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Abstract

There is high confidence that precipitation extremes are projected to become more frequent and
severe and, to a lesser extent, that their seasonality may change. However, these precipitation
characteristics are dealt with separately, without examining whether magnitude and seasonality are
jointly projected to change. Here we assess how the seasonality and magnitude of precipitation
extremes are jointly projected to change for different climate scenarios. We perform analyses at the
global scale using nine global climate models and four different emission scenarios. We identify
large areas of the globe where the magnitude of the extremes is expected to increase as the
emissions increase; at the same time, large changes in the seasonality of these extremes are
projected to impact regions mainly located in the tropical and sub-tropical areas. These changes
could impact our response and mitigation efforts and our resilience against such phenomena in

response to climate change.

1. Introduction

Extreme precipitation is becoming more intense and
frequent, exacerbating known impacts and emphas-
izing new ones (IPCC 2021). Severe storms can dir-
ectly affect agriculture, triggering a cascade of events
that can induce crop failure, worsen poverty, star-
vation, and conflicts across the globe (Rosenzweig
et al 2002, Raleigh and Kniveton 2012, Abiodun et al
2017, Organization 2018); they also pose a signific-
ant threat for public health, increasing the possibility
of waterborne disease (Checkley et al 2000, Curriero
et al 2001, Thomas et al 2006, Khan et al 2015). These
effects are felt in terms of the global economy, espe-
cially for the high-income countries (Kotz et al 2022).

Therefore, it is no surprise that changes in the
characteristics of precipitation extremes have been
extensively investigated across different spatial and
temporal scales (Westra et al 2014, Donat et al
2016, Fowler et al 2021, Seneviratne et al 2021, Du
et al 2022). Compared to a large body of existing

© 2024 The Author(s). Published by IOP Publishing Ltd

literature exploring the changes in the magnitude
of extreme precipitation, a smaller number of stud-
ies have explored the changes in seasonality as their
main focus (Kent et al 2015, Brénnimann et al 2018,
Marelle et al 2018, Song et al 2018, 2020, Dong
et al 2019). Moreover, apart from some works (e.g.
Dhakal et al 2015, Wainwright et al 2021), the stand-
ard approach in modeling seasonality is to create sea-
sonal or monthly blocks, not allowing this variable to
be modeled continuously and potentially overlook-
ing changes in its timing. Hence, our understand-
ing of the projected changes in these events is pre-
dicated on the assumption that they will continue to
occur in the same season (i.e. stationarity), and so is
our management of the water resources and response
to their impacts. Substantial shifts in the timing of
the wet season can have large impacts on plants and
vegetation, especially in semi-arid areas. Weltzin et al
(2003) suggest that shifts in precipitation regimes
may lead to severe impacts to ecosystem dynamics,
even stronger than the increase in temperature driven
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Figure 1. Bivariate representation of the monthly correlation between the percentage of daily precipitation values that exceed the
99th percentile of the grid cell distribution (i.e. precipitation extremes) and their median value at a global scale over the
1979-2014 period for the reference dataset (MSWEP-v2). The white-to-purple scale represents the percentage of extremes in the
month, while the white-to-green one characterizes the magnitude of the median of the extremes in the month. Hence, the greener
(more purple) the color, the greater (lower) the magnitude of the extreme precipitation in a given month, and at the same time,
the lower (higher) the number of extremes that characterize it. Dark colors represent high percentages and high magnitudes of
precipitation extremes, while totally white pixels indicate that no extremes occurred during the study period.

Percentage of precipitation
extremes in the month [%]

by CO,. Ecosystems can be influenced by shifts in
the onset of the rainy season, since this marks some
fundamental moments in the biotic cycle (Feng et al
2013, Zeppel et al 2014). Potential changes in the
timing of extreme precipitation are also important
for storm water management and preparation against
these events (Li et al 2021). All these impacts could be
exacerbated if we consider that a shift in the timing
of extreme precipitation may contribute, along with
changes in soil moisture and snow processes, to alter
the timing of flooding (Bloschl et al 2017, Wasko et al
2020, Kim and Villarini 2024).

