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Abstract

Unprecedented rainfall extremes resulting from global warming are becoming more frequent each
year, including over South America. In this region, tropical-extratropical (TE) cloud bands in the
South Atlantic convergence zone (SACZ) produce most of the rainy season precipitation. In this
study, we diagnose the impacts of warming on the frequency and intensification of SACZ TE cloud
bands. The cloud bands are identified using a feature-detection algorithm applied to a suite of
convection-permitting simulations produced by the UK Met Office. Intensely raining clusters
embedded within these large-scale cloud bands are diagnosed in order to identify the most intense
events. Although the total number of cloud-band days will see a 20%—-30% decrease in their
frequency under high-emission global warming, the present day 1-in-5 most intense cloud-band
days will happen every 3-in-5 cloud-band days in the future. Therefore, despite fewer cloud-band
days occurring in a given year, when they form they will frequently be more intense than is typical
in the current climate. This increase is primarily due to warming-driven intensification of rain
rates within the heavily raining clusters embedded in these weather systems. These results highlight
the growing risk of intense SACZ rainfall over South America under warming, increasing the
likelihood of flash floods, landslides, and unprecedented catchment-scale fluvial flooding.

1. Introduction

Rainfall across most of subtropical South America
is dominated by continental-scale tropical-
extratropical (TE) cloud bands, known as South
Atlantic convergence zone (SACZ) events when per-
sisting for more than 3 days (Zilli and Hart 2021). In
Brazil, most of the key agricultural regions and pop-
ulated cities, including Sao Paulo and Rio de Janeiro,
rely on SACZ events for the majority of their annual
rainfall (Zilli and Hart 2021), experiencing droughts
in years with few or displaced events (Coelho et al
2016). However, risks of flooding and landslides
(da Fonseca Aguiar and Cataldi 2021) are greatly
increased by SACZ events and intense mesoscale rain-
fall systems embedded within the continental-scale
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cloud bands (e.g. deep convection patches within
the cloud structure in figure 1). These risks are well
understood, but what might happen to the intensity
of SACZ-related rainfall as the climate warms?
Across the globe, observed increases in rain-
fall intensity are associated with a warming atmo-
sphere, generally following Clasius—Claperyon (CC)
scaling of ~7% K~!. However, substantial regional
variation in these scaling rates are observed and,
for sub-daily extreme rainfall, intensification of up
to double the CC-scaling has also been observed
(Lenderink and van Meijgaard 2008, Fowler et al
2021). A growing number of studies demonstrate
that to adequately simulate rainfall intensification,
convection-permitting climate model (CPM) con-
figurations are required to capture observed trends
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System (Knapp 2008).

Figure 1. Satellite image of an example tropical-extratropical (TE) cloud band extending from the tropical Amazon rainforest
across subtropical South America into the South Atlantic Ocean. Shading indicates cloud top brightness temperature with coldest
colour shading indicating deep convection embedded within the cloud band. Courtesy: NOAA-NCEI Global ISCCP B1 Browse
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(Lee et al 2022, Lenderink et al 2024) and future
changes in rainfall intensity (Kendon et al 2019).

In this paper, we leverage a suite of Met Office
Hadley Centre models of increasing model resol-
ution to diagnose potential changes in the intens-
ity of rainfall within TE cloud bands over South
America. TE cloud band events and associated spa-
tial footprints are identified in daily mean outgoing
long-wave radiation (OLR) using a feature-detection
algorithm developed for and extensively tested on
observational and atmospheric model data (Hart et al
2012, Zilli and Hart 2021, Zilli et al 2023). The suite
of models, regardless of horizontal resolution, simu-
lates the annual cycle of TE cloud bands in the region
well, with monthly frequencies within 10%—-20% of
observations (Zilli et al 2023). The CPM better sim-
ulates intense precipitation on sub-daily (Halladay
et al 2023) and daily (Zilli er al 2024) scales, relat-
ive to the driving 25km convection-parameterised
model. Crucially, CPMs are well-documented as bet-
ter able to represent mesoscale convective organisa-
tion (Prein et al 2013, Crook et al 2019), which may
be a key to appropriately simulating intensely rain-
ing regions within the TE cloud band (e.g. figure 1)
and the potential intensification of rain rates in these
regions in the future.

