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Climate change and EIl Niiho behind
extreme precipitation leading to major
floods in southern Brazil in 2024
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In April-May 2024, unprecedented floods in Rio Grande do Sul displaced around 600,000 people and
caused more than 180 deaths. This study unpacks the role of anthropogenic climate change and the
preceding El Nifio conditions on the extreme rainfall using a probabilistic event attribution. This event
was rare even in the 2024 climate, with a return period exceeding 100 years. With global warming of
1.2 °C, such an event has become approximately 2 (0.06-4200) times as likely, or equivalently 12%
(—13 to +43%) more intense. The recent El Nifio event also approximately doubled (0.7-37 times) the
likelihood of such an event relative to a neutral year. In any disaster, the vulnerability and exposure
context play a crucial role in turning the meteorological hazard into impacts, underscoring the need for
equitable adaptation measures to break the cycle of risk and inequality in the context of a warming

climate.

Between April 24th and May 4th, the southernmost state of Brazil, Rio
Grande do Sul, experienced persistent and extraordinary precipitation,
equivalent to three average months of rain in a two-week period, with an
average accumulation of 420 mm. This record-breaking precipitation (Fig.
1) led to historically high river levels, putting 12 dams under pressure, and
caused extensive flooding affecting 90% of the state’s municipalities.
Flooding occurred across much of the state but was particularly intense in
the capital Porto Alegre, where this was the wettest start to May for 63 years'.
These floods constitute one of the most significant humanitarian disasters
experienced in Brazil. In total, 2.3 million individuals were affected’, with
600,000 people displaced and more than 180 fatalities caused™*. The violent
floods caused losses, damages, and disruptions, impacting people from
every demographic across Rio Grande do Sul’s approximately 11 million
inhabitants, including higher-income communities’. However, differential
exposure, vulnerability, and coping capacity rendered certain groups dis-
proportionately impacted.

The extreme precipitation observed across most of the state (Fig. 1) was
driven by the persistent “South Atlantic high”, a region of high pressure over
eastern Brazil and the South Atlantic (Fig. 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). The air masses travelled along a con-
tinental route, having originated from the central region of Brazil several
days earlier (Fig. 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 precipitation amounts that accumulated over a
period of several days and led to unprecedented floods over Rio Grande do
Sul (Figs. 1, 3b).

Precipitation trends and variability in Southern Brazil (compris-
ing the states of Parand, 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-scale variability
and climate change. This region is characterised by a subtropical cli-
mate (transition between tropical and temperate climate) with a con-
tinuous supply of moisture from the Atlantic Ocean and the Amazon
region’. Mesoscale convective systems are the most important rain-
producing weather systems in this region mainly during spring/sum-
mer (from September to February), whereas cold fronts are responsible
for precipitation during fall/winter (from March to August). For this
reason, precipitation is distributed evenly throughout the year’,
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Fig. 1 | Accumulated precipitation over Rio Grande do Sul, the southernmost
state of Brazil, in late April and early May 2024 (data from MSWEP). Top left:
Map of accumulations over the wettest 4-day period. Rio Grande do Sul is high-
lighted in dark red. Top right: The daily precipitation averaged over Rio Grande do
Sul in 2024 (red) and in all other years in the record (grey). The dark (light) red bars
show the 4-day (10-day) window in which the precipitation was most intense.

Middle: Anomalies of rolling 4-day accumulations of precipitation over Rio Grande
do Sul in 2024 (red) versus the 1990-2020 climatology and against all other years
from 1979 in the record (grey). Bottom: time series of maximum 4-day March-May
precipitation over Rio Grande do Sul, and the relative December-February (DJF)
Nifo3.4 index (see Methods), with a value of 1.107 in DJF 2023/24.

making it the second rainiest region in the country, next only to the
Amazon rainforest in Northwestern Brazil’.

During late 2023 and early 2024, ENSO was in its strongly positive (El
Nino) phase (Fig. 1). 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
Pacific South America (PSA) wavetrain pattern related to El Nifio amplified
the high-pressure centre over central Brazil'’, making it larger and more
persistent there. Typical of El Nifo episodes, this causes anomalous sub-
sidence in the region and weakens the South Atlantic Convergence Zone, a
convective band in the austral summer characterised by intense con-
vergence of warm, moist air extending from the Amazon Basin to the
subtropical South Atlantic'. At the same time, the winds associated with the

anomalous high-pressure centre enhance the SALLJ, a climatological
northwesterly flow east of the Andes that transports moisture from tropical
latitudes to southeast South America'’. Moreover, during this event, the
tropical Atlantic was anomalously warm, feeding more moisture to
the SALLJ.

It is noteworthy that, 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 Au River in July 1983". Indeed, another important
contributing factor to the heavy rain in May 2024 was the proximity of the jet
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Fig. 2 | Daily precipitation and mean sea level pressure from 25 April to 6
May 2024. The red box shows the region shown in Fig. 1, panel 1. High pressure in
the South Atlantic facilitates the transport of moisture into central Brazil, then

southeast via the South American low-level jet to Rio Grande do Sul. Data from
ERAS: while this precipitation data is not used in the study, the dataset is used here to
understand the large-scale event dynamics.

stream bringing more instabilities (frontal systems). These fronts were then
blocked by the high-pressure centre over central Brazil, leading to an
extended period of several days in which extreme precipitation accumulated
over southern Brazil.

Even though this pattern is consistent with typical ENSO teleconnec-
tions and impacts, stronger El Nifio phases in the past have not resulted in
such intense precipitation events (Fig. 1), and several factors could have been
intensified by increasing global mean surface temperature (GMST). For
instance, it is expected that climate change will intensify this teleconnection
pattern'. Consequently, the high-pressure centre over central Brazil is
becoming larger and more persistent, pushing warmer air that holds more
moisture further south. Of the five biggest floods ever recorded in Porto
Alegre (the capital of Rio Grande do Sul), three occurred in the nine months

up to May 2024, the largest having occurred in May 2024 itself, and the
fourth and fifth in November and September 2023, respectively. The second
largest occurred in 1941 and third largest in 1873.

Existing literature analysing trends in extreme precipitation, and for-
mal attribution of some of the most significant extreme precipitation and
flooding events in South and Southeastern Brazil, suggest an increasing
trend in the intensity and frequency of extreme precipitation in various
regions. Avila et al.”” analysed precipitation trends and their link to flash
floods and landslides in southeastern Brazil, revealing a significant increase
in extreme precipitation 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”. Also, there have
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Fig. 3 | Backward trajectories of air masses and
resultant precipitation totals over Rio Grande do
Sul during late April - early May 2024. a (left)
Ensemble of 5-day backward trajectories ending in
Porto Alegre, Rio Grande do Sul (30.04°S, 51.21°W)
and at approximately 850 hPa (1250 m above
ground level) on the 2 May. The map shows the
horizontal transport pathways of air parcels, the
middle panel shows the corresponding air parcel
elevation (in metres), and the lower panel shows
rainfall (in mm per hour). Source: NOAA Hysplit"”.
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b (right) Satellite-based precipitation estimates on
02/05/2024 over central South America and Rio
Grande do Sul (black). Data: IMERG (see ‘Methods’
for details).
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been temporal and spatial changes in the occurrence of extreme events of
precipitation in Santa Catarina', the state north of Rio Grande do Sul.
Furthermore, for this specific event, an analogue-based analysis by Clima-
Meter found that extreme precipitation events are up to 15% more intense in
the period 2001-2023 compared to 1979-2000, 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".