How do we account for changes in precipita-
tion magnitude and seasonality not in isolation, but
rather within the same analysis framework? Despite
the importance of this topic, there is no study that
examines these two extreme precipitation character-
istics jointly, except when seasons are pre-defined
through blocks. Figure 1 highlights the monthly per-
centages of precipitation extremes (i.e. identified with

respect to the 99th percentile of the all-day precip-
itation distribution) together with their magnitude
(i.e. median value of the extremes exceeding the 99th
percentile) based on a reference dataset (Beck et al
2019; section 2); for each month, we count the num-
ber of exceedances and compute their median value,
highlighting how the extreme precipitation is distrib-
uted or concentrated during the year.

By analyzing the patterns from a univariate per-
spective, we can recognize areas without a domin-
ant season, with large precipitation extremes that
can occur throughout the year. This is the case for
the southeastern United States, where large precip-
itation events can occur during almost any month
due to extra-tropical cyclones, tropical cyclones, and
mesoscale convective systems. South America, espe-
cially Argentina and Chile, is another such area.
Extreme precipitation can occur throughout the
year in equatorial Africa due to the Intertropical
Convergence Zone (ITCZ), which determines the two
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rainy seasons in the region (Nicholson 2018). Finally,
the Mediterranean area and Central Europe exhibit a
similar behavior, with extreme precipitation that can
occur during the wet season from October to March
but also during the boreal summer due to convective
phenomena (Llasat et al 2021).

On the other side of the spectrum, some regions
are characterized by a strong synchronism between
the frequency and magnitude of extremes. For Russia
or continental China, the highest values are con-
centrated in boreal summer (Fujinami et al 2016,
Li and Ma 2018), primarily controlled by the vari-
ability in the subtropical Asia westerly jets, which
increases moisture transport, creating favorable con-
ditions for intense convection and precipitation (Xu
et al 2022, Lei et al 2024). The strong synchronism is
also the case for Saharan Africa, where most extremes
occur between May and August, but with low intens-
ity values. The Amazon Forest shows a bimodality
in the extreme rainfall regime because of the sea-
sonal migration of the ITCZ. Areas with a strong
precipitation seasonality are also located in India,
the Indochinese Peninsula and along the Chinese
coast, with extremes concentrated between June and
September due to the monsoon. For these areas, as
well as for southern Africa and northern Australia
in the austral summer, there is a high frequency
of occurrence of extreme precipitation coupled with
large intensities. For all these areas, there is a need
for a joint analysis to better model the dependence
between these two precipitation characteristics.

Therefore, the scope of this study is to jointly
model the magnitude and seasonality of extreme
precipitation at the global scale, and to examine
how these two characteristics are projected to change
under different scenarios.

2. Data and methods

2.1. Datasets

We use the Multi-Source Weighted-Ensemble
Precipitation version 2 (MSWEP V2) (Beck et al
2019) as reference dataset during 1979-2014; it is
global, derived by merging quality-controlled gauges,
satellites, and reanalysis precipitation estimates, with
a 0.1-degree spatial resolution and we aggregate it to
the daily scale.

To assess future changes in precipitation charac-
teristic, we use global climate models (GCMs) part of
the Coupled Model Intercomparison Projects Phase
6 (CMIP6) (Eyring et al 2016). We focus on mod-
els with 100 km nominal resolution (~1°) and with
the historical and the future Shared Socio-economic
Pathways (SSPs) scenarios (i.e. SSP1-2.6, SSP2-4.5,
SSP3-7.0 and, SSP5-8.5), selecting nine GCMs (table
S.1) and using the ‘rlilp1fl’ member (this selection
is a tradeoff between computational expenses, and
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model resolution and ensemble size). The period for
the historical experiment matches the one used for
the reference (i.e. 1979-2014), while we select 2065—
2100 for future scenarios. Since the reference data
and GCM outputs have different spatial resolutions,
we upscale the MSWEP to the GCMs resolution by
means of bilinear interpolation.

For each pixel, we consider the 99th percentile of
the whole daily precipitation distribution (i.e. consid-
ering both wet and dry days) as the threshold to detect
extreme precipitation (Schér et al 2016).