2. Methods

2.1.Data

TE cloud band events and associated spatial foot-
prints are identified in Brazil and parts of South
America (study region: 70°-33°W, 40°-0°S)
using the daily mean OLR Version 1.2 data set
provided by the National Oceanic and Atmospheric
Administration Climate Data Record (NOAA CDR;
Lee (NOAA-CDR Program) 2011, Lee 2014). The
amount of precipitation produced by these events is
estimated using the Climate Hazards Center Infrared
Precipitation with Station data (CHIRPS; Funk et al
2015), a gridded rainfall product obtained by merging
satellite imagery and in-situ station data. Similar res-
ults were also obtained using precipitation from the
fifth generation reanalysis of the European Centre for
Medium-Range Weather Forecasts (Hersbach et al
2020) and the Brazilian daily weather gridded data, a
gridded data set based on station-observed precipita-
tion from Brazil (Xavier et al 2022).

Here, we examine a suite of convection-
permitting regional climate models (CPRCMs) and
parameterised simulations produced by the UK Met
Office (UKMO). Both present and future simulations
have 10 years of data over tropical and subtropical
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South America (85°-30°W, 40°S-15°N). The
CPRCM simulation uses the Met Office Unified
Model (UM) version 10.6 in the atmospheric-only
regional configuration (MOHC-HadREM3-RAL1T-
4.5km) using a horizontal grid spacing of 4.5km,
in which deep convection is represented explicitly
(i.e. convection parametrization is disabled). The
present-day CPRCM simulation (CPRCM-PD) cov-
ers the 1998-2007 period and is obtained by directly
nesting it in the UKMO atmosphere-only global cli-
mate model (MOHC-HadGEM3-GA7GL7, GCM-
PD hereafter) run at 25km horizontal grid spa-
cing (n512 Gaussian grid) with time-varying annual
global values of GHG concentration. For a detailed
description of the UKMO CPRCM configuration and
the present-day simulation, see Halladay et al (2023).
The future CPRCM simulation (CPRCM-2100),
indicative of the climate at the end of the century,
also covers 10 years and is forced by a UM simulation
similar to that used for CPRCM-PD but now running
under the RCP8.5 GHG emissions scenario (CO,
concentrations fixed at 936 ppm) and sea surface
temperatures (SSTs) derived by adding a delta field
to present day SSTs. These delta fields are obtained
by differencing SST fields from HadGEM2-ES RCP
8.5 simulation between 1975-2005 and 2085-2115
(Reynolds et al 2007). The future forcing simulation
is referred to as GCM-2100. More details on the con-
figuration of the future simulations are available in
Kahana et al (2024).

For comparison with results from the Coupled
Model Intercomparison Project 6, we also consider
the UKMO HadGEM3-GC3.1 (Williams et al 2018)
historical and future (ssp585) scenarios, at two spatial
resolutions: n216 Gaussian grid (n216-H; Andrews
et al 2020), which equates to a nominal atmo-
spheric resolution of ~60km; and n96 (n96-H;
Kuhlbrodt et al 2018), with nominal atmospheric res-
olution of ~135km. Despite the different configur-
ations (regional versus global) and resolutions (ran-
ging from 135km in n96-H to 4.5 km in CPRCMs),
all simulations are run with the same UM version
(Version 10.6).

2.2. Identification of Cloud Band Events

The cloud band events are identified using the auto-
matic feature-detection algorithm described by Hart
et al (2012) and adapted to South American events
by Zilli and Hart (2021). Cloud bands, as identi-
fied by the algorithm, are continuous areas with daily
average OLR below a threshold, indicative of deep
convection, diagonally extending from the tropics
to the extratropics. In a previous analysis, Zilli and
Hart (2021) compared the cloud band days iden-
tified in the NOAA CDR OLR using the feature-
detection algorithm to manually-identified SACZ
events noted in the operational forecast of the Centre
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for Weather Forecast and Climatic Studies (CPTEC)
of the National Institute for Space Research (INPE)
in Brazil. These authors demonstrated that the OLR
threshold that results in the closest relationship
between these two datasets is 225 W-m ™2, which we
will adopt here.

