2e+2 (2.5 ... =) 32(8.1...59) 25(1.2 ... =) 72(23..12)

NorESM1-M_rcp

85 _RegCM4-7 2.1e+2 (0.0000010

1) 1.3e+2 mm 1.2]... ©) 20 (-11 ... 58) 27 (1.8 ... =) 15 (4.3 ... 26)

CMIP6




EC-Earth3_ssp5

85 _r1i1p1f1 () 1.2e+2 mm 1.2](0.22 ... 24) 2.5(-12... 20) 21(1.0...17) 7.5(0.42 ... 15)
EC-Earth3-CC_s

sp585_r1i1p1f1

0 1.4e+2 mm 1.2|2.1(0.63...75) 7.2(-4.7 ...19) 4.0(1.9...3.0e+2) |13 (5.9 ... 20)
EC-Earth3-Veg-L

R_ssp585_r1i1p

111 () 1.1e+2 mm 1.2]8.0 (0.71 ... ») 13(-1.5...31) 5.1(1.7 ... =) 11 (3.3 ...18)
INM-CM4-8_ssp

585 _r1i1p1f1 () [91 mm 1.2]|11 (0.76 ... =) 21(-2.4...51) 0.62 (0.085 ... 1.5) |-4.8 (-11 ... 2.7)
INM-CM5-0_ssp

585 r1i1p1f1 () |1.1e+2 mm 1.2]0.76 (0.033 ... 23) -3.6 (-32 ... 33) 1.2(0.52 ... 3.8) 2.7(-51..1)
KACE-1-0-G_ss

p585_r1i1p1f1 () |1.8e+2 mm 1.210.74 (0.071 ... 2.4) |-3.8(-18...12) 1.2(0.64 ... 2.5) 2.0(-3.8...8.4)
MIROC6_ssp585

_rli1p1f1 () 1.6e+2 mm 1.2|1.1e+2 (0.57 ... ©) |28 (-4.5 ... 63) 9.6 (2.2 ... =) 16 (6.5 ... 26)
MPI-ESM1-2-HR

_ssp585_r1i1pif -7.6 (-27.3 ...

1() 1.5e+2 mm 1.210.50 (0.021 ... 5.6) 15.8) 24(1.3...1.2e+2)|9.5(2.6 ...17)
MPI-ESM1-2-LR

_ssp585_r1i1p1f

1() 1.3e+2 mm 1.2]|0.67 (0.042 ... 4.0) |-5.1(-24 ... 16) 21(1.2...9.9) 9.5(23...17)
NESM3_ssp585 0.87 (0.00060 ...

_r1i1p1f1 () 1.1e+2 mm 1.2]5.1) -1.1(-10 ... 10) 2.5(0.99 ... ») 6.8 (-0.043 ... 13)
NorESM2-LM_ss 1.4 (0.0000010 ...

p585_r1i1p1f1 () |1.1e+2 mm 1.2]|1.6e+2) 3.0(-23 ... 34) 1.8 (0.65 ... 82) 4.8 (-2.2...14)
AM2.5C360

Ensemble

member 6 () 86 mm 1.2]9.6 (1.6 ... 5.3e+2) [16(3.5... 30) 42(20..17) 10 (5.7 ... 15)
Ensemble

member 7 () 77 mm 1.2]|3.2(0.30 ... 5.0e+2) |6.8 (-7.8 ... 22) 1.4 (0.56 ... 5.1) 21(-3.2..8.1)
FLOR

Ensemble

member 1 () 83 mm 1.2|1.2e+2 (4.9 ... =) 16 (6.7 ... 26) 3.8(1.8...13) 59(3.2...8.7)
Ensemble

member 2 () 75 mm 1.2]4.7 (0.71 ... «) 54(-1.4..13) 14 (3.9 ... =) 8.3(6.2...11)
Ensemble

member 3 () 78 mm 1.2]|1.6e+4 (2.0 ... =) 11 (2.5...21) 34 (5.2... =) 7.8(5.3...10)
Ensemble

member 4 () 78 mm 1.2]16 (0.93 ... =) 7.8(-0.25...17) 11 (3.6 ... =) 7.1(4.7 ...9.8)
Ensemble

member 6 () 79 mm 1.2]12.4 (0.79 ... 11) 58(-1.5...13) 25(1.7...6.1) 6.2 (3.9 ...8.6)
Ensemble

member 9 () 79 mm 12|12 (1.2 ... «) 11 (1.0 ... 21) 3.6(2.1...9.1) 5.9(3.3...8.5)
Ensemble

member 10 () 77 mm 12|10 (1.2 ... 1.1e+8) 11(1.4..21) 36(22..1) 6.6 (4.3...9.0)

Table 5.2: Observational and model attribution results for 4-day MAM maxima rainfall events in Rio

Grande do Sul.




6 Hazard synthesis

6.1 Data summary

In this study, several features of the observational and model data are notable. For this event, only
short observational records were available and only two of these included the event itself. This event
was unprecedented and therefore exceedingly rare, with an approximate return period of 100-250
years and very high uncertainty. The uncertainty in the subsequent GMST trend analysis was likely
due to high return period, the short time series as well as the decadal-scale oscillation apparent in all
observational datasets that was not accounted for in the statistical model (section 3.1). The latter also
likely affected the GMST result more than the ENSO result, resulting in much larger confidence
intervals for the trends with respect to GMST than those with respect to ENSO. Additionally, for the
10-day event, it was notable that including the event in the statistical model changed the best estimate
of the trend from negative with GMST to positive (see section 3.1), suggesting that it had a strong
influence. However, again due to the exceptional uncertainties, this result requires further
investigation once additional data is available. Finally, climate models from all four ensembles
performed well for similar extremes in the region, with very few models failing evaluation and high
consistency in the results for the influence of both GMST and ENSO. In part, this is due to the large
uncertainty in observations resulting in a wide range of possible fit parameters. However, all models
were assessed as ‘good’ or ‘reasonable’ in producing accurate spatial patterns and seasonal cycles of
precipitation.

6.2 Attribution results

For the two event definitions described above, 4-day and 10-day rainfall maxima, we evaluate the
influence of anthropogenic climate change and the ENSO phase on the events by calculating the
probability ratio as well as the change in intensity using the observation-based products introduced in
section 2 and climate models. Models which do not pass the evaluation described above (section 4)
are excluded from the analysis. The aim is to synthesise results from models that pass the evaluation
along with the observations-based products, to give an overarching attribution statement. Figs. 6.1-6.6
show the changes in probability and intensity for the observations (blue) and models (red) for both
event definitions. We use the same statistical model that accounts for ENSO for the models and
observation-based products. Before combining them into a synthesised assessment, first, a
representation error is added (in quadrature) to the observations, to account for the difference between
observations-based datasets that cannot be explained by natural variability. This is shown in these
figures as white boxes around the light blue bars (only visible for intensity change). The dark blue bar
shows the average over the observation-based products. Next, a term to account for intermodel spread
is added (in quadrature) to the natural variability of the models. This is shown in the figures as white
boxes around the light red bars. The dark red bar shows the model average, consisting of a weighted
mean using the (uncorrelated) uncertainties due to natural variability plus the term representing
intermodel spread (i.e., the inverse square of the white bars).