Studies by the Instituto Nacional de Pesquisas Espaciais (INPE) cor-
roborate these findings, highlighting that the climate has already changed in
Brazil over recent decades, impacting the occurrence of climate extremes,
such as maximum precipitation in 5 days (RX5day). Observations over the
last six decades, collected by the National Institute of Meteorology
(INMET), show a notable change in climate patterns. The results indicate an
increase of between 10 and 30% in the southern region of Brazil'®. This is
consistent with the findings of the IPCC AR6", which show that 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™.

Based on CMIP6 climate models, Medeiros et al.*' found that Brazil is
projected to experience an increasing tendency for severe and prolonged
extreme precipitation, especially in the central north and the southern parts
(Almazroui et al.*%; IPCC"). Other studies based on CMIP5 climate models
came to similar conclusions: 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 the present day in southern Brazil,
as well as higher precipitation variability (see Fig. 3 in Alves et al.”’; Cai
et al').

Given the evidence of increasing trends in precipitation extremes in
southern Brazil, further enhancing understanding of these hazards is of clear
societal significance. Beyond considering trends, individual disasters pro-
vide learning opportunities for managing risks, especially in a constantly
changing climate. The 2024 event was unprecedented in scale, both in terms
of meteorology and impacts, for the region. Even more than other events,
such record-breaking disasters show what is plausible and therefore provide
critical case studies. To understand the changing risk of such events, this
study aims to elucidate the respective roles of anthropogenic climate change
and the preceding ENSO conditions in the likelihood and intensity of such a
hazard, as well as placing it in the context of vulnerability and exposure
factors that drive such disasters.

In the wake of the 2024 event, World Weather Attribution undertook a
rapid study on the extreme precipitation and the vulnerability and exposure
factors contributing to the disaster’”. To capture the nature of the

precipitation that resulted in extreme flooding across Rio Grande do Sul, this
study analysed two event definitions: the March-May maximum 4- and 10-
day accumulations, averaged over the state of Rio Grande do Sul
(Fig. 1 and S3). Extreme precipitation occurring during the March-May
season specifically was selected because, despite the relatively flat mean
seasonal cycle of precipitation in the region, different mechanisms leading to
precipitation extremes 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
(Fig. 1, S3). Two temporal definitions arose because the 4-day window
captured the most severe single event in which record precipitation fell
across several consecutive days, while the 10-day window (encompassing
26th April-5th May, inclusive) captured the succession of heavy pre-
cipitation events, including the very wet individual days on either side of the
major 4-day peak (Fig. 1, S2). However, despite characterising different
extremes, the results were not significantly different for the two event
definitions, largely due to the extreme magnitude of the largest 4-day period
dominating both event definition.

The rapid study analysed the influence of both the observed GMST rise
of 1.2°C since preindustrial times and the preceding El Nifio (using the
relative December—February (DJF) Nifio3.4 index; see Methods) on the
extreme precipitation event, as well as the relative influence of a further
0.8 °C of warming from 2024. This work primarily aims to introduce this
analysis of ENSO alongside GMST, using a common probabilistic event
attribution framework, into the scientific literature. It also builds on the
original study in several ways, focusing on the 4-day event definition
(henceforth rx4day). First, an additional gridded observational dataset is
analysed, and the event itself is included is all datasets from the original
study. Second, the sensitivity of the results to different statistical models is
tested, including the choice of covariates, and the statistical distribution and
its parametrisations. Third, the model-based analysis is extended to a global
warming level of 2.6 °C above preindustrial levels (1.4 °C above 2024). This
level aligns with the latest Emissions Gap Report™ from the United Nations
Environment Programme, reflecting the likely temperature rise given cur-
rently implemented policies.

Results

Observational analysis

Five gridded observational (CPC, GPCC, CHIRPS, and BR-DWGD) and
reanalysis-based (MSWEP) datasets (see ‘Methods’ for further details of all
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 and the preceding El Nifo event. Time
series of the March-May maxima of 4-day precipitation in each of these
datasets are shown in Fig. 4. At the time of the initial rapid study, the event
was observed only in CPC and MSWEP. The current study includes

npj Natural Hazards | (2026)3:4


www.nature.com/npjnathazards

https://doi.org/10.1038/s44304-025-00162-8

Article

a) CPC b) MSWEP
o o
& 7 S
g,
o
z A =
S
s
.g S — S —
a
2 2
| I I | I T T T T T
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
c) CHIRPS d) GPCC
o
R R
E s
_ o
c - 2
S
8
a 9 | o
g 2 =i
a
2 o
I I I I I T T T I
1980 1990 2000 2010 2020 1990 2000 2010 2020
e) BR-DWGD f) BR-DWGD (1979 onwards)
g | ° Fitted value
N &7 1-in-5-year event
= 1-in-50-year event
E g | o | EEmemEEs Loess smoothed
: — ﬂ )
S
5
8 g8 | =
g - ch
a
2 o
T T T T T T T T T T T T
1960 1970 1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
Year Year

Fig. 4| March-May maxima of 4-day accumulated precipitation over Rio Grande
do Sul in the five observational and reanalysis datasets, including BR-DWGD at
longer and shorter baselines (grey lines). a CPC, b MSWEP, ¢ CHIRPS, d GPCC,
e BR-DWGD, f BR-DWGD (from 1979-onwards). The solid black line shows the

fitted trend associated with increasing GMST and variability due to Nifi03.4; the blue
lines show the expected magnitude of 1-in-5-year and 1-in-50-year events under the
same statistical model. The dotted green line shows a nonparametric Loess smoother
fitted to the observations. The 2024 event is shown as a pink box.

updated data for both CHIRPS and GPCC, including the event and adds the
BR-DWGD dataset up to March 2024. However, this has not notably
changed the estimated return periods of the event(s) or the overall con-
clusions of the study.

The rapid study used a nonstationary generalised extreme value (GEV)
distribution that scales with covariates of GMST and ENSO to model
changes in the extreme index rx4day. In this study, the choice of model was
tested using goodness of fit and sensitivity analyses, for different

formulations of the relationship between extreme index and the covariates
(Table 4), as well as different combinations of covariates and use of the
Gumbel and Gaussian distributions rather than the GEV (Tables 4, 5 and 6).
On balance, the GEV scaling with GMST and ENSO provided the best
compromise between goodness of fit and model complexity across obser-
vations and models, and in capturing the extreme tail of the distribution in
which the event lies (Figs. 5, 9 and 10). While other parametrisations were
rejected and may give different quantitative results, the overall qualitative
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pink line labelled as the ‘observed event’ represents the 1 in 100-year event used in
this analysis. The shaded areas represent the bootstrapped 95% confidence intervals
on the curves, and the degree of overlap between the uncertainty bounds of each
curve gives an indication of the uncertainty on the overall uncertainty on the
influence of GMST, as quantified in Table 1.

messages of the analysis are unlikely to be affected. For further under-
standing of the sensitivity of the analysis, results of the observation-based
analysis using a model without ENSO (GMST-only), and annual rather than
March-May maxima, are shown in the supplementary material (Tables
S1 and S2). Results of the whole analysis using the Gaussian distribution are
also shown in the supplementary material (Tables S3 and S4). None of these
results change the overall messages of the study.