For simulations, we select the OLR threshold
that best reproduces the average number of events
identified in the NOAA CDR OLR, which we will refer
to as observed events. This step is necessary to account
for the positive bias in the OLR simulations (Monerie
et al 2020, Zilli et al 2024). The methodology iden-
tifies the OLR threshold necessary to produce a sim-
ilar number of cloud-band days in each simulation.
Despite restricting the number of cloud band days,
this approach does not impose the relative monthly
frequency and reflects the climatology of each model.
More details on the methodology and sensitivity of
the results to selected thresholds can be found in
Zilli et al (2023, 2024). Here, we use the same event-
set as in Zilli et al (2024) (observed, CPRCM-PD,
and GCM-PD datasets) and Zilli et al (2023) (n96-H
and n216-H), with a chosen threshold of 235 W-m ™2
for the CPRCM-PD, 240 W-m~? for the GCM-PD,
and 245W-m~2 for the n216-H and n96-H simula-
tions. For future projections, we add 10 W-m~2 to the
present-day OLR threshold of each model to account
for the increase in the radiative forcing resulting from
the larger CO, concentration. This value is roughly
equivalent to the increase in OLR in future simula-
tions averaged over the study area.

After identifying the TE cloud band, we cal-
culate the event-related precipitation as the daily
precipitation rate over land within the cloud band
footprint. These values are averaged over the cloud
band land area to produce the area-averaged rainfall
rate.

2.3. Selection of Intense Cloud Band Events
First, we calculate the 95 percentile of the area-
averaged precipitation rate over the land area of each
cloud-band day for each dataset (PP95, considering
only areas with precipitation above 1 mm-d~!). This
is exemplified in the ‘Step 1’ of figure 2. This metric is
equivalent to using the percentiles between 70™ and
80" considering the values of all land pixels with pre-
cipitation above 1 mm-d~—!, depending on the data-
set/model. Figure 3 (first column) shows the distri-
bution of the area-averaged precipitation rates (his-
tograms) and the PP95 (dashed lines) in each dataset.
The area-averaged rainfall rate does not
adequately characterise the most intensely raining
mesoscale structures embedded within TE cloud
bands, nor potential future increases in these more
localised rainfall extremes. These embedded rain-
fall features are most likely to produce the excessive
rainfall associated with flash flooding and landslides.
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Figure 2. Schematic of the methodology to identify the intense cloud band (CB) events. Step 1 shows how the PP95 threshold is
calculated. In step 2, the areas with precipitation above PP95 are identified, resulting in two attributes: the fraction of the cloud
band land area with precipitation above the PP95 (FrcArea) and the average precipitation rates over these areas (IntPP). In Step 3,
the 80™ percentile of these attributes is used to identify the large extent (LrgExtCB), intense precipitation (IntPPCB), and

combined (CombCB) intense cloud band events.

So, the next step is to characterise cloud band intens-
ity in terms of these embedded intensely raining
regions. To do so, we identify intense rainfall regions
within each cloud band as those grid points with rain
rates exceeding the present-day PP95. These embed-
ded rain regions can then be characterised both in
terms of rainfall rates and spatial extent within the
cloud band.

After defining PP95, we calculate two attributes
for each cloud band day: the fraction of the cloud
band area with precipitation above PP95 (referred to
as FrcArea and shaded in orange in the ‘Step 2’ top
map, figure 2) and the spatially-averaged precipita-
tion rate over these areas (IntPP, ‘Step 2’ bottom map
in figure 2). We use these attributes to define two
categories of intense cloud band days: large extent
cloud band days (LrgExtCB), defined as those days
with FrcArea above the 80™ percentile (i.e. the top
20% days); and intense precipitation cloud band days
(IntPPCB) as those days with IntPP above the 80™
percentile (‘Step 3’ in extended data figure 2). As the
same cloud band day can be classified as LrgExtCB
and IntPPCB, we define the combined cloud band
category (CombCB), representing rarer cloud band
days that produce both high intensity and large extent
of intense rainfall. The number of cloud-band days in
each category is listed in table 1. The distribution of
the attributes and their 80" percentile considering all
cloud band days in each dataset are summarized in
the second and third columns of figure 3.