Observation-based products and models are combined into a single result in two ways. Firstly, we
neglect common model uncertainties beyond the intermodel spread that is depicted by the model
average, and compute the weighted average of models (dark red bar) and observations (dark blue bar):
this is indicated by the magenta bar. As, due to common model uncertainties, model uncertainty can
be larger than the intermodel spread, secondly, we also show the more conservative estimate of an
unweighted, direct average of observations (dark red bar) and models (dark blue bar) contributing



50% each, indicated by the white box around the magenta bar in the synthesis figures.

While the uncertainties around the observations and some models are very large, the overall picture is
consistent, across both GMST and ENSO influences, showing an increase in the likelihood and
intensity of 10-and 4-day rainfall maxima (tables 6.1 & 6.2) with both increasing GMST levels and
with El Nino conditions. In case of the synthesis results, intensity changes are statistically significant.
Given that we also know that the Clausius-Clapeyron relationship holds for rainfall on these
timescales we thus use the weighted synthesised attribution results as our overarching results. Given
the results are very similar for both temporal event definitions we summarise the attribution results for
each covariate: GMST warming of 1.2 C resulted in an increase in likelihood by about a factor of 2
(uncertainty range 0.25-25) and an intensity increase of 6-9% (uncertainty range ~0-15%), and the El
Nino resulted in an increase in likelihood by about a factor of 3 (0.75-15) and an intensity increase of
7% (1.5-14%) relative to a neutral phase (tables 6.1 & 6.2).

This finding is further corroborated by assessing the change in likelihood and intensity for both event
definitions in a 0.8C warmer climate compared to today. Again we find relatively large uncertainties
for individual models but a statistically significant probability ratio of 1.3 to 2.7, encompassing both
timescales, and an intensity change of about 4% (tables 6.1 & 6.2). The latter in particular is
comparably small compared to expectations from Clausius-Clapeyron and thus probably rather
conservative.
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Figure 6.1: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 10-day max rainfall over Rio Grande do Sul in the current

climate and a 1.2°C cooler climate.
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Figure 6.2: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 10-day max rainfall over Rio Grande do Sul in the current
El Nino event and a neutral ENSO phase.
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Figure 6.3: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 10-day max rainfall over Rio Grande do Sul in the current
climate and a 0.8°C warmer climate.
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Figure 6.4: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 4-day max rainfall over Rio Grande do Sul in the current
climate and a 1.2°C cooler climate.
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Figure 6.5: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 4-day max rainfall over Rio Grande do Sul in the current
El Nitio event and a neutral ENSO phase.
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Figure 6.6: Synthesis of probability ratios (left) and intensity changes (%: right) when comparing the
return period and magnitudes of the MAM 10-day max rainfall over Rio Grande do Sul in the current
climate and a 0.8°C warmer climate.



GMST ENSO (EI Nino - Neutral)
Data
Probability ratio | Intensity change Probability ratio Intensity change
(95% CI) (%) (95% CI) 95% CI) (%) (95% CI)
Past- 0.63 (10°—~10") | -3.67(-39-52.7) | 2.14(0.67-53.8) | 5.89(-1.39 - 14.6)
Observations | Present
2.29(0.30-19.1) 3.11 (0.52 -19.7)
Models
2.28 (0.30 - 19.0) 2.67 (0.84 — 14.8)
Synthesis
Present- 3.46 (-0.65 — 7.70) N/A N/A
Models only | Future

Table 6.1: Summary of results for 10-day March-May maximum rainfall, presented in Figs 6.1-6.3:
changes due to GMST include past-present changes and present-future changes for the El Nino state
of 2023/24, changes due to ENSO include El Nino versus neutral phases in the present climate.
Statistically significant increases (decreases) in probability and intensity are highlighted in dark blue
(orange), while non-significant increases are highlighted in light blue (orange).

GMST ENSO (EI Nino - Neutral)
Data
Probability ratio | Intensity change Probability ratio Intensity change
95% CI) (%) (95% CI) 95% CI) (%) (95% CI)
Past- 15.3(107-10"") | 12.9(-32.1 - 88.3) 3.38 (0.54 - 560) 8.09 (-2.87-22.4)
Observations | Present
2.42(0.25-25.1) 2.48 (0.60 — 10.7)
Models
2.44 (0.25-25.4) 2.60 (0.75 - 11.2)
Synthesis
Present- 4.27 (-0.95-9.73) N/A N/A
Models only | Future

Table 6.2: Summary of results for 4-day March-May maximum rainfall, presented in Figs 6.4-6.6.

changes due to GMST include past-present changes and present-future changes for the El Nino state
of 2023/24, changes due to ENSO include El Nino versus neutral phases in the present climate.
Statistically significant increases (decreases) in probability and intensity are highlighted in dark blue
(orange), while non-significant increases are highlighted in light blue (orange).

7 Vulnerability and exposure

Rio Grande do Sul (RS), Brazil's southernmost state, is no stranger to floods due to its largely
low-lying physiographic location at 10m above sea level, myriad of river systems, and land-use



changes driving vegetation loss. Ninth-largest in area, RS is 281,748 km?2. Between 2013-2023, it saw
953 emergency decrees due to rain or associated hazards such as landslides (Romany, 2024). The state
capital and Brazil’s fifth-largest metropolitan city, Porto Alegre, is situated on the Guaiba, which is
formed by the confluence of nine river basins and leads to Lagoa dos Patos, the continent’s largest
freshwater lagoon (see figure 7) (Allasia et al.. 2015; Oliveira, 2024). The city has a population of
about 1,3 million people while its Metropolitan Region (RMPA) is home to 4,4 million. Due in part to
its location, Porto Alegre has faced major floods in 1873, 1928, 1936, 1941, 1967, and 2023.

Legenda

Bacia da Laguna dos Patos
Brasil
1 America do Sul

0 75 150 km

{ L E—

Figure 7: Map showing some of the state’s major river systems emptying into Lagoa dos Patos, at the

northwestern tip of which Porto Alegre is located. Source: Kohut Martinbiancho et al., 2018.