Across all datasets, the 2024 event was unprecedented (Fig. 4) and thus
found to be extremely rare in the current climate, with return periods of

~100-250 years and uncertainty ranges from ~20 years to infinity (Table 1).
To ensure the statistical stability of the analysis given the relatively short data
records (mostly ~1979-present), we analyse the 1 in 100-year event in this
study. This choice does not affect the attributable changes in magnitude and
will result in a slightly lower and better constrained probability ratio com-
pared to a higher return period event. This return period is also typically
considered a benchmark for risk analysis.

All datasets show increasing trends in the likelihood and intensity of 1
in 100-year precipitation events in the region because of both warming

npj Natural Hazards | (2026)3:4


www.nature.com/npjnathazards

https://doi.org/10.1038/s44304-025-00162-8

Article

Table 1 | Observed magnitude and return period of the 4-day accumulations in late April and early May 2024 and change in
probability ratio and magnitude for 1 in 100-year 4-day accumulations in Rio Grande do Sul, due to both GMST and ENSO

Dataset Observed event Magnitude of 1 in 100- Influence of GMST (95% confidence Influence of ENSO (95% confidence
year event in 2024 intervals) intervals)
: climate (mm) — 5 - -
Magnitude Return Probability Change in Probability Change in
(mm) period Ratio magnitude (%) Ratio magnitude (%)
CPC 172.2 234.0 159.6 1.86 5.84 3.24 10.8
(22.46~ inf) (0=inf) (—33.1-85.8) (1.29-inf) (3.14-23.22)
MSWEP 168.6 188.88 161.2 498.03 30.57 4.90 10.66
(20.58- inf) (0.0001-inf) (—18.2-108) (1.36-inf) (3.06-22.17)
CHIRPS 156.1 99.13 156.1 Inf 28.97 4.56 6.60
(14.76~ inf) (0~inf) (—23.2-94.8) (0.81-inf) (0.81-16.07)
GPCC 184.3 237.78 173.3 6376.1 38.67 5.13 11.27
(23.81-inf) (0.17—inf) (-12.3-117.6) (1.20-inf) (2.71-25.33)
BR-DWGD N/A N/A 147.8 Inf 38.82 6.17 8.12
(5.29-inf) (10.45-73.5) (1.21-inf) (1.18-15.66)
BR-DWGD N/A N/A 136.5 248.77 13.89 8.60 7.79
(1979 (0-inf) (—15.22-62.01) (1.12-inf) (0.74-16.92)
onwards)

The 95% confidence intervals are shown in brackets. Bold text shows where the result is statistically significant at the 95% level.

GMST and El Niflo conditions (Fig. 5, Table 1). Though the best estimates
show positive trends, the estimated trends in likelihood with GMST for all
datasets have very wide uncertainty ranges, with all upper limits tending to
infinity, and lower limits significantly below 1. In the case of CPC and
CHIRPS, the uncertainty range is between 0 and infinity, thus giving no
useful information at the 95% confidence level. The BR-DWGD dataset also
has both best estimates and upper bounds at infinity, which suggests a very
strong trend, but one which cannot be quantified. As a result, these three
datasets are excluded from the final synthesis.

The reason for this wide uncertainty range can be probed further by
investigating the statistical model. Figures 4 and 5 show the statistical model
fit to each dataset, with GMST and ENSO as covariates. In Fig. 4, the dashed
green line indicates a nonparametric loess trend fitted to each dataset. This
highlights that in all datasets there is a weak decadal oscillation, which peaks
in the mid-1990s, decreases until around 2010, and then increases again.
One candidate to explain this is the Pacific Decadal Oscillation (PDO), a
large-scale pattern of variability (representing a group of interacting pro-
cesses) in surface temperatures of the North Pacific®®. However, in obser-
vational and reanalysis data, incorporating the PDO alongside GMST (see
Methods) resulted in a worse fit overall when compared against either
GMST and ENSO, or GMST alone (Table 7).

Consequently, we were unable to 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 historical extreme precipitation in this region. This is
further confirmed by estimating the trends in the BR-DWGD time series
across different time horizons—while the trend from 1960 onwards is sta-
tistically significant, the trend from 1979 onwards in the same dataset
(matching most of the other datasets) has 95% uncertainty bounds from 0 to
infinity. Therefore, while the full longer timescale dataset (1960-2024)
cannot be integrated into the synthesis quantitatively, it adds an additional
line of evidence in favour of increasing extremes on a qualitative level.
Finally, Fig. 5 shows the return curves for each statistical model and the
associated dataset. While the BR-DWGD, MSWEP and GPCC data are well
represented by the respective curves, CPC and CHIRPS exhibit significant
variation, with wide and overlapping uncertainty ranges between the pre-
sent and preindustrial climates.

Despite the unexplained oscillation and wide uncertainty ranges, the
consistency of the increase across datasets combined with physical rea-
soning suggests a likely increase in such extremes with warming. Similar
analysis using climate models, as undertaken in the following section, is
therefore required to further explore the quantification of this effect. Finally,
the results on the influence of ENSO are much more confident than for

GMST in the observational analysis. Compared to a neutral ENSO phase,
the current (DJF) El Nifio index value of 1.107 resulted in a clear and
consistent increase across all datasets and for both events: by a factor of 3-6
in PR and 6-11% in intensity, with four of the five datasets providing
statistically significant results (Table 1).

Attribution synthesis

To assess the attributable influence of anthropogenic climate change and the
ENSO phase on the 1 in 100 year value of the rx4day index, we synthesise
evidence from both observation-based products and climate models, using a
peer-reviewed probabilistic attribution synthesis procedure”. Prior to this
synthesis, climate models were evaluated for their ability to reproduce
precipitation patterns and extremes in the region (see ‘Methods’ and Sup-
plementary Material; Figs. S$4-9, Table S5). This is contingent in part on the
ability of the models to represent the underlying dynamics, such as the
SALLJ and associated trends in rates of moisture transport™. Recent work
shows that state of the art GCMs and RCMs are increasingly able to capture
this phenomenon, either directly” or indirectly through accurate repre-
sentation of precipitation extremes™’'. Additionally, during the model
evaluation step, the ability of models to capture the relevant phenomena is
implicitly assessed by comparing the fitted statistical model parameters to
those of the observation-based products (see ‘Methods” and Supplementary
Material; Table S5). Nonetheless, changes in such dynamics over time
remain a source of deep uncertainty in the results presented here. This could
be minimised by isolating the thermodynamic influence using a storyline
approach®, or investigated further through changes in atmospheric winds
and moisture transport”’, though such analyses are beyond the scope of
this study.