The choice of 20%, or 1 in 5 cloud band days,
ensures a focus on a range of intense rather than very
extreme days, which is prudent since the convection-
permitting simulations only provide 10 years of data,

with ~100 cloud band days per year. This choice
of intense rather than extreme cloud band days also
serves an interest in capturing all potentially impact-
ful cloud bands rather than the only most extreme
ones. We estimate these metrics for all datasets indi-
vidually. Since our objective is to evaluate the changes
in the frequency and intensity of these cloud band
days, we use the simulated present-day values of PP95
and the 80™ percentiles of FrcArea and IntPP to
identify future intense days.

3. Classification of intense TE cloud band
events

First, it is necessary to consider the model fidelity
in capturing the core features of the TE cloud band
rainfall climatology. In the 1998-2007 period, TE
cloud bands are observed on 29% of all days (black
dashed line in figure 4(a); numbers also provided in
table 1), producing a third (33%, figure 4(c)) of the
annual precipitation over the study area, although
the contribution varies over space, given the distri-
bution of convective centres within the cloud band
(as exemplified in figure 1). Both the driving general
circulation atmosphere-only model (GCM-PD) and
the CPRCM-PD reproduce the frequency of cloud
band days over South America well (blue hatched
bars, figure 4(a)). The annual cycle in cloud band
frequency, quantified by the fraction of cloud band
days occurring in a given month, is well captured
across the simulations with increases from near zero
in August to a peak of over 60% during the core sum-
mer months, from December through February (‘All
in figure 4(b); see also Zilli et al 2024). Additionally,
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Figure 3. Distribution of the main attributes of each cloud band day: area-averaged precipitation rates (first column), fraction of
the cloud band area with intense precipitation (above PP95; second column), and precipitation rate averaged over those areas
(third column) for the observed dataset (black lines) and present-day (blue bars) and future (red bars) simulations considering
(a)—(c) CPRCM,; (d)—(f) GCM; (g)—(i) HadGEM3-GC3.1 n216; and (j)—(1) HadGEM3-GC3.1 n96. In the first column, the dashed
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lines and values on the top right represent the 95" percentile of the area-averaged precipitation rate (PP95); in the second and
third columns, the dashed lines and values represent the 80t of the attributes.

Table 1. Number of cloud band days over the 10-year period
(1998-2007) in each dataset, considering all cloud band days (All
CB), large extent (LrgExt), intense precipitation (IntPP), and
combined (Comb) cloud band days in observations (NOAA
CDR) and models.

Model & scenario  AIlCB  LrgExt IntPP  Comb

Considering the daily rainfall rate averaged over
the TE cloud band area, the CPRCM-PD precip-
itation distribution is shifted to higher rates than
the gridded CHIRPS observations (figure 3(a)), a
bias expected from previous studies on CPRCMs
(Halladay et al 2023, Zilli et al 2024). However, the

NOAA CDR 1051 210 210 103 distribution shape matches the observations well,
CPRCM-PD 992 199 199 81 . . .

CPRCM-2100 744 265 599 256 ~ Overcoming the ske.wness bias t(?wards low rain rates
GCM 997 200 200 66  typical in parametrised-convection models (Berthou
GCM-2100 774 321 370 193 et al 2019, Zilli et al 2024; see also figures 3(d), (g),
n216-H 1057 212 212 76 and (j)). As Lenderink et al (2024) and others (e.g.
n216-ssp585 754 309 295 164 Lee et al 2022) show, convection-permitting mod-
n96-H 1161 232 232 73 els better capture observed scaling of sub-daily rain-
n96-ssp>85 650 68 139 31 fall extremes with increased absolute humidity than

the CPRCM-PD simulates the contribution of cloud
band events to total area-averaged annual precip-
itation most accurately (32%, ‘PD’ in figure 4(c)),
while in the GCM-PD simulation, this value is lower
(27%). The spatial distribution of the cloud band
days is also well reproduced by the CPRCM-PD,
with maximum frequency over the Amazon and
extending southeastward along the core SACZ region
(figures 5(a) and (b)).