The unprecedented 2024 April-May floods have affected over 90% of RS (figure 8), an area
equivalent to the UK, displacing 581,638 people and causing 169 deaths (Governo do Estado de Rio
Grande do Sul, 2024; IFRC, 2024; OCHA, 2024). The RMPA experienced severe flooding, in part
due to the malfunctioning of key components in Porto Alegre’s flood protection system (Miola, 2024;
Zambiasi, 2024). In addition, a partial dam collapse of the “14 de Julho” hydroelectric plant between
Cotipord municipality and Bento Gongalves city on the Das Antas river is reported to have created an
approximately 2m wave, aggravating the flooding in already inundated communities nearby (The
Water Diplomat, 2024; International Water Power, 2024; Al Jazeera, 2024).



https://brazilian.report/liveblog/brazil-floods/2024/05/09/south-brazil-devastating-floods/
https://piahs.copernicus.org/articles/370/189/2015/piahs-370-189-2015.pdf
https://oeco.org.br/reportagens/chuvas-no-rio-grande-do-sul-o-que-as-aguas-barrentas-que-tudo-arrastam-sinalizam/
https://lume.ufrgs.br/bitstream/handle/10183/188035/001081486.pdf?sequence=1
https://estado.rs.gov.br/defesa-civil-atualiza-balanco-das-enchentes-no-rs-29-5-9h
https://estado.rs.gov.br/defesa-civil-atualiza-balanco-das-enchentes-no-rs-29-5-9h
https://www.ifrc.org/emergency/brazil-rio-grande-do-sul-floods
https://reliefweb.int/report/brazil/brazil-rio-grande-do-sul-floods-snapshot-covering-period-10-16-may-2024
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https://brazilian.report/liveblog/brazil-floods/2024/05/21/porto-alegre-sanitation-shortfalls/
https://www.waterdiplomat.org/story/2024/05/historic-floods-brazilian-state-rio-grande-do-sul
https://www.waterdiplomat.org/story/2024/05/historic-floods-brazilian-state-rio-grande-do-sul
https://www.waterpowermagazine.com/news/dam-of-14-de-julho-power-plant-in-brazil-partially-collapses-fatalities-reported-11737530/?cf-view
https://www.aljazeera.com/gallery/2024/5/6/death-toll-from-southern-brazil-rainfall-rises-with-many-still-missing
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Figure 8. Map outlining the municipalities impacted by the 2024 RS floods. Source: OCHA, 2024.

In the past year, four floods have hit RS, three of them between July and November 2023 (NASA
2023; Frost, 2024). Caused by an extratropical cyclone, the September 2023 floods left 54 dead,
marking the worst weather-related disaster in the state’s history until the recent floods (Romany,
2024). Several locations in RS were heavily impacted in both 2023 and 2024, including, for instance,
the RMPA and Taquari River Valley (Vale do Taquari) (BBC, 2024). While the recent events have left
some residents on alert for floods (BBC, 2024), their compounding impacts have caused significant
economic losses in industry, agriculture, and livestock, the state’s leading sectors (Bento, 2024;
Williams, 2024); further eroded infrastructure (OCHA, 2024); and increased financial stress and
mental health issues for large segments of the population, further worsening already precarious life
conditions of vulnerable groups (especially Indigenous, riverbank, and small farming communities)
(Peoples Dispatch, 2024; US News, 2024). Rising and lingering floodwaters have escalated
leptospirosis cases, a waterborne infectious disease, and the first death was confirmed in May 2024
(Moncau, 2024). At the time of writing, seven deaths have been confirmed out of the 141 people
infected (O_Globo, 2024). School closures (Educational International, 2024) are generating education
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gaps and elevating dropout risks, leading to lasting economic and social repercussions (Ferreira de
Lima et al., 2024). Negative outcomes include an estimated lifetime loss of income of 372,000 reais

($66,700 USD) per student, higher unemployment, reduced wage expectations, and diminished tax
revenues and economic productivity (Ribeiro, 2020; Mussida et al., 2019). Consequently, quality of

life deteriorates, manifesting in poorer overall health, and poverty rate increases, along with higher
dependency on welfare programs and decreased economic and GDP growth.

As social scientists and epidemiologists have repeatedly shown (see e.g. Biehl & Petryna, 2013),

intersecting vulnerabilities on an individual and familial level lead to differences in impacts across the
affected populations. The state has the largest population of older adults in Brazil (Gomes & Britto,

2023), who are faced with distinct challenges, including mobility issues, chronic illnesses, and
commonly, a reluctance to evacuate (BBC, 2024). Although Brazil has reduced extreme deprivation

from 15% in 2001 to under 6% in 2022, the persistent income inequality and socioeconomic
disparities remain critical (Gomes, 2024). In 2022, the poverty rates among black and brown
communities (40%) reached twice the rate of white populations (21%) (Gomes, 2024). RS, often
perceived as a reasonably well-off region, still has significant pockets of poverty and marginalisation.

Reports indicate that severe impacts have hit at least 240 informal settlements, 80 indigenous villages,
and 40 communities with predominantly quilombola (descendants of enslaved Africans) populations
(Abdala, 2024; Tokarnia, 2024). Observatorio das Metropoles’ (2024) analysis' of the flood affected
areas and their average income in the RMPA clearly suggests that the poorest areas are most impacted

(Figure 9). However, while most of the affected areas are poor, including for example Sarandi, Rubem
Berta, and Humaité in Porto Alegre, Mathias Velho in Canoas, Santo Afonso in Novo Hamburgo, and
Campina in Sdo Leopoldo (Gomes, 2024), not all low-income neighbourhoods were impacted, such as
Restinga, in the outskirts of the capital, with the lowest income (Velleda, 2024).

' Using the 2010 Census, as data from the 2022 Census is not yet available.
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Figure 9. Map illustrating the relationship between income and flooded areas in the RMPA. Areas in
red have the lowest income while green areas have the biggest. Areas in gray showcase the extent of

the flooding as of 6 May. Source: Observatorio das Metropoles, 2024.

Faced with inadequate infrastructure and socioeconomic deprivation (Abdala, 2024), historically
marginalized communities tend to be disproportionately exposed and vulnerable to landslides and
floods. For instance, marginalized groups often reside on hillslopes, riverbanks, and lakeshores with
precarious housing and improper water management (Ghisleni, 2024). Meanwhile, a lack of resources
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leave people with limited means to evacuate, relocate, and cope with and recover from losses and
damages (Mansur et al., 2018). These floods are a salient example of climate injustice, as those least

responsible for the emissions that cause global warming and with little agency to influence policy and
urban development have experienced the worst of the floods (Canofre, 2024).

While some groups are disproportionately impacted, it is important to note the scale at which the
floods hit RS. With nine out of ten municipalities facing loss and disruptions to basic services, notably
water, electricity, telecommunication and healthcare (Government of Brazil, 2024; Al Jazeera, 2024a;
Al Jazeera, 2024b; Peoples Dispatch, 2024; Tokarnia, 2024), most of the state’s roughly 11 million
inhabitants were affected. People from all walks of life have been impacted, including higher-income
communities such as Menino Deus, Praia de Belas, and Cidade Baixa in Porto Alegre (Velleda, 2024).
This analysis sets out to identify the drivers of vulnerability, exposure, and coping capacity, which is
necessary to fully understand flood risk and impacts in the context of the 2024 RS floods.