In the model evaluation step, no models or ensemble members were
ranked as ‘good’ across all criteria (Table S5). We therefore use models that
were ranked as ‘reasonable’ overall and reject those with any ‘bad’ aspects.
Overall, this left 9 of 13 CORDEX models, all 11 CMIP6 models, 2 of 3 AM2
ensemble members and 7 of 10 FLOR ensemble members. Following the
evaluation step, we use the same statistical model that accounts for GMST
and ENSO for the models and observation-based products to evaluate their
respective influences, estimating the parameters separately for each indivi-
dual dataset Table 2. Combining the results from observational/reanalysis
datasets and model ensembles using the synthesis procedure (see Methods)
gives an overarching attribution statement. Figures 6-8 show the changes in
probability and intensity for the observations (blue), models (red) and
synthesis (magenta), for the GMST increase of 1.2 °C (Fig. 6), the preceding
DJF ElNifio (Fig. 7), and future GMST increase to 2.6 °C above preindustrial
(Fig. 8).
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Table 2 | Observational and model attribution results for 4-day MAM maxima precipitation events in Rio Grande do Sul

Model/observations Threshold for GMST ENSO
leg;‘){e(:rstum period Probability ratio PR Change in intensity Probability Change in intensity
Al [%] ratio PR Al [%]

BR-DWGD 147.8 2.7 420 (5.3 39(10... 74) 6.2(1.2 8.1(1.2...16)

.. 3.6e +79) ..82e+2)
CPC 159.58 1.9(0.0... «) 5.8(—33... 86) 3.2(1.3...51) 11(3.1...23)
MSWEP 161.22 5.0e + 2 (0.00061 31(-18...1.1e+2) 49(1.4 113.1...22)

..2.7e+20) ..2.3e+2)
GPCC 173.39 6.4e+3(0.17 39 (—12...1.2e +2) 51(1.2 11 (2.7 ... 25)

.. 3.4e+17) ..4.0e +2)
CHIRPS 156.13 2 (0.0 ... o) 29 (-23... 95) 4.6 (0.81 6.6 (-0.81... 16)

..8.1e+2)

CORDEX
CanESM2_rcp85_RCA4 (1) 123.20 5.0e +2(0.87 ... =) 20(-1.6... 36) 19(2.0... ) 12(6.2... 19
GFDL-ESM2M_rcp85_RCA4 (1) 94.88 52 (1.8 ... ) 32 (5.1...68) 4.6(1.9... ) 13(6.6...22)
HadGEM2-ES_rcp85_RCA4 (1) 80.76 2.1(0.18 ... ) 41 (-15...21) 1.9(0.74 ... ) 3.8(-1.8...10)
H?ciGEMZ—ES_rchS_RegCML 116.89 65 (0.15 ... ) 8.4(-6.5...24) 1.4 (0.33 ... ) 11(-5.4...6.8)
7(1
MPI-ESM-LR_rcp85_RCA4 (1) 93.82 1.2(0.25 ... 39) 4.4(-19...37) 1.5(0.70 ... 4.3) 79(-5.1...22)
MPI-ESM- 209.33 26(1.1...9.2) 22 (2.7 ... 46) 1.1(0.76 ... 1.8) 1.9(-5.6...11)
LR_rcp85_REMO2009 (1)
MPI-ESM-MR_rcp85_RegCM4- 154.47 47 (0.90 ... ) 39(-1.6...93) 2.5(0.68 ... «) 9.9(-3.5... 30)
7(1)
NorESM1-M_rcp85_RCA4 (1) 99.44 126 +2(2.3... ) 32(8.1...59) 2.3(1.2... =) 6.7(2.1...12)
NorESM1-M_rcp85_RegCM4- 130.24 2.1e+2(0.16 ... =) 20 (—11...58) 21(1.8... ) 14 (4.0...25)
7(1)
CMIP
EC-Earth3_ssp585_r1i1p1f1 (1) 124.37 (0.35... 15) 25(-12...20) 21(1.0...5.4) 75(0.42...15)
EC-Earth3- 139.36 2.1(0.66 ...22) 7.2(—4.7...19) 4.0(1.9... 20) 13 (5.9 ... 20)
CC_ssp585_r1i1p1f1 (1)
EC-Earth3-Veg- 113.64 8.0(0.79 ... ) 13(-1.5...31) 5.1(1.6...82) 113.3...18)
LR_ssp585_r1i1p1fl (1)
INM-CM4-8_ssp585_r1i1p1f1 (1) 91.03 11 (0.77 ... =) 21(-2.4...51) 0.62(0.28...1.4) —4.8(-11...2.7)
INM-CM5-0_ssp585_r1iip1f1 (1) 113.86 0.76 (0.092 ... 30) —-3.6(-32...33) .2(0.60...2.8) 2.7(-51..11)
KACE-1-0-G_ssp585_r1i1p1f1 (1) 179.00 0.74 (0.25 ... 2.5) —-3.8(-18...12) .2(0.71...2.0) 2.0(-3.8...84)
MIROC6_ssp585_r1i1p1f1 (1) 162.77 1.1e+2(0.63 ... ) 28 (—4.5...63) 6(2.2 ... ) 16 (6.5 ... 26)
MPI-ESM1-2- 148.67 0.50 (0.10 ... 7.5) —7.6(-27 ... 16) 4(1.3...6.9) 9.52.6...17)
HR_ssp585_r1i1p1f1 (1)
MPI-ESM1-2- 126.27 0.67 (0.13 ... 4.1) ~5.1(-24 ... 16) 21(1.2...4.4) 9.52.3...17)
LR_ssp585_r1i1p1f1 (1)
NESMB3_ssp585_r1i1p1f1 (1) 111.33 0.87(0.23 ... 4.8) —1.1(-10... 10) 2.5(0.99 ... 21) 6.8 (—0.043 ... 13)
NorESM2- 108.34 1.4(0.073 ... 1.6e +2) 3.0(—23...34) 1.8(0.73 ... 6.4) 48(-2.2...14)
LM_ssp585_r1i1p1f1 (1)
AM2.5C360 (2) 5.5(0.68 ... 5.3e + 2) 11 (-2.4 ... 26) 2.4(1.1...9.4) 6.1(1.1...12)
Ensemble member 6 86.47 9.6(1.6...53e+2) 16 (3.5 ... 30) 1.4 (0.56 ... 5.1) 2.1(-3.2...8.1)
Ensemble member 7 77.49 3.2(0.30 ... 5.0e + 2) 6.8(-7.8...22) 4.2(2.0...17) 10(6.7 ... 15)
FLOR (7) 6.0(0.27 ... 6.8e + 3) 9.1(0.87 ... 18) 4.3(0.86 ... 48) (4.5...9.5)
Ensemble member 1 82.62 1.2e+2(4.9... o) 16 (6.7 ... 26) 3.8(1.8...13) 3.2...8.7)
Ensemble member 2 77.95 1.6e+4(2.0... ) 11@25...21) 34 (5.2... ) ( .10)
Ensemble member 3 78.18 16 (0.93 ... =) 7.8(-0.25...17) 11(3.6... ) 7.1 (4.7...9.8
Ensemble member 5 79.13 2.4(0.79...11) 58(-1.5...13) 25(1.7...6.1) ( .8.6)
Ensemble member 8 78.88 12(1.2 ... ) 11 (1.0... 21) 3.6(2.1...9.9) ( . 8.5)
Ensemble member 9 77.34 10(1.2... 1.1e + 8) 11 (1.4...21) 36(22...11) (: .9.0)
Ensemble member 10 74.58 4.7 (0.71 ... ) 54(-1.4...13) 14 (3.9 ... ) ( 11)
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Fig. 6 | Synthesis of probability ratios (left) and intensity changes (%: right) when
comparing the return period and magnitudes of the 1 in 100-year MAM 4-day

max precipitation over Rio Grande do Sul in the 2024 climate and a 1.2 °C cooler
climate. The best estimate for each dataset is shown by the central black line, with the
uncertainty range given by the width of the bar (see Methods and references therein

for full details). In a, the ‘I next to some model names shows where the upper bound
was infinite, and the x-axis for probability ratio is capped at 10*’. In b, the number in
brackets by each model shows the number of ensemble members included in the
estimates of probability ratio and change in intensity.