2.2. Bivariate modeling of magnitude and
seasonality of precipitation extremes

We propose a new statistical approach to derive
potential changes in the magnitude and the season-
ality of precipitation extremes, whose strength and
occurrence are modeled using circularlinear bivari-
ate copulae, C(u,v), where u refers to the circular and
v to the linear variable. The rainfall depth, & (mm),
can be analyzed through standard linear statistics
(i.e. it is a variable with a lower bound at zero), while
the day within a year in which a given event occurs, d
(day), needs to be analyzed through circular statistics
because of its periodic nature (Cremers and Klugkist
2018). We use five different copulae derived from a
linear combination and a rectangular patchwork of
different Archimedean copulae (i.e. Clayton, Frank
and Gumbel). For further details on the mathematical
and statistical framework of copulas, see Hodel and
Fieberg (2022) and the ‘cylcop’ (Hodel and Fieberg
2021) R package.

Considering the time series for each pixel and
dataset (i.e. reference and CMIP6 GCMs), we use the
Akaike information criterion (AIC) as performance
metric to select the best copula. To verify if the GCMs
can capture the statistical dependence between the
two variables we use a bootstrap approach based on
the AIC. We first generate 1000 random samples from
the best copula selected for the reference data; for each
sample, which has the same size as the original one,
we recompute the AIC, allowing us to derive a ref-
erence AIC distribution for each pixel of the dataset.
The reference best copula is then fitted to the extremes
extracted from the historical experiment of the nine
GCMs and the corresponding AIC values are com-
puted. If these AIC values are between the 2.5 and
the 97.5 percentiles of the reference AIC distribution,
then there is not enough evidence to reject the null
hypothesis that the GCM data are extracted from the
same copula as the reference data. Hence, we consider
this as a case in which the GCM can reproduce the
statistical dependence in the reference data.

After this validation procedure, we apply the
Rayleigh test (Pewsey et al 2013) to verify if there
is uniformity in the seasonal component, namely if
there is enough evidence to reject the null hypothesis
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that the extreme precipitation values are uniformly
distributed in the year.

Once this test is performed, we reapply the cop-
ula fitting procedure for each GCM and experiment.
Indeed, even if we cannot reject the hypothesis that
the precipitation extremes from the GCMs are extrac-
ted from the reference best copula, there may be
one that better fits the data according to the AIC.
After this step, we fit the marginal distributions. We
consider the generalized Pareto distribution (GPD)
as the marginal distribution for the rainfall depth,
while we choose a mixture of N von Mises distribu-
tions (vMD) to model the marginal distribution of
the circular variable. We evaluate the goodness-of-
fit of the GPD distribution through the application
of the Anderson—Darling test where the significance
of the test is computed by means of a Monte Carlo
approach (Choulakian and Stephens 2001). Since we
do not know a-priori the optimal number of mixtures
for the vMD, we test N ranging from one to four,
and at the end we choose the model with the lowest
Bayesian information criterion (Veatch and Villarini
2020, 2022). Figure S.1 shows a representation of the
described procedure.

2.3. Assessing changes in the magnitude and
seasonality of precipitation extremes

Once we model the bivariate dependence and the
marginal distributions, we can quantify the variation
in the characteristics of the extremes. For each exper-
iment, we start generating one million random (u,
v) pairs from the selected copula for every single
pixel. Transforming these values to the original units
through the marginal distributions, we can obtain a
sample of rainfall depth, h, per each day, d, of the year.
Hence, we compute the empirical cumulative distri-
bution function conditioned to the date (ecdf(h|d)),
and we use its median value, hso(d), as a proxy for
the extreme value that might occur on that day. An
example is shown in figure S.2, in which the red line
indicates the hsy(d) and is superimposed onto the 2D
density of the generated rainfall depth. Therefore, we
consider the maximum of the daily median values as
the reference rainfall depth (Hs) that may happen on
a specific day (D(Hsp)) of the year according to the
bivariate statistical structure derived from the data.
Once these values are defined for each pixel (i) in each
GCM (m) and experiment (hist and SSP), we quantify
the future changes in the magnitude (AR; ssp) and
seasonality (AS; ssp) of precipitation extremes, com-
pared to the historical experiments, by computing the
following quantities:

_ Hso, o, — Hso, ..,
AR," ssp = 100 . 501,SS_P 50x,hm [%] (1)

50, hist

D(Hsp); s — D(Hs0); ssp
30

AS; ssp = [month] (2)
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where:

— Hs, i, and Hs, ., represent the average of the Hso
among the nine GCMs (m):

1 N
Hso 0 = Z Hsojssp,,
m=1

L&
Hso; i = N E Hso, hist,,
m=1

— D(Hs) i.ssp and D(Hs) i.hist Tepresent the circular
mean of the D(Hsp) among the nine GCMs (m):

D(Hsp); gsp = circular.mean (D(Hso) ; sspm)

D(Hs); ., = circular.mean <D(H50) i,histm) .

i,hist

For both the quantities we compute the average
value among the GCMs to reduce the uncertainty
associated with any individual model. Moreover,
while in the case of Hso, i, and D(Hso); s, it is pos-
sible to use the linear way to compute the average
among the models, for D(Hs); ssp and D(Hso),; 1, it
is important to compute the circular mean. In ﬁgure
S.3 we show a schematic representation of the mean-
ing of AR; ssp and AS; ssp on the circular-linear
plane. Using equation (2), positive or negative shifts
exceeding six months could be obtained; in all these
cases, a forward (backward) shift that is higher than
half a year is considered backward (forward) of the
remaining months to complete a year.

3. Results and discussion

Based on the results in figure 1, the seasonality and
magnitude of extreme precipitation exhibit regional
variability; however, these two variables are also
clearly connected, requiring them to be analyzed
together rather than independently to get the full pic-
ture of how this hazard is projected to change. The
first step is the development of bivariate models based
on reference data (i.e. MSWEP-V2), which we use
to examine whether the historical experiments from
the nine GCMs can reproduce the observed bivari-
ate structure of the precipitation extremes. The res-
ults from this validation procedure are presented in
figure S.4, where we show the results based on the
Intergovernmental Panel on Climate Change zones to
provide a more regional view (Iturbide et al 2020).
Globally, the GCMs can reproduce the observed res-
ults at almost all the pixels, reaching an average of
90% similarity within each region. Based on these res-
ults, the GCMs can capture the dependence in the
precipitation extremes and can be used to provide
insights about the projected changes in precipitation
occurrence and magnitude.
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We apply the Rayleigh test (significancy level 5%)
to the reference dataset (a), the historical experiment
(b) and the different emission scenarios (c)—(f) to
verify the presence of uniformity in the seasonal vari-
able (figure S.5). Since we consider an ensemble of
nine GCMs, we stratify this information based on the
number of GCMs that agree on uniformity. By com-
paring panels (a) and (b), we note that the areas in the
historical experiment where the seasonal distribution
is uniform across multiple models mostly match the
uniform areas in the reference dataset. This is partic-
ularly true for the central and eastern United States,
part of the South America, Spain, Indonesia and the
area between Russia and Kazakhstan. There are also
areas where uniformity is captured but by fewer mod-
els (e.g. Southern Australia) or part of the globe where
it is overestimated (e.g. Eastern Europe and Northern
and Central Africa). These areas correspond to those
empirically identified from figure 1, namely all the
ones that are characterized by different weather sys-
tems responsible for precipitation extremes. Moving
to the future scenarios and, particularly, from SSP1-
2.6 (i.e. panel (c)) to SSP5-8.5 (i.e. panel (f)), an
expansion of these areas is particularly evident in
Europe and the western part of Asia. Since these res-
ults translate into a weak seasonal dependence of
extreme precipitation, we exclude these areas from
the analyses below. Moreover, to be conservative, we
exclude areas where at least one model identifies a
uniform behavior of the seasonal component.