7.1 Land-use management - Deforestation and agribusiness

Land use and land cover management in RS has significantly impacted flood risks, primarily due to
extensive deforestation driven by agricultural expansion. According to a survey by MapBiomas
(2023), between 1985 and 2022, the state has lost 22% of its native vegetation (about 3.6 million
hectares) (Prizibisczki, 2024). Forests, fields, and wetlands have been converted to developed areas,

primarily for soybean plantations. The loss is even steeper in the Guaiba Basin in particular, subject to
the greatest flood impacts, reaching 26% (1.3 million hectares) during the same years. This vegetation
loss has diminished the land’s natural capacity to absorb rainfall, increasing flood risks. Urban
developments in areas like the Guaiba basin, where large-scale agricultural activities occur, have
compounded flood risks (which will be unpacked in greater detail in section 7.3) (Allasia et al., 2015).

While Brazil’s Forest Code (O Codigo Florestal) of 2012 establishes where and how native vegetation
can be used in the country (Embrapa, n.d.), its preservation requirements (20% of each rural property
in RS) are not enforced (Prizibisczki, 2024; Oliveira, 2024). RS constitutes one of five states in Brazil
yet to have implemented the legal framework of the Environmental Regularization Program
(Programa Regularizagdo Ambiental, PRA) (Prizibisczki, 2024). Further, in 2020, RS changed 480
environmental standards, motivated by the objective to enable economic growth while protecting the
environment (Centeno, 2024). Its implications include eroded environmental protection (of e.g.
forests, wetlands, dunes, and beaches), and relaxed environmental licensing, in some cases allowing
self-licensing by companies (Centeno, 2024; State Foundation for Environmental Protection. n.d.).
For example, the second chapter of the Forest Code about incentives for environmental protection was
removed, leaving rules for permanent preservation areas (such as river banks, hilltops, and slopes, i.e.
flood and landslide-prone places) undefined, as was the veto on cutting down, marketing and selling
native trees threatened with extinction (Centeno, 2024; Observatorio do Codigo Florestal, 2024). In
2023, 36% of the state’s land was made up of agriculture; second only to Parand with 39%
(MapBiomas, 2023). Notably, in March 2024, RS’ rural extension company Emater estimated 70.83%
and 32.23% increases in soybean and corn productions, respectively, between the 2022/23 and
2023/24 harvests (Oliveira, 2024). In 2021, RS housed 6.56% of Brazil’s total cattle herd at nearly 13
million (ABIEC, 2022). Soybean and beef production have notable greenhouse gas emissions and

environmental footprints (Ermgassen et al., 2020).
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The economic impacts of the floods are profound, particularly on the agriculture and livestock sectors,
which contribute significantly (13%) to the state’s GDP (Barisauskas, 2024). Bradesco, a Brazilian
bank, forecasts a recession in the country’s agricultural sector to reach 3.5% in 2024 (Government of
USA. 2024). The floods have also threatened local food production and may lead to price spikes in
key commodities like rice and dairy (Government of USA, 2024), further aggravating impacts on

low-income communities already disproportionately impacted. Restoring forests and their water-
retaining root systems is crucial for mitigating future flood risks and ensuring sustainable land use.

7.2 Water management of the Guaiba

Covering 496 km?, the Guaiba is a significant waterway in southern Brazil that plays a crucial role in
the hydrology of the RMPA. Several rivers including the Jacui, Dos Sinos, Cai, Gravatai, Taquari, and
Das Antas flow into the Guaiba, which then empties into the Lagoa dos Patos, South America's largest
barrier-lagoon system (Possa et al., 2022). The recent extreme precipitation has highlighted the
Guaiba's increasing flood risks, exacerbated both by human and climatological factors.

A key issue in managing the Guaiba's flood risk is its ambiguous classification as either a river or a
lake. The Brazilian Institute of Geography and Statistics (IBGE) classifies it as a river, while the Porto
Alegre Environmental Atlas considers it a lake, reflecting its mixed characteristics (Scotta et al.
2019). This ambiguity further complicates the enforcement of environmental regulations discussed in

section 7.1, as different classifications can imply different legal protections and management
strategies. The lack of clear and consistent regulation has facilitated urban encroachment on critical
buffer zones like wetlands and forests, such as the construction of large landfills in the wetlands of the
Gravatai River, a tributary of the Guaiba (Etchelar et al., 2024). Increasingly developed, these areas
suffer reduced capacity to absorb excess water.

Reducing flood risk of the Guaiba necessitates a robust, integrated approach that includes stricter
enforcement of environmental laws and reconsideration of municipal and state policies that allow
development in flood-prone areas. Without such measures, flood risks in the RMPA and surrounding
regions will likely continue to escalate with increasingly climate change-exacerbated heavy rainfall.

7.3 Urban planning and informality

RMPA is located in a low-lying area. Rapid urbanisation, marked by fragmentation and uneven
infrastructure distribution, along with social and territorial segregation, have forced the poorest
segments of the population to settle in unsuitable locations prone to flooding, landslides, and related
hazards. These typically low-income communities lack the resources to adapt or recover, heightening
their vulnerability, often relying on irregular land parceling on peripheral, low-cost land use (Lindsay,
2012). Despite governance efforts, informal and unregulated urbanisation continues.

The Jacui River illustrates the combination of limited coping capacity and exposure found in many
urban deltas worldwide (Tessler et al., 2015). The Jacui forms a delta with marshes, wetlands, inlets,
and 30 islands, flowing 710 km from the mountains in the northwest of RS into the Guaiba.
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Arquipélago and Humaita-Navegantes are two areas of Porto Alegre that are severely affected by
flooding. These regions differ in their risk landscapes, built environments, and socioeconomic
demographics. Arquipélago, with its 44.2 km? of islands, is integrated into the delta water regime and
prone to riverine flooding and has the second lowest Human Development Index in the city with
significant public security issues. Humaita-Navegantes with 15.11 km2 on the mainland, has
traditionally experienced significant flooding as well (Fernandes, 2024). To help mitigate this, the city
implemented a comprehensive flood protection system in 1974 (Kohut Martinbiancho, 2018).

A study of a 2015 flood examined houses from various affected areas. In the Arquipélago region,
traditional stilt houses were recently replaced by stone masonry foundations, perceived as modern
even if more exposed. Exposed brick masonry was the most common building material, although 11%
of homes were made from reused wood, making them highly vulnerable. Many houses had open-air
sewage (24%) and nearby garbage or construction debris (30%). Although 80.4% of residents
reported owning their homes, tenure security remains uncertain (Pereira et al., 2022).