While the uncertainties around the observations and some models are
very large, the overall picture is consistent: all observational datasets and 17
of 22 (77%) models show increases in rx4day due to a 1.2 °C increase in
GMST (Fig. 6). This level of model agreement exceeds the ‘likely’ threshold
from Mastrandrea etal. (2011)”, commonly used by the IPCC. The increase
with GMST is further reinforced by the longest observational dataset, BR-
DWGD, which indicated a strong statistically significant trend when using
data from 1960 onwards, which reduced the influence of interdecadal
variability (Table 1). Similarly, for ENSO all observational datasets and all
but one model (95%) show an increase in rx4day due to the 2023/24 El Nifio
(Fig. 7). When quantifying these effects, the synthesis results show that
GMST warming of 1.2 °C resulted in an increase in likelihood by about a
factor of 2.0 (~0.06 to 4200) and an intensity increase of 12% (~—12% to
+43%), and the El Nifio resulted in an increase in likelihood by about a
factor of 2.4 (~0.7 to 37) and an intensity increase of 9% (0.3% to 20%)
relative to a neutral phase (Table 3). Using a Gaussian distribution rather
than a GEV gives a similar message, with very similar changes in intensity
and probability ratios approximately a factor of 1.5-2.5 larger than for the
GEV (Table S4).

The attributed anthropogenic influence is further corroborated by
assessing the change in likelihood and intensity in a 1.4 °C warmer climate

compared to the time of the observed event (2.6 °C above preindustrial).
Again, there are relatively large uncertainties for individual models but an
overall increasing likelihood, with probability ratio of around 1.7 (~0.5-30)
and an intensity change of about 7% (~—6 to +19%) (Table 3; Fig. 8). While
the model-based estimates are consistently much lower than observations to
date, and slightly below physical expectations from the Clausius-Clapeyron
relation, we are not confident in stating whether these estimates are likely
conservative given the very wide observational uncertainty ranges.

Discussion
The unprecedented floods in Rio Grande do Sul in April-May 2024 affected
over 90% of the municipalities in the state, or an area equivalent to the UK,
displacing around 600,000 people and causing over 180 deaths. The overall
risk of such a catastrophe depends on three key factors: hazard, exposure
and vulnerability. This study explores the key drivers of the hazard. How-
ever, it is crucial to place these results in the context of vulnerability and
exposure factors, to assess the changing likelihood of such impacts both now
and in the future, with the latter depending on policy choices at a range of
different scales.

First, while the state is often perceived as well-off, it still has significant
pockets of poverty and marginalisation. Low income is strongly correlated
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Fig. 7 | Synthesis of probability ratios (left) and intensity changes (%: right) when
comparing the return period and magnitudes of the 1 in 100-year MAM 4-day
max precipitation over Rio Grande do Sul in the current El Niio event and a
neutral ENSO phase. The best estimate for each dataset is shown by the central black
line, with the uncertainty range given by the width of the bar (see Methods and

1 i ! Il L

references therein for full details). In a, the ‘!’ next to some model names shows where
the upper bound was infinite. In b, the number in brackets by each model shows the
number of ensemble members included in the estimates of probability ratio and

change in intensity.

with higher vulnerability to flood impacts™. Informal settlements, indi-
genous villages, and predominantly quilombola (descendants of enslaved
Africans) communities have been severely impacted”””. The lack of a sig-
nificant extreme flood event until recently in Porto Alegre contributed to
reduced investment and maintenance of its flood protection system™™,
with the system reportedly beginning to fail at 4.5 m of flooding despite its
stated capacity to withstand water of 6 m*'. 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 infra-
structure to be resilient to this and future, even more extreme, floods.

Furthermore, 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 infra-
structure to flood risks*"*". Finally, 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, may not have adequately communicated the
potential severity of the impacts or informed people of what actions to take
in response to the forecasts. It is imperative to continue to improve the
communication of risk that leads to appropriate, life-saving action.

The precipitation hazard itself was unprecedented. The 4-day pre-
cipitation totals over Rio Grande do Sul were found to be extremely rare in

the current climate, with a return period of 100-250 years. This study
focused on a 1 in 100-year return period event, which is also typically
considered a benchmark for risk analysis. First, ENSO was found to be
important to explain the variability in the observed precipitation, consistent
with previous research. Most previous heavy precipitation events in the area
occurred during El Nifio years and similarly the role of El Nifio in this event
was significant. In observations, compared to a neutral ENSO phase, the
current (December-February) El Nifio resulted in a consistent increase
across all datasets, indicating its importance in the analysis. Second, to assess
the role of human-induced climate change and ENSO we combine
observation-based products and climate models that include the observed
ENSO relationship and assess changes in the likelihood and intensity for the
4-day heavy precipitation over Rio Grande do Sul. Results suggest that the El
Nifo conditions at the time of occurrence drove an increase in likelihood by
about a factor of 2.4 (0.7-37) and an intensity increase of 9% (0.3-20%)
relative to a neutral phase.

Third, GMST has driven an increase in likelihood of a factor of 2
(0.06-4200) and intensity increase of ~12% (—13% to +43%). These
findings are corroborated when looking at a climate of 2.6 °C of global
warming since pre-industrial times, where we find a further increase in
likelihood of a factor of ~1.7 (0.5-30) and an increase in intensity of about
7% (—6% to +19%) compared to the 1.2 °C world of 2024. Almost none of
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Fig. 8 | Synthesis of probability ratios (left) and intensity changes (%: right) when
comparing the return period and magnitudes of the 1 in 100-year MAM 4-day
max precipitation over Rio Grande do Sul in the 2024 climate and a 1.4 °C
warmer climate. The best estimate for each dataset is shown by the central black line,
with the uncertainty range given by the width of the bar (see Methods and references
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therein for full details). In a, the ‘" next to some model names shows where the upper
bound was infinite. In b, the number in brackets by each model shows the number of
ensemble members included in the estimates of probability ratio and change in
intensity.

Table 3 | Summary of results for 1 in 100 year 4-day March-May maximum precipitation, presented in Figs. 6-8: changes due to
GMST include past-present changes and present-future changes for the El Niio state of 2023/24, changes due to ENSO include

El Nifio versus neutral phases in the present climate

Data GMST ENSO (El Nino vs. Neutral)
Time period Probability ratio (95% CI) Intensity change (%) (95% CI) Probability ratio (95% CI) Intensity change (%) (95% CI)
Observations  Past- Present 1780 (0.0061- 10%) 34.6 (—16.0-114) 4.39 (1.08 - 254) 9.82 (1.02-22.5)
Models 1.71 (0.096-260) 9.13 (—9.94-31.0) 1.86 (0.51-13.7) 7.03 (—1.90-17.0)
Synthesis 2.04 (0.063-4210) 12.3 (—12.5-43.2) 2.42 (0.65-36.6) 8.87 (0.30-20.2)
Models only Present- Future 1.73 (0.51-29.8) 6.77 (—5.68-19.2) N/A N/A

The 95% confidence intervals are shown in brackets. Bold text shows where the result is statistically significant at the 95% level.

these synthesis results are significant at the 95% confidence level, and the
probability ratios have wide uncertainty ranges. These uncertainty ranges
result in part from an apparent recent decadal variability in many obser-
vational times series since ~1980. This variability does not appear in the
period 1960-1980 in the only reliable daily gridded dataset available for such
a period, but further investigation of this is hampered by the dearth of other
such datasets. As a result, the quantification of the role of GMST remains
challenging.