parametrised-convection models. This indicates that
future scaling of intense precipitation under warm-
ing may be more accurately estimated by convection-
permitting models, despite their present day overly
intense rainfall distributions, as seen in figure 3(a).
Therefore, we focus here on changes in precipita-
tion obtained by comparing the present and future
scenarios, all changes are reported by relative changes
in the distribution and in particular the tail of the
distribution as captured by its 95™ percentile (PP95,
dashed lines in figure 3, first column).
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Figure 4. (a) Mean frequency of observed (black dashed line) and simulated cloud band (CB) days in each model, considering the
present-day (blue hatched bars) and future (red hatched bars) simulations. The solid bars represent the present and future
number of days with large extent (green), intense precipitation (blue), and combined (red) intense CB days. (b) Percentage of
cloud band days per month in observations (NOAA-CDR) and all present-day simulations, with each tile representing the values
for all (bottom), large extent (right), intense precipitation (left), and combined (top) cloud band days, as represented in the
diagram in the top left. (c) Percentage contribution of the cloud bands to the total precipitation, averaged over the cloud band
land-area, considering all (‘All’), large extent (‘LrgExt’), intense precipitation (‘IntPP’), combined (‘Comb’), and all intense
(‘Alllnt’) cloud band days, with each tile representing values in present (‘PD’, lower right) and future (‘FUT}, top left) scenarios.
(d) Changes in the number of cloud band days per month in the future compared to the present-day simulations, considering all
days (bold line), large extent (green bars), intense precipitation (blue bars), and combined (red bars) intense cloud band days.
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In the observational dataset (CHIRPS), a typical
cloud band has embedded areas of intense rainfall
regions covering, on average, 21% of the cloud band
land area (FrcArea, figure 3, second column). The
CPRCM-PD simulates the observed mean FrcArea
well, even though the models overestimate the fre-
quency of CB events with FrcArea between 10% and
23% and underestimate those with FrcArea values
exceeding 23% (figure 3(b)). Although the shift in
the mean of the FrcArea is marginal in the future
CPRCM-2100 simulation (2% increase), there is
more than a doubling in the frequency of cloud band

days with a larger FrcArea in the upper tail of the dis-
tribution (figure 3(b)). Geographically, intense pre-
cipitation regions within the cloud band footprint are
more frequent over eastern Brazil and Southeastern
South America (SESA), where the observed precipita-
tion rate is above PP95 on more than 20% of the cloud
band days (grey shades in figure 5(a)). The CPRCM-
PD simulation captures the geographical distribu-
tion of these events over Southeastern Brazil and
parts of SESA, even though it underestimates its rel-
ative frequency (figure 5(b)). In the future scenario,
the doubled frequency of cloud band days with a




10P Publishing

Environ. Res. Lett. 20 (2025) 074045

larger FrcArea is reflected geographically by the future
expansion of areas in which 1in 5 (grey) or 11in 3 (red)
cloud band days will produce intense rainfall above
PP95, especially across eastern Brazil and the heavily
populated southeast coast (figure 5(c)).

As expected from previous analysis of CPRCMs
(Halladay et al 2023, Zilli et al 2024), the simu-
lated distribution of daily rain rates averaged across
intensely raining regions (blue, figure 3(c)) is too
high in comparison to observed distributions from
the gridded data set (black line). Nonetheless, the
CPRCM-PD simulation better simulates the distribu-
tion of rain rates in intensely raining regions com-
pared to parameterised simulations (figure 3, third
column). Importantly, a growing body of evidence
indicates that, in spite of the high rain-rate bias of
CPRCMs, the observed scaling of intense rainfall with
warming is appropriately represented by CPRCMs
and poorly represented by convection-parameterised
model configurations (Lee et al 2022, Lenderink et al
2024). Such scaling is clear in figure 3(c) with the
mean of the future distribution (red curve) increas-
ing ~10mm-d~! and the upper tail spanning 60—
70 mm-d~! when it barely reached 55 mm-d ! in the
present (blue curve). This future increase in intense
rain rates is far greater than the increase in fractional
area covered by intense rain (figure 3(b)).

4. Warming increases probability of
intense events

Figure 3(a) shows a notable increase in the area-
average cloud band rain rate in the high-emissions
future scenario (CPRCM-2100; shifting from blue
to red distributions). In the upper tail of the
distribution, PP95 simulated by the CPRCM-
PD is 23.8mm-d~! which increases by 26% to
30.0mm-d~! in the CPRCM-2100 simulation. The
CPRCM-PD PP95 value is equivalent to the 55"-
percentile in CPRCM-2100. A similar increase in
PP95 is also found in the high-emissions future GCM
and n216 fully-coupled simulations (26% and 22%,
figures 3(d) and (g), respectively); in the coarser resol-
ution n96 simulation, the increase in PP95 is smaller
(10%, figures 3(j)).