The expansion of Porto Alegre by 46% since the 1970s, mostly unplanned, has created impervious
surfaces that prevent natural water absorption, leading to high erosion rates and drainage problems
(Allasia et al., 2015). Porto Alegre saw the approval of 977 developments in total, according to a
historical series that details the location and size of urban development plots authorised by local
governments between 1977 and 2022. Of those, 163 (16.6%) are located inside the boundaries of the
hydrogeological risk area. These developments cover 125.1 km2, or 45.2%, of the entire
land-parcelling area, indicating that while not numerous, they tend to be large. Many land parcels
within the risk areas were approved in the last two decades, most in the period between 2010 and
2022. Although studies during this period confirmed that the designated areas faced severe
hydrogeological risks, intense market forces driving widespread real estate expansion in Brazil
continue to override territorial governance, particularly at the metropolitan level (Altafini, da Costa

Braga & Ugalde, 2023).

Interruptions in infrastructure aggravated by recent expansions toward areas under hydrogeological
risk in the peripheries have left communities isolated as segments of major highways have been
closed due to landslides. A reconstruction plan and how to do so in a way that reduces future climate
disasters has yet to be determined (Hughes, 2024).

Robust evidence shows increased flow trends in the Patos Lagoon basin. Future predictions indicate
that extreme weather events that lead to floods will be more frequent, including extreme rainfall and
tropical cyclones. Rising sea levels and southern winds may induce more frequent surges at the Patos
Lagoon, damming the Guaiba and resulting in significant flooding when combined with heavy
rainfall. This territorial context, which forms one of the largest and most complex water basins in the
country, constitutes itself as one of the most susceptible areas in Brazil as the risk is reinforced given
its dense human occupation (Altafini, da Costa Braga & Ugalde, 2023).

7.4 Flood risk management

7.4.1 Flood protection


https://pp.nexojornal.com.br/opiniao/2024/05/29/entre-a-agua-e-a-lama-vidas-casas-e-negocios-no-rio-grande-do-sul
https://lume.ufrgs.br/bitstream/handle/10183/188035/001081486.pdf?sequence=1
https://www.mdpi.com/2413-8851/6/4/76#B59-urbansci-06-00076
https://piahs.copernicus.org/articles/370/189/2015/piahs-370-189-2015.pdf
https://muse-jhu-edu.ejournals.alumni.ucl.ac.uk/pub/50/article/915205
https://muse-jhu-edu.ejournals.alumni.ucl.ac.uk/pub/50/article/915205
https://apnews.com/article/brazil-floods-economy-environment-climate-change-4e49b3ecc857253a5c23946208c58cfc
https://muse-jhu-edu.ejournals.alumni.ucl.ac.uk/pub/50/article/915205

The flood protection system in Porto Alegre was constructed in response to severe floods, notably
those in 1941 and 1967, and was implemented in 1974. The most prominent feature of this system is
the Maud Wall, a 2.6km long and 3m high concrete levee to protect the city from Guaiba's rising
waters. This extensive system, that spans 68km in total, is designed to withstand water levels up to
6m, and comprises of walls, levees, 23 pumping stations, and 14 floodgates (Possa et al., 2022; Miola,
2024; Kohut Martinbiancho, 2018).

Despite its robust construction, the Maud Wall has faced considerable criticism from the public, city
planners, and politicians. Critics argue that the wall is aesthetically unpleasing, obstructs views of the
Guaiba, and restricts access to its port and the water (see e.g. Dal Pian Arquitetos, n.d.; Kohut
Martinbiancho, 2018). Importantly, while under development, there was also a limited public
consultation process, adding a political dimension to the rallies to remove it (Allasia et al., 2015).
Further, until 2023, the lack of major floods since the wall’s construction is believed to have led to a
false perception of safety, prompting proposals to remove or modify the wall (Kohut Martinbiancho
2018; Allasia et al., 2015; Possa et al.. 2022). For instance, a 2010 law suggested demolishing the
Maua Wall before the 2014 FIFA World Cup to restore the city’s visual and physical access to the
Guaiba (Allasia et al., 2015). However, proposals to replace it with more aesthetically pleasing or

technically advanced solutions (see e.g. Silveira, 2020; G1, 2021; Secretaria _de Planejamento,
Governanca e Gestdo do Estado do Rio Grande do Sul, 2021) have been met with resistance from

experts who emphasise the necessity of reliable, low-maintenance structures (Allasia et al., 2015).

The failure to fully maintain the existing system, coupled with inadequate investment and planning,
has left the Porto Alegre and the Metropolitan Region vulnerable to future flooding (see e.g. Fortunati
& Melo, 2015; Zambiasi, 2024; Miola, 2024; Mendes, 2024). And now, the scale of the tragedy is
unprecedented. There is a critical need for hydraulic and hydrological studies before making any
changes to the flood protection infrastructure (Allasia et al.. 2015). While there have been initiatives
to educate the public and policymakers about the necessity of the Maua Wall and the risks of
removing or altering it, these have received little attention by policy-makers and, therefore, have not

sufficiently altered public perception or policy actions (Allasia et al., 2015; Fischer, 2024).

Recent events have highlighted the critical importance of the flood protection system. In May 2024,
the Guaiba reached a record level of 5.33m, nearing the system’s maximum design capacity at 6m
(Miola, 2024). However, there are claims that gaps between doors and the wall, and a malfunctioning

of floodgate motors, led the water to begin to enter the city already at the 4.5m mark (Miola, 2024).
Porto Alegre’s Municipal Sanitation Plan (Fortunati & Melo, 2015) highlighted similar deficiencies in

the flood protection system in 2015. It noted that the hydraulic capacity was 70% below the required
level and the installations, including mechanical and electrical systems, were in poor condition.
Additionally, the Plan identified precarious operational conditions in pump houses, with some
functioning at less than 50% capacity. This included the critical pumps at Rainwater Pumping Stations
(EBAPs) 17 and 18, which are responsible for draining the city centre, the most impacted area.
Additionally, there had been no comprehensive assessment of the dike system’s stability (Zambiasi
2024).

In 2020, Porto Alegre's municipal government upgraded the motors in multiple EBAPs and automated
the relevant stations (Redin, 2020). At EBAP 17, which had been experiencing operational issues
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since at least 2018, the manually operated motor was replaced. Despite this, the station experienced
operational failures again during the 2023 floods, with only six of the 23 pumps operational
(Zambiasi, 2024; Miola, 2024). This recurrence suggests that the measures taken were not entirely
effective. Further, reports indicate that maintenance and funding for Porto Alegre's flood protection
system have been significantly reduced. Investments in flood prevention decreased from 2021 to
2022, with no funds allocated in 2023 (CNN, 2024; Maciel, 2024). Further, many components of the
system, including pumping stations and floodgates, have been poorly maintained or are non-functional

(Miola, 2024). In response to the floods and malfunctioning of the flood protection system, a group of

former directors of Porto Alegre’s municipal rainwater sewage department argues that the existing
flood protection system is indeed robust, efficient, and easy to operate and maintain, and that leaks
occurred in most of the sluice gates which were unmaintained (Mendes, 2024).

The 2023 and 2024 floods serve as stark reminders of the ongoing need for robust flood management
and infrastructure repair, upgrade, and maintenance in the Porto Alegre, its Metropolitan Region and
across the state of RS as a whole.