However, there are several lines of evidence that suggest that GMST
amplified this precipitation event (as well as the El Nifio conditions, by a
similar amount), suggesting that strong qualitative messages may be drawn.
These are as follows. First, the consistency of increasing trends (albeit with
high uncertainties) across gridded observational datasets and models, and
across statistical models. Second, the Clausius-Clapeyron relation gives a

robust underlying physical basis to expect such results. Third, the strong
increase in such extremes since the 1960s in one dataset suggests that more
recent decadal variability, likely unrelated to the influence of GMST,
increased uncertainties across shorter datasets. Fourth, other scientific lit-
erature studying similar extremes using other methods comes to a similar
conclusion.

Taken together, the hazard analysis in the context of vulnerability and
exposure indicates that Rio Grande do Sul is likely 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 inhab-
ited by lower-income populations, face higher risks of flooding and asso-
ciated impacts. This disparity creates a poverty trap, where those in
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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 manage-
ment 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.

Finally, given the unprecedented nature of the event, further work on
the confluence of drivers may be informative. For instance, exploring if this
event belongs to the same distribution as past extremes and was simply
amplified by a combination of ENSO and GMST, or if other physical
phenomena conspired to create a unique event that might be represented by
a heavier-tailed or even separate extreme distribution’.

Methods

Event details

Porto Alegre is situated on the Guaiba River, where five rivers meet. In May
2024, it saw water levels rise over 5m—exceeding the 3-m flood
threshold**’. While the flood protection system is designed to withstand
flooding of up to 6 m, reports suggest that malfunctioning floodgate motors
and gaps between doors and the wall led the floodwaters to begin to enter the
city 1.5 m below its stated capacity'. In addition, a partial dam collapse of
the “14 de Julho” hydroelectric plant on the Das Antas River, some 180 km
northwest of Porto Alegre, is reported to have caused an approximately 2-m
flood wave, exacerbating the flooding in inundated communities nearby™ .

Due to the extensive flooding, five hydroelectric dams were shut down
and power supplies had to be cut, leaving half a million people without
electricity in and around Porto Alegre™'. Only one of the city’s six water
treatment plants remained operational, leaving around 650,000 people—
approximately a third of the state’s population—without water’**. About
3000 health care units were impacted, including 110 hospitals affected, 17 of
which ceased operations entirely and 75 providing only partial services™.
Relief efforts were severely hampered by extensive damage to infrastructure
due to both flooding and landslides, with over 15,000 landslides triggered by
the event™. 95 blockages were reported on highways throughout the state
and Porto Alegre was almost completely cut off. The international airport
did not reopen fully until the end of 2024,

The economic repercussions of the flooding are expected to be
extensive; the state’s economy represents accounts for around 6.6% of
Brazil's GDP and preliminary estimates suggested a 0.3% decrease in
national GDP as a result of the event””. 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®. Overall damages from the event
exceeded US$15 billion™.

Rio Grande do Sul is highly susceptible to flooding due to its low
elevation (10 m above sea level) and vast river systems. Extensive changes in
land use and land cover have worsened this risk. A MapBiomas survey
shows that from 1985 to 2022, the state lost 22% of its native vegetation (3.6
million hectares), mainly to soybean farming'**. In the Guaiba Basin, where
flood risks are highest, this figure rises to 26% (1.3 million hectares). The
destruction of forests, fields, and wetlands has diminished the land’s capacity
to absorb precipitation, intensifying flood risk. Urban expansion and large-
scale agriculture in the basin further exacerbate these hazards®. The state
capital, Porto Alegre, has experienced significant floods in 1873, 1928, 1936,
1941, 1967, and 2023"*". To protect Porto Alegre from recurring flooding,
the city constructed a flood protection system in 1974, whose most pro-
minent feature is the Maud Wall; a 2.6 m long and 3-m-high concrete levee.
This extensive system, that spans 68 km in total, comprises walls, levees, 23
pumping stations, and 14 floodgates™**".

In some regions, especially in the broad central strip of the val-
leys, plateau, hillside, and metropolitan areas, precipitation accu-
mulations exceeded 300 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 2 months’ worth of rain,
compared to the 1990-2020 climatological values for April
(114.4 mm) and May (112.8 mm).

The INMET stations that recorded the most rain between April 26th
and 9 am May 2nd were Soledade (488.6 mm), Santa Maria (484.8 mm),
and Canela (460 mm). The conventional meteorological station in Santa
Maria set a 24-h precipitation record with 213.6 mm on May 1st. This was
the highest precipitation recorded in the municipality in 112 years of
observation, surpassing the previous record of 182.3 mm set on June 23rd,
1944. In just 3 days, the precipitation total in the city reached 470.7 mm,
which corresponds to 3 months” worth of rain according to the climatolo-
gical 1990-2020 average.

A comparison between major precipitation and flooding events in
1941 and 2024 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* (Fig. S1), well above the flood
level of 3 m necessary to flood the city’’. Moreover, the 2024 event
flooded not just Porto Alegre but parts of 90% of municipalities in the
state, with all 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. Consequently, 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 days. The 2024 event affected the whole state and many more
cities, more than 2.1 million individuals, with 600,000 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 Sep-
tember and November 2023 in which Guaiba reached 3.18 m and
3.46 m®.

Observational data
In this study, we use six observational and reanalysis datasets to visualise and
analyse changing precipitation extremes:

1. IMERG—This product uses NASA’s Integrated Multi-satellitE
Retrievals for GPM (IMERG) algorithm for combining informa-
tion from the GPM satellite constellation to estimate precipitation
over the majority of the Earth’s surface. IMERG fuses precipita-
tion estimates collected during the TRMM satellite’s operation
(1998-2015) with recent precipitation estimates collected by the
GPM mission (2014-present). IMERG is available from 1998 to
present in near real-time with estimates of Earth’s precipitation
updated every half-hour. Here, daily data are used with a spatial
resolution of 0.5° x 0.5°.

2. CPC daily precipitation. This is the gridded product from NOAA PSL,
Boulder, Colorado, USA known as the CPC Global Unified Daily
Gridded data, and is available at 0.5° x 0.5° resolution, for the period
1979-present. Data are available from NOAA (https://psl.noaa.gov/
data/gridded/data.cpc.globalprecip.html).

3. The Multi-Source Weighted-Ensemble Precipitation (MSWEP) v2.8
dataset (updated from ref. 62 is fully global, available at 3-hourly
intervals and at 0.1° spatial resolution, available from 1979 to ~3 h from
real-time. This product combines gauge-, satellite-, and reanalysis-
based data.

4. The precipitation product developed by the UC Santa Barbara Climate
Hazards Group called “Climate Hazards Group InfraRed Precipitation
with Station data” (CHIRPS)*. Daily data are available at 0.05° reso-
lution. The product incorporates satellite imagery with in-situ
station data.