Despite the substantial increase in the likelihood
of rainfall extremes within the cloud band, the future
simulations show a 20%-30% decrease in the fre-
quency of cloud band days (figure 4(a); also table 1),
with the largest reduction of 3—6 cloud band days per
month between September and December (black line
in figure 4(d)). So what is the absolute change in the
likelihood of intense cloud bands?

By definition, LrgExtCB and IntPPCB repres-
ent each 20% of the total present-day cloud-band
days (either observed or simulated), resulting in 19—
21d per calendar year each (5% to 6% of the days;
figure 4(a); see also table 1). CombCB days represent

M T Zilli et al

~10% of all observed CB days and occur between 6—
10 d per year (~2% of the days). In total, intense CBs
(LrgExtCB + IntPPCB — CombCB) represent 30% of
all CB days and are responsible for 40% of the total
precipitation produced by all cloud bands, occur-
ring about 30 d per year. All present-day simulations
reproduce the observed fraction of intense CB days
(figure 4(b)) and their relative contribution to the
total precipitation (figure 4(c)).

Under high-emissions end-of-century warming,
intense cloud band days become more frequent in
all simulations (except n96-ssp585; figure 4(a)). In
particular, the CPRCM-2100 simulates 201% more
IntPPCB by the end of the century, representing up
to 80% of all CB days (figure 4(a)). IntPPCB days,
averaging 20d per year in the CPRCM-PD simu-
lations, are projected to triple in frequency to 60
events annually in 2100. The increase in the num-
ber of IntPPCB days also results in an increase in the
number of CombCB days (216% in CPRCM-2100;
solid red bars in figure 4(a)). In fact, the fraction of
LrgExtCB that is also classified as IntPPCB increases
from 41% in the present-day to 97% in the CPRCM
future scenario, indicating that virtually all LrgExtCB
events will also be IntPPCB events (but not the oppos-
ite). A similar increase in the ratio of IntPPCB to
LrgExtCB is also observed in the parameterised simu-
lations (table 1) as a result of the precipitation intens-
ification. This increase in the frequency of IntPPCB
days is most pronounced during the austral summer
months NDJFM (blue bars in figure 4(d)).

The contribution of the IntPPCB days to the
total annual precipitation increases from 9% in the
CPRCM simulation to 24% in the CPRCM-2100
(figure 4(c)). In other words, a quarter of the total
precipitation over the study area is projected by the
CPRCM model to be produced by IntPPCB days. A
similar but less pronounced increase also occurs in the
parameterised simulations (except in n96-ssp585).
This is in contrast to a decline in the contribution
from all events (see first column in figure 4(c)),
heightening the relative importance of intense cloud
band days. These results suggest that while cloud band
events will be rarer in the future when they do occur,
they have a substantially higher likelihood of pro-
ducing intensely raining clusters with these clusters
occurring over larger areas than present-day cloud
band systems.

Geographically, observed intense cloud band days
occur more frequently in the SACZ region (more than
3% of all days for LrgExtCB and IntPPCB and 1%
for CombCB, represented by the magenta contour in
figure 6, first column). In the subtropics (south of
20°S), intense cloud band days are less frequent (1%-—
2% of the days or 3-8d with LrgExtCB or IntPP)
but about 50% of them have areas with precipitation
above PP95 over the region (figure 6, first column).
All simulations reproduce the frequency of intense
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Figure 6. Percentage of days (blue contours every 1%, except in (f) every 2%) with large extent (first row), intense precipitation
(second row), and combined (third row) cloud band events per year considering CHIRPS (first column), CPRCM-PD (second
column) and CPRCM-2100 (third column). Thick magenta contour delimits the region where intense cloud band events are
present in 3% (1% for combined CB events in the third row) of the days. Grey (red) shading indicates the areas with more than
20% (50%) of the intense cloud band days with precipitation above the PP95.
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CB events over the study area; however, the CPRCM-
PD simulation does overestimate the IntPPCB like-
lihood over the Amazon by ~25% (figure 6, middle
column). The CPRCM-PD also simulates the clusters
of intense precipitation over eastern Brazil and SESA,
albeit with underestimates of their frequency (shad-
ing in figure 6, middle column).