7.4.2 Early warning system

Flood Early Warning Systems (FEWS) play a crucial role in reducing the loss of life, particularly in
regions prone to heavy rainfall and flooding. Brazil's National Center for Monitoring and Early
Warning of Natural Disasters (CEMADEN) stands as a key institution in this regard. Established in
response to the devastating 2011 Petropolis floods, CEMADEN monitors 1038 out of the total 5570
municipalities in the country, issuing alerts to the National Secretariat of Civil Defense (SEDEC)
(Marchezini_et al. 2017; Marengo et al., 2023). Leveraging historical data and vulnerability
assessments, CEMADEN focuses on regions susceptible to heavy rainfall, providing crucial
information for disaster preparedness and response (Marchezini et al., 2017; Alvald et al. 2019).

On April 22, 2024, SEDEC first issued an alert about storms and locally intense rainfall with the
potential to result in flooding as well as power cuts, providing nearly a week’s lead time before the
floods started on April 28 (Globo. 2024a). Over the coming days and into early May, SEDEC
continued to issue alerts (Globo, 2024b). While warnings were disseminated, their coverage and how
well people understood the risk and how to respond remain unclear for these floods. Anecdotal

evidence suggests that some people were unwilling to leave their homes, prompting firefighters to
convince people to evacuate, e.g. in the vicinity of the Taquari River (Fantastico, 2024; Brito & Paz
2024). A false sense of safety due to the few flood incidents in recent years (pre-2023) (Allasia et al.,
2015) and people's attachments to their homes (as precarious as they are) may also help explain the

reluctance to evacuate. With research suggesting that lived experience and remembering disasters,
notably of similar magnitude, can have a strong influence on the individual’s risk perception and risk

mitigating behaviour (see e.g. Kirby-Straker & Straker, 2023; Ridolfi et al., 2019; Possa et al., 2022;
Santoro et al., 2023), the unprecedented nature of these floods is also likely to have played a role.

A study by Saito et al. (2019) indicates limited efficiency of warnings due to their dissemination
through email. More institutional barriers, including centralised control and inadequate resources,
hinder a people-centred approach to FEWS in Brazil (Marchezini et al.. 2017). However, initiatives
such as citizen science and crowdsourcing offer promising avenues for improving warning systems'

effectiveness and enhancing community resilience (UKRI, 2023; Norface Network & Belmont Forum,
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n.d.). Recent technological innovations, such as Google's flood alert system powered by Artificial
Intelligence and Machine Learning, demonstrate the potential for further advancing FEWS
capabilities. By integrating various data sources and predictive modelling, these systems enhance
real-time monitoring and forecasting, enabling timely response to floods (Moraes, 2022).

Addressing institutional barriers, leveraging technological innovations, and fostering community
engagement are essential for enhancing Brazil's resilience to future flood events. As climate change
exacerbates the frequency and intensity of rainfall in the state of Rio Grande do Sul, investing in
robust FEWS remains imperative for safeguarding lives and livelihoods.

7.4.3 Emergency response and social protection

The response to the devastating 2024 RS floods has been multifaceted, involving significant
communal, governmental, non-governmental, and international efforts. Brazil's federal government
swiftly mobilised resources, announcing a comprehensive aid package totaling 50.9 billion reais ($10
billion) to support various sectors affected by the disaster. This allocation includes provisions for
employees, public assistance recipients, municipalities, companies, and rural producers (Hughes,
2024). President Luiz Inédcio Lula da Silva's administration also implemented measures to alleviate
financial burdens, such as suspending debt repayment for the state and redirecting funds towards flood
relief efforts (Hughes, 2024). Additionally, the federal government initiated emergency shelter plans,
establishing temporary cities equipped with metal and plastic structures to accommodate
approximately 77,000 displaced individuals across four locations in the state, namely Porto Alegre,
Canoas, Guaiba, and Sao Leopoldo (O _Globo, 2024).

Moreover, social protection programs have been instrumental in addressing the immediate needs of
affected families. The government announced aid packages, including one-time lump-sum payments
and access to the FGTS mandatory severance fund, aimed at providing financial relief to impacted
individuals (Ribeiro, 2024). Furthermore, the expansion of the country’s cash transfer program Bolsa
Familia (which already reaches 11.1 million families), to include 21,000 new families, demonstrates

efforts to mitigate the socio-economic impact of the floods (Ribeiro, 2024; Centre for Public Impact,
2019). International support has also been forthcoming, with e.g. Argentina, Venezuela, Uruguay, and
the United States pledging humanitarian assistance for helicopters, planes, drones, rescue boats,
hygiene kits, and cleaning supplies (Savarese & Hughes, 2024; Matoso & Mazui, 2024).

However, the effectiveness of emergency response efforts has been hindered by various challenges.
Disinformation campaigns have impeded rescue operations and relief efforts by spreading false
narratives regarding government assistance and rescue attempts (Ribeiro, 2024; Price, 2024).
Additionally, infrastructural damage, including destroyed roads and fallen bridges, has posed

significant barriers to access for both rescue teams and humanitarian aid convoys (Carrasco, 2024).

The disruption of telecommunications services in up to 172 municipalities further compounds
logistical challenges, complicating coordination among response agencies (Peoples Dispatch, 2024).
The catastrophe has only recently received substantial international media coverage and the question
remains how such coverage could further mobilise public opinion and relief efforts abroad, as well as
scientific collaborations.
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7.4.4 Community coping strategies

In the wake of major disasters and against the backdrop of strained response efforts, societies develop
their own informal networks and grassroots initiatives for solidarity, survival, and recovery (Solnit,
2010; Kotani & Yokomatsu, 2016). As exemplified in the aftermath of the RS floods, vast reciprocal
support networks have emerged as indispensable assets in disaster management, providing basic

goods, alleviating suffering and momentarily revitalising livelihoods, on community and individual
levels (Karunarathne & Lee, 2022). These networks are especially critical with compounding rainfall
and lingering flood waters (Carrasco, 2024; BBC, 2024; Moncau, 2024), which is driving continued
materialisation of damages and losses weeks after the initial flood onset.

Stories shared through phone calls and platforms such as WhatsApp not only disseminate crucial
information but also facilitate swift and effective resource allocation based on immediate needs
(Carrasco, 2024). Civilian volunteers from RS and other states, equipped with boats, rubber rafts, jet
skis, surf boards, trucks, and even helicopters, spearheaded rescue missions (Pitombo & Sousa, 2024;
Teixeira, 2024; Parreiras, 2024; Fontes, 2024). To facilitate and streamline relief efforts, a group of
students from the Centro Universitario Ritter dos Reis independently developed an internet platform,
Salva RS, where people can both ask for and offer assistance (Rocha, 2024). As of May 9, 2024, the
platform had helped rescue 12,000 flood-affected individuals. Further, businesses and private homes
were transformed into impromptu shelters and kitchens (BBC, 2024; Pitombo & Sousa, 2024; La Via
Campesina, 2024). Athletes, such as judokas, leverage their skills and influence to provide aid,
fundraise, and prepare meals, while training facilities morph into support centres and housing for
flood-affected and displaced populations (Judo Inside, 2024).