5. 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®.
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6. Brazilian Daily Weather Gridded Data (BR-DWGD) is available for
the entire land surface of Brazil at spatial resolution of 0.1° x 0.1°, from
1961/01/01-2024/03/20%.

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)*".

As a measure of the El Nino—Southern Oscillation cycle (ENSO), we
use the detrended relative Nifo3.4 index. This is the Nif03.4 index (average
SST over 5°S-5°N, 120°-170°W) minus the SST between 20°S and 20°N to
adjust the index for climate change, as proposed in ref. 68, but without
rescaling each calendar month.

Finally, as a measure of the Pacific Decadal Oscillation (PDO), we
use the index defined by Mantua et al.**. This is the leading principal
component of monthly sea surface temperature anomalies, in the North
Pacific Ocean, poleward of 20°N. The monthly mean global average SST
anomalies are removed to separate this pattern of variability from global
warming.

Model and experiment descriptions

We use a collection of model ensembles with very different framings™:
two multi-model ensembles from climate modelling experiments—one
aregional 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.

* Coordinated Regional Climate Downscaling Experiment CORDEX-
CORE South America (11 models with 0.44° resolution (SAM-44) and
3 models at 0.22° resolution (SAM-22)) multi-model ensemble’®”’,
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.

» CMIP6. This consists of simulations from 13 participating models with
varying resolutions. For more details on CMIPG6, please see ref. 72. For
all simulations, the period 1850 to 2015 is based on historical simula-
tions, while the SSP5-8.5 scenario is used for the remainder of the 21st
century.

+ The FLOR” and AM2.5C360"*” climate models are developed at
Geophysical Fluid Dynamics Laboratory (GFDL). The FLOR model is
an atmosphere-ocean coupled GCM with a resolution of 50 km for
land and atmosphere and 1° 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"°. AM2.5C360 is an
atmospheric GCM based on the FLOR model”>” with a horizontal
resolution of 25 km. Three ensemble simulations of the Atmospheric
Model Intercomparison Project (AMIP) experiment (1871-2100) 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
HadISST17® after groupwise adjustments’ over 1871-2020. SSTs
between 2021 and 2100 are from the FLOR RCP4.5 experiment 10-
ensemble mean values after bias correction.

Statistical methods

In this study, we analyse time series from Rio Grande do Sul of March-May
maxima of 4-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 (WWA) Protocol, described in ref. 69, with supporting details
found in refs. 79,80.

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 0of 2024 and of the preindustrial past (1850-1900, based on the Global
Warming Index - https://www.globalwarmingindex.org/).

To statistically model changes in the likelihood and intensity of the
event under study, we fit a nonstationary distribution with one or more
covariates including GMST. In the rapid study, a generalised extreme value
(GEV) distribution that scales with GMST and the El-Nifio Southern
Oscillation (ENSO) was used. The latter is represented by the relative
Nino3.4 index, averaged over the December-February (DJF) period to
capture the typical peak of the oscillation.

Here, the GEV, Gumbel and Gaussian distributions are fit to each
observational time series, along with covariates of GMST only, and both
GMST and the DJF Nifo index. The statistical models are as follows:

The variable of interest, X, may be assumed to follow a GEV dis-
tribution in which the location and scale parameters vary with both GMST
and ENSO:

X ~ GEV(."[707E|.MO7 007 “7ﬁ7 T7 I) (1)

where X denotes the variable of interest, rainy-season maximum 4-day
precipitation; T is the smoothed GMST; I is the detrended Nifo3.4 index;
o> 0y and & are the location, scale and shape parameters of the
nonstationary distribution; and «, 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
Nino3.4 states. Maximum likelihood estimation is used to estimate the
model parameters, with

Y = poexp (aT: P I) and o= oyexp (ocT#—i— /H) )

[ [

Then, the Gumbel distribution is just this formulation with the shape
parameter equal to zero, such that

X ~ GB(‘H, aa‘f = olf'l()v 003067[;7 T7 I) (3)

This assumption simplifies the model by reducing the number of fit
parameters but requires testing.

Similarly, the variable of interest, X, may be assumed to follow a normal
distribution in which the location and scale parameters vary with both
GMST and ENSO:

X ~ N(/’hal.u()? 0'0,067[;7 Tv I) (4)

where X denotes the variable of interest, rainy-season precipitation; T is the
smoothed GMST; I is the detrended Nifio3.4 index; ¢y and oy are the mean
and variance parameters of the nonstationary distribution; and «, 3 are the
trends due to GMST and ENSO, respectively. The location and scale
parameters follow Eq. (2).

For all statistical models described above, the distribution is assumed to
scale exponentially with the covariates, with the dispersion (the ratio
between the standard deviation and the mean) remaining constant over
time. This formulation for the scale and location parameters (the ‘scale’
assumption) reflects the Clausius-Clapeyron relation, which implies that
precipitation scales exponentially with temperature’"*, and so that pre-
cipitation will scale exponentially with the strength of the detrended Nifo3.4
index. Other formulations are tested in Table 4, including the ‘shift’
assumption, in which the location parameter shifts linearly with GMST, and
the combination of both assumptions, ‘shift & scale’. The shift formulation is
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Table 4 | AIC scores for statistical model fits to each rx4day
time series with the 2024 event included (except for BR-
DWGD) for different formulations and combinations of

covariates
Dataset Scale Shift Shift & Scale
GMST GMST GMST GMST GMST GMST
+ Nino + Nino + Nino
CPC 42424 421.11 423.86 421.65 425.01 423.81
CHIRPS 406.12 405.694 406.74 406.56 405.69 407.48
GPCC 400.32 396.82 400.93 398.52 400.31  398.62
MSWEP 42252 419.12 422.89 419.82 421.76  420.57
BR 551.96 548.42 552.57 550.64 553.86 551.91
-DWGD

Bold text shows the best 2 scores for each time series.

Table 5 | AIC scores for statistical model fits to each rx4day
time series with the 2024 event included for different

distributions and combinations of covariates

Dataset GEV Gaussian Gumbel
GMST GMST GMST GMST GMST GMST
+ Nino + Nino + Nino
CPC 42424  421.11 428.50 421.84 42226 419.47
CHIRPS 406.12  405.69 405.20 404.60 406.29 406.58
GPCC 400.32 396.82 401.60 395.99 398.82 396.27
MSWEP 42252  419.12 423.95 418.58 42122 418.68

Bold text shows the best 2 scores for each time series.

as follows:

p=py+aT+pI and o =0, (5)

And the shift & scale formulation is given by:
p=py+a,T+pI and o= ooexp(a, T+ B,I) (6)

Under all of these models, the effects of GMST and the detrended
Nifi03.4 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'‘; however, by using a detrended Nifio3.4 index, 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.

The Akaike Information Criterion (AIC) is used to determine the
relative goodness of fit for different parametrisations, distributions and
covariate combinations, while penalising more complex models to avoid
overfitting. Tables 4, 5, 6 and 7 show the AIC scores for each time series with
different distributions and covariates.