The future increase in the frequency of days with
intense cloud bands is spatially uniform over the
domain regardless of the intense cloud band category
(figure 6, third column). The large increase in the fre-
quency of IntPPCB is projected to result in their pres-
ence in more than 3% of the days (i.e. more than 11d

per year) in most of the study region (magenta con-
tour in figure 6(f)) and will represent more than 10%
of the days (i.e. more than 36d per year) along the
SACZ. The fraction of cloud band days with clusters
of intense precipitation will also increase in this SACZ
region (grey shades in figure 6(f)), particularly over
coastal Southeastern Brazil, which hosts densely pop-
ulated cities.

5. Discussion

Unprecedented rainfall extremes are being recorded
more frequently each year across the globe (Robinson
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et al 2021, Zhou et al 2022). South America is one of
the regions already experiencing devastating extremes
associated with rainfall intensification (Célia dos
Santos Alvald et al 2024, Marengo et al 2024). The
large-scale circulation dynamics that give rise to
tropical-extratropical cloud band events over South
America (Zilli and Hart 2021) support regional
intensification of rainfall relative to background rain
rates in both observations and models (Zilli et al
2024). Here we show that under future warming,
three metrics of area-averaged rain rates within these
cloud bands increase (figure 3). These increases are
greatest in CPRCM simulations, where the 95 per-
centile of cloud band-averaged rainfall increases by
26% (figure 3(a)). If scaled by the regional mean sur-
face temperature increase of 5.7K in CPRCM-2100,
this equates to 4.5% K~ '. These values are obtained
by spatially averaging the daily rain rates over the
cloud band signature. Observational and modelling
studies demonstrate that scaling greater than the CC
relationship of ~7% K~! is often observed at rain-
fall stations or grid-points, particularly for sub-daily
rainfall intensities (Lenderink and van Meijgaard
2008, Lenderink et al 2019, Fowler et al 2021).
Given the spatial and temporal averaging adopted,
short-duration extremes embedded into the future
cloud bands will likely be even greater than the
scaling reported here. Future work with additional
convective-scale climate simulations should explore
this risk further.

Kahana et al (2024) reported on all grid-point
3h rainfall across South America in the CPRCM-
2100 simulations and showed the same sign of change
with a shift towards more intense rainfall. However,
whether the CPRCM produced greater intensification
than the parametrised-convection parent GCM was
region-dependent. The results presented here focus
on intensification during cloud bands under large-
scale forcing, with the CPRCM simulation showing
the greatest intensification, consistent with the review
in Lenderink et al (2024).

To diagnose the absolute change in the probabil-
ity of high-risk cloud bands in the future, we defined
intense cloud band days by the extent and intensity
of heavily raining regions embedded within the cloud
band structures. In the present-day climate, intense
cloud bands occur about 30d (9% of the days) per
year and are mainly located along the SACZ (3% of
the days). Over SESA, the intense events are less fre-
quent but are characterised by more intense precipit-
ation (figure 6). In a high-emissions end-of-century
scenario, the absolute number of days with intense
CB triples, particularly those related to intense pre-
cipitation (IntPPCB, figure 4(d)), reflecting the pre-
cipitation intensification resulting from atmospheric
warming. This increase occurs despite fewer cloud

M T Zilli et al

band days. In terms of probabilities, the chance ofa 1-
in-5 intense cloud band day at present could become
a 3-in-5 chance in the future.

While these changes are strongest in the core
austral summer months, an increase in the num-
ber of days with very intense cloud band systems
is seen as late as May. In May 2024, massive floods
were registered in South Brazil in the Rio Grande do
Sul state, with circulation anomalies similar to those
observed during a cloud band event (Batista Ferreira
Neto 2024). This event aligns closely with the results
described here showing that cloud band days with
clusters of intense precipitation will become more
frequent in this region (figures 5(b) and (c)) under
warming. This increased risk in southeastern regions
corroborates all-cause rainfall intensification repor-
ted in Kahana et al (2024). This event is a high-impact
example of the growing risk of intense cloud band
rainfall over South America under warming, increas-
ing the likelihood of flash floods and landslides and
unprecedented river catchment-scale flooding.
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