Characterised by decentralised responses orchestrated through social networks, this societal transition
epitomises the concept of a "paradise built in hell." It elucidates how disasters can catalyse altruism
and foster community cohesion and social capital that transcends socio-economic and political divides
(Kotani & Yokomatsu, 2016; Solnit, 2010). While these changes tend to be temporary, research shows
that collaborative efforts engendered by disasters not only mitigate immediate hardships but can also
sow the seeds for long-term social transformation including blurring political polarizations (Kotani &
Yokomatsu, 2016).

7.4.5 Recovery and adaptation

The 2024 RS floods necessitate a comprehensive approach to recovery and adaptation, given the
climate change-induced rainfall exacerbation and pre-existing vulnerabilities. While initial estimates
of reconstruction total 120b reais ($29b USD) (Hughes, 2024), floodwaters linger and drive further
impacts. Flood-affected municipalities typically require a decade to restore their previous level of
economic activity (Hughes, 2024), however it is crucial that the recovery and reconstruction in RS is
climate-smart, taking into account not only the current but also future climate (risks). Climate-smart
also means generating new job opportunities for the legions of urban and rural poor who lost their
livelihoods, small businesses, and employment. This would both help reconstruct the state and deter
human capital exodus.

Calls are made for adherence to effective master plans and regulation enforcement to deter
reconstruction in high-risk zones (Cercena, 2024). Managed retreat has emerged as one of the
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strategies, alongside enhanced urban planning and flood protection measures (Silva, 2024;

Paraguasso. 2024). Discussions revolve around relocating entire cities, such as Mugum and Roca
Sales in the Taquari River Valley (CNN. 2024). The Mayor of Mugum is estimating that 5,000
residents will be relocated, while rebuilding about 40% of the town elsewhere (Paraguasso. 2024;

Silva, 2024). Other officials are planning to convert vulnerable neighbourhoods into green spaces,

constructing elevated residences, and implementing new barriers and dikes in urban zones (Hughes,
2024). In this context, it is important to acknowledge the risk of resilience gentrification (Gould &
Lewis, 2021), a maladaptation in which recovery strategies can exacerbate housing inequity and

climate injustice, for example through reconstruction of more resilient infrastructure which make
affected areas more expensive while further marginalising already disadvantaged populations.
Recovery efforts must prioritise the most vulnerable not to further exacerbate flood risk in RMPA and
RS as a whole.

It is also notably imperative to address inadequacies in maintenance and making sure existing critical
infrastructure can withstand projected climate extremes in an increasingly warming world, notably
Porto Alegre’s flood protection system and other dams which also faced damage that exacerbated
flood impacts in the April-May event (Hughes, 2024). Developing basin-level flood risk maps would
be helpful in this regard (Oliveira, 2024; Fiegenbaum et al., 2022).

V&E conclusions

Taken together, the results of this study and this review of vulnerability and exposure indicate that RS
is set to face more frequent and severe flood-related impacts in the future, especially without serious
investment in mitigation and adaptation responses. The floods revealed the unequal distribution of
flood protection infrastructure, which perpetuates inequalities in urban environments.. Unprotected
regions, typically inhabited by lower-income populations, face higher risks of flooding and associated
impacts. This disparity creates a poverty trap, where those in unprotected areas are more susceptible
to flood-related disasters, leading to repeated losses and hindered economic progress. Addressing
these issues requires a comprehensive approach to urban planning and flood management that
prioritises equitable protection and development. Future investments in flood protection should
integrate social, economic, and environmental considerations into urban planning to help create more
inclusive and resilient cities.

Data availability

Almost all data are available via the Climate Explorer.
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Appendix

A.1 Observed river levels
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Figure A.1: Guaiba river levels in 1941 (purple) vs 2024 (black) up to May 5th.




A.2 Plots of maximum 10-day rainfall
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Figure A.1: March-May maxima of 10-day accumulated rainfall over Rio Grande do Sul in the four
observational datasets. The solid black line shows the fitted trend associated with increasing GMST,
with the Nifio3.4 covariate fixed at its mean level; the blue lines show the expected magnitude of
1-in-6-year and 1-in-40-year events under the same statistical model. The dotted red line shows a
nonparametric Loess smoother fitted to the observations. The 2024 event is shown as a pink dot; note
that in CHIRPS and GPCC, the 2024 maximum does not include the most extreme precipitation at the
beginning of May.

A.3 Model evaluation tables and figures

Spatial patterns
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Figure A.3: Spatial patterns of precipitation across southeastern South America in observational
products and CMIP6 models.
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Figure A.4: Spatial patterns of precipitation across southeastern South America in observational
products and CORDEX models.
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Figure A.5: Spatial patterns of precipitation across southeastern South America in AM2 and FLOR

models.
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Figure A.6: Seasonal cycles of precipitation across southeastern South America in observational

products and CMIP6 models.




precipitation precipitation precipitation

precipitation

Seasonal cycles of precipitation in Observations & CORDEX

SAM-22 HadGEM2-ES SAM-22 MPI-ESM-MR SAM-22 NorESM1-M SAM-44 CNRM-CM5
RegCM4-7 RegCM4-7 RegCM4-7
10.0 ] ] ]
751 § 1 51 51
| | 2
2 2 2
2.54 a- a- 4
0.0 1 1 1
dayofyear dayofyear dayofyear dayofyear
SAM-44 CSIRO-Mk3-6-0 SAM-44 CanESM2 SAM-44 EC-EARTH SAM-44 GFDL-ESM2M
RCA4
10.0 A 1 q q
751 S 1 S S
i i i
5.0 4 2 4 a4 5 4
< < <
2 2 2
2.54 a G G
0.0 — E 1
dayofyear dayofyear dayofyear dayofyear
SAM-44 HadGEM2-ES SAM-44 IPSL-CM5A-MR SAM-44 MIROC5 SAM-44 MPI-ESM-LR
RCA4 RCA4 RCA4 RCA4
10.0 A 1 q q
7.5 51 51 51
£ £ E
5.0 z £ Z
2.5 a a- S
0.0 4 4 -
dayofyear dayofyear dayofyear dayofyear
SAM-44 MPI-ESM-LR SAM-44 NorESM1-M
REM02009 RCA4
10.0 q
7.5 5
g
501 51
o
2.5 &
001 T T T = T T
dayofyear dayofyear

Figure A.7: Seasonal cycles of precipitation across southeastern South America in observational
products and CORDEX models.
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Figure A.8: Seasonal cycles of precipitation across southeastern South America in AM2 and FLOR
models.