First, across almost all time series and distributions, fitting a statistical
model using both GMST and this ENSO index as covariates gives an
improved fit, according to the Akaike Information Criterion (AIC), than
GMST alone, which holds true whether or not the event is included in the fit
(Table 5 and 6). The addition of the PDO also does not improve the fit
compared to either GMST alone or GMST and ENSO (Table 7). The

Table 6 | AIC scores for statistical model fits to each rxdday time series with the 2024 event excluded for different distributions
and combinations of covariates

Dataset GEV Gaussian Gumbel

GMST GMST -+ Nino GMST GMST GMST GMST

+ Nino + Nino

CPC 401.53 399.81 400.35 399.16 4083.80 402.79
CHIRPS 388.28 389.60 386.99 388.54 391.53 392.66
GPCC 375.13 373.61 374.93 374.27 381.20 380.32
MSWEP 401.27 399.76 399.59 398.78 404.20 403.26
BR-DWGD 551.96 548.42 553.20 548.01 551.32 549.71
Model
ensemble
CORDEX 376.41 380.06
CMIP 402.76 406.57
AM 336.65 340.55
FLOR 335.34 335.12

Bold text shows the best 2 scores for each time series.

Table 7 | AIC scores for statistical model fits to each rx4day time series with the 2024 event included (except for BR-DWGD) for
different combinations of covariates

Dataset Covariates

GMST GMST -+ Nino GMST + PDO
CPC 424.24 421.11 426.24
CHIRPS 406.12 405.69 407.93
GPCC 400.32 396.82 402.10
MSWEP 422,52 419.12 424.50
BR -DWGD 561.91 559.84 561.89

Bold text shows the best 2 scores for each time series.

npj Natural Hazards| (2026)3:4

14


www.nature.com/npjnathazards

https://doi.org/10.1038/s44304-025-00162-8

Article

a) CPC b) MSWEP
8 precip ~ gmst + nino (gumbel, fixeddis] 8 precip ~ gmst + nino (gumbel, fixeddis]
D —e— Present climate N —— Present climate
—e— Counterfactual climate —e— Counterfactual clim
. —— Observed event e —— Observed even
N ~N
o o
o o
N N
% o o
o g 3
o
o o
o o
4 -
o - 1 © [ 1
T T I T T T T I T T
1 10 100 1000 10000 1 10 100 1000 10000
c) CHIRPS d) GPCC
8 precip ~ gmst + nino (gumbel, fixeddis| 8 precip ~ gmst + nino (gumbel, fixeddis
® —e— Present climate S —e— Present climate
—e— Counterfactual cli
2 —— Observed eve 3
N N
g g
o
S o
8 3 2
o
o o
S 3
o
n
© T 1 © | 1
T T I T T T T T T T
1 10 100 1000 10000 1 10 100 1000 10000
e) BR-DWGD f) BR-DWGD (1979 onwards)
§ — precip ~ gmst + nino (gumbel, fixeddisp) § -~ precip ~ gmst + nino (gumbel, fixeddisp)
+— Presentclimate +— Present climate
—e— Counterfactual climate —e— Counterfactual climate
o —— Observed event o —— Observed event
n - n -
N ~N
o o
o - [
N N
g8 2
@~ —
(=8
o o
(=N (=N
(2} -
o | o |
wn wn
° ! 1 ° 7 | |

T T T T T
100

Return period (years)

1000 10000
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DWGD, f BR-DWGD (from 1979-onwards), in the current climate and scaled to a

T T I T T
100 10000

Return period (years)

1000

climate without anthropogenic warming, modelled using a Gumbel distribution.
The observed event is shown by the highest red dot and the purple line labelled as the
‘observed event’ represents the 1 in 100-year event used in this analysis.

influence of the current (DJF) El Nifio is therefore considered throughout
this study.

Second, the various distributions perform differently depending
on whether or not the event is included in the analysis, and for models
and observations/reanalysis. When the event is included in the time

series (Table 5), the Gaussian distribution performs the best, with
GEV and Gumbel distributions similarly ranked overall. Inspecting
the respective return level plots visually helps to highlight its per-
formance across different regions of the distribution, which clearly
shows that while the Gumbel distribution fits more of the data well, it
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performs very poorly at the tail of the distribution where the event lies
(Fig. 9), while the Gaussian and GEV distributions capture this region
more closely (Fig. 5 and 10). This is confirmed by repeating the same
fit assessment but without the 2024 event. When the event is removed,
the Gumbel distribution performs worst among the distributions by a

substantial margin (Table 6) and is therefore not used in the analysis.
Meanwhile, the Gaussian distribution performs best overall for
observational and reanalysis datasets, but the GEV distribution
performs better for the model data, and both are reasonably close
(Table 6). As result, the analysis in the main body of the study uses the
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GEV, while the results of the Gaussian are shown in the supple-
mentary material (Tables S3 and 4). This helps to test how sensitive
the results (both qualitative and quantitative) are to the choice of
statistical model.

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 2024 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 Nifi03.4 index. During the attribution step,
the detrended Nifi03.4 index derived from the climate model is stan-
dardised 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, stan-
dardised in the same way. This removes any potential biases in the
results due to differences between the amplitude of the modelled
Nifi03.4 index and that observed.

Multi-model attribution

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: we qualitatively compare the seasonal cycles based on
model outputs against observationally-based cycles. We discard the
models that exhibit multi-modality and/or ill-defined peaks in their
seasonal cycles (see appendix Figs. S7-S9 for seasonal cycles).

2. Spatial patterns: we qualitatively compare the spatial patterns based on
model outputs against observationally-based patterns. Models that do
not match the observations in terms of the large-scale precipitation
patterns are excluded (see Appendix Figs. S4-S6 for spatial patterns).

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

4. Correlation between March-May precipitation extremes and the
detrended Nino3.4 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 four criteria discussed above. We evaluate 13
models from CORDEX and 11 models from CMIP6, as well as 3 runs of the
AM2 model and 10 runs of the FLOR model.

All CMIP6 models, two out of three AM2 and seven out of ten FLOR
models ensemble members, and all except for two CORDEX models pass
the evaluation criteria as ‘reasonable’, with no models classified as ‘good’
(highlighted in yellow in Table S2). All models were found to be ‘good’ or
‘reasonable’ at reproducing the observed Nifi03.4 correlations (not shown in
Table S2).

The synthesis procedure used here has been peer-reviewed”” and works
as follows. Before combining the different lines of evidence from observa-
tional and reanalysis datasets and climate models into a synthesised
assessment, various sources of error are taken into consideration. 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. The dark blue bar shows the average over the
observation-based products. Next, a term to account for inter-model 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 inter-model spread (i.e., the inverse square of the white bars).
For the AM2 and FLOR ensembles, these individual ensemble members
were first synthesised (using the same method) into a single result before
being included in the wider synthesis.

For the final synthesis, results from observation-based products and
models (Table 6) are combined into a single result in two ways. Firstly, we
neglect common model uncertainties beyond the inter-model 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 inter-model 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.

Data availability

The data used for this analysis and to produce all figures is available publicly
at  https://github.com/Ben]Clarke18/Brazil_floods_2024 and https:/
zenodo.org/records/17855714.

Code availability

The code used for this analysis and to produce all figures is available publicly
at  https://github.com/BenJClarke18/Brazil_floods_2024 and https://
zenodo.org/records/17855714. General underlying code for conducting
probabilistic event attribution analysis is also available at https://github.
com/WorldWeatherAttribution/rwwa.
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