Model / Seasonal |Spatial
Observations cycle pattern Dispersion Shape parameter |Conclusion
0.283 (0.222 ... -0.074 (-0.63 ...
CPC 0.331) 0.19)
0.290 (0.208 ... -0.15 (-0.63 ...
MSWEP 0.351) 0.19)
0.290 (0.209 ... -0.50 (-0.82 ...
GPCC 0.348) -0.087)
0.275 (0.199 ... -0.32 (-0.63 ...
CHIRPS 0.327) -0.060)
CORDEX
CanESM2_rcp85_R 0.272 (0.204 ... -0.13 (-0.60 ...
CA4 (1) reasonable |reasonable ]0.318) 0.21) reasonable
CNRM-CM5_rcp85_ 0.196 (0.138 ...
RCA4 (1) bad reasonable |0.238) 0.11 (-0.39 ... 0.48) | bad
CSIRO-Mk3-6-0_rcp 0.259 (0.190 ... -0.34 (-0.67 ...
85_RCA4 (1) bad reasonable [0.309) -0.14) bad
GFDL-ESM2M_rcp8 0.262 (0.195 ... -0.17 (-0.64 ...
5 RCA4 (1) reasonable [reasonable ]0.307) 0.15) reasonable
HadGEM2-ES_rcp85 0.274 (0.207 ... -0.25 (-0.80 ...
_RCA4 (1) reasonable [reasonable ]0.332) 0.016) reasonable
HadGEM2-ES_rcp85 0.223 (0.159 ...
_RegCM4-7 (1) reasonable |reasonable |0.273) Loading... reasonable
IPSL-CM5A-MR_rcp 0.275 (0.180 ... -0.048 (-0.58 ...
85_RCA4 (1) reasonable [reasonable ]0.335) 0.16) reasonable
MIROC5_rcp85_RC 0.220 (0.150 ... 0.082 (-0.20 ...
A4 (1) reasonable |reasonable |0.263) 0.49) reasonable
MPI-ESM-LR_rcp85_ 0.373 (0.248 ... 0.19(-0.13 ...
RCA4 (1) reasonable |reasonable ]0.431) 0.73) reasonable
MPI-ESM-LR _rcp85_
REMO2009 (1) good reasonable Loading... Loading... reasonable
MPI-ESM-MR_rcp85 0.313 (0.228 ... -0.14 (-0.57 ...
_RegCM4-7 (1) good reasonable [0.359) 0.27) reasonable
NorESM1-M_rcp85_ 0.255 (0.175 ... -0.021 (-0.35 ...
RCA4 (1) reasonable |reasonable |0.308) 0.25) reasonable
NorESM1-M_rcp85_ 0.295 (0.202 ... -0.22 (-0.63 ...
RegCM4-7 (1) reasonable |reasonable |0.352) 0.087) reasonable
CMIP6
EC-Earth3_ssp585_r 0.300 (0.221 ... -0.11 (-0.58 ...
1i1p1f1 () good reasonable [0.349) 0.27) reasonable
EC-Earth3-CC_ssp5 0.286 (0.208 ... -0.065 (-0.60 ...
85 _r1i1p1f1 () good reasonable 0.337) 0.16) reasonable




EC-Earth3-Veg-LR_s 0.263 (0.177 ... -0.25 (-0.72 ...

sp585_r1i1p1f1 () good reasonable [0.320) 0.11) reasonable
INM-CM4-8_ssp585_ 0.309 (0.222 ... 0.23 (-0.54 ...

r1i1p1f1 () reasonable |good 0.392) 0.57) reasonable
INM-CM5-0_ssp585_ 0.372 (0.272 ... -0.092 (-0.61 ...

r1i1p1f1 () reasonable |good 0.435) 0.22) reasonable
KACE-1-0-G_ssp585 0.355 (0.244 ... -0.044 (-0.30 ...

_rlilp1f1 () good reasonable 0.419) 0.22) reasonable
MIROC6_ssp585_r1i 0.301 (0.202 ... -0.18 (-0.56 ...

1p1f1 () good reasonable [0.361) 0.33) reasonable
MPI-ESM1-2-HR_ss 0.285 (0.213 ... -0.018 (-0.44 ...

p585_r1i1p1f1 () good reasonable ]0.327) 0.36) reasonable
MPI-ESM1-2-LR_ssp 0.234 (0.138 ... 0.25 (-0.0044 ...

585 _r1i1p1f1 () good reasonable [0.278) 1.0) reasonable
NESM3_ssp585_r1i1 -0.049 (-0.33 ...

p1f1 () good reasonable Loading... 0.16) reasonable
NorESM2-LM_ssp58 -0.13 (-0.57 ...

5_r1i1p1f1 () reasonable |good Loading... 0.32) reasonable
AM2.5C360

Ensemble member 6 0.171 (0.127 ... -0.016 (-0.28 ...

0 reasonable [reasonable ]0.203) 0.26) reasonable
Ensemble member 7 0.182 (0.125 ... 0.024 (-0.19 ...

0 reasonable |reasonable ]0.213) 0.37) reasonable
Ensemble member 8 0.164 (0.108 ... -0.13 (-0.58 ...

0 reasonable [reasonable ]0.188) 0.33) reasonable
FLOR

Ensemble member 1 0.173 (0.121 ... -0.15 (-0.49 ...

0 reasonable |reasonable |0.209) 0.081) reasonable
Ensemble member 2 0.210 (0.143 ... -0.42 (-0.80 ...

0 reasonable [reasonable ]0.255) 0.053) reasonable
Ensemble member 3 0.183 (0.120 ... -0.26 (-0.58 ...

0 reasonable [reasonable ]0.220) 0.16) reasonable
Ensemble member 4 0.222 (0.138 ... -0.32 (-0.68 ...

0 reasonable |reasonable |0.277) 0.052) reasonable
Ensemble member 5 0.139 (0.102 ... -0.0077 (-0.44 ...

0 reasonable [reasonable ]0.170) 0.32) reasonable
Ensemble member 6 0.164 (0.107 ... -0.24 (-0.80 ...

0 reasonable |reasonable ]0.213) 0.13) reasonable
Ensemble member 7 0.165 (0.122 ... -0.16 (-0.51 ...

0 reasonable [reasonable ]0.190) 0.19) reasonable
Ensemble member 8 0.150 (0.0942 ... |-0.22 (-0.66 ...

0 reasonable [reasonable ]0.174) 0.68) reasonable
Ensemble member 9 0.187 (0.138 ... -0.12 (-0.49 ...

0 reasonable |reasonable |0.221) 0.21) reasonable
Ensemble member 0.193 (0.136 ... -0.43 (-0.85 ...

10 () reasonable |reasonable |0.239) 0.12) reasonable




Table A.1: Model evaluation results for 4-day rainfall events. Models that passed evaluation are
highlighted in light orange while those that failed are highlighted in red.
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All references are given as hyperlinks in the text.