As reference quantity, we consider the maximum
median value during a year as a proxy for the refer-
ence precipitation depth (Hsp) that may occur on a
specific day (D(Hsp)); by computing these quantities
during the historical period (1979-2014) and into the
future (2065-2100), we can quantify the precipitation
changes in terms of magnitude (AR) and seasonality
(AS) (figures S.2 and S.3). Figure 2 shows the pro-
jected changes in the characteristics of the extreme
precipitation for the 2065-2100 period with respect
to the historical baseline (i.e. 1979-2014) across the
four different SSPs at the global scale. To present the
results in a concise yet clear way, we have developed
a bivariate continuous circular palette to display the
changes in seasonality AS (i.e. change in color) and
the changes in magnitude AR (i.e. change in bright-
ness). Positive (negative) percentages for AR indic-
ate an increase (decrease) in the intensity of future
extremes compared to the past. Related to the AS,
positive (negative) values indicate a backward (for-
ward) shift in seasonality. Figure S.6 presents the same
results as figure 2 but uses a discretized representation
of both ASand AR.

Additionally, figure 3 shows a decoupled per-
spective of figure 2, namely the circular densities for
AS (panel (a)) and the linear ECDFs for AR (panel
(b)), which are useful to quantify their entities in each
scenario.

D Treppiedi et al

For the areas without a uniform seasonality, our
results suggest that climate change is expected to
make precipitation extremes more intense compared
to the past, consistent with previous studies (Zhang
and Villarini 2017, Wu et al 2019, Chen and Sun
2021, Thackeray et al 2022). However, the changes
in the magnitude are particularly tied to the emis-
sion scenario, moving from an increment that ranges
from 0% to 40% in the case of the SSP1-2.6, to val-
ues up to 60%-70% for the highest emission scen-
ario (figure 3(a)). The areas that are expected to
experience the largest increases are mainly located in
India and the area contiguous to the Bay of Bengal,
pointing to a strengthening of the monsoon in the
future (Menon et al 2013, Katzenberger et al 2021).
Similar changes in magnitude are projected for the
sub-Saharan Africa (see also Diem et al 2019, Jiang
et al 2021), especially in the central and eastern
Sahel region, associated with a fast response to cli-
mate change due to the enhanced radiative warm-
ing over land (Monerie et al 2021). We also decom-
pose the global signals in the tropical, sub-tropical
and temperate areas (figure S.7). The tropical regions
exhibit the largest values of AR, especially under the
high-emission scenarios (i.e. SSP3-7.0 and SSP5-8.5)
(Chadwick et al 2016), pointing to the importance
of climate policies in limiting the impacts of climate
change. These increases are lower moving from the
tropical regions to the subtropics (Lehmann et al
2015) and this reduction is even more evident when
compared with the temperate areas. However, these
changes in the extremes’ magnitude are always posit-
ive, and might lead to even larger impacts considering
that they are projected to occur in the upper tail of the
precipitation distribution, jeopardizing the reliability
of the infrastructures designed in the past (Nissen and
Ulbrich 2017).

The results so far are just one side of the coin, with
the potential changes in the time of the year in which
these events occur representing the other one. There
are large areas of the world exhibiting a temporal
shift in the D(Hsp) including South America, Africa,
India, China and Indochinese Peninsula (figure 2).
These findings are generally consistent regardless of
the SSPs considered, even though there are asym-
metries moving from SSP1-2.6 and SSP2-4.5 (i.e. the
scatterplots are relatively symmetric around the no-
change value) to SSP3-7.0 and SSP5-8.5 (i.e. there
is a shift towards negative values). These asymmet-
ries related to the emission scenarios are more evid-
ent when observing the density lines in figure 3(b).
While for SSP1-2.6 80% of the density lies between
~=£1.2 months (i.e. the area between the green tri-
angles in figure 3(b)), for SSP3-7.0 and SSP5-8.5 we
observe an expansion of the tails of the distributions,
especially the one related to a forward shift (i.e. neg-
ative AS) in the seasonality of extremes, reaching two
months of change. Not only the tails, but also the



10P Publishing

Environ. Res. Lett. 20 (2025) 014014

D Treppiedi et al

Temperate

zone

Tropics

AR [%]
>100
50

0

-50

Tropfes

Subtropics

Temperate
zone

AS [mon]

-2.6 |

Subtropics

2
T

Tropics

AR [%] bz)

Temperate
Zzone

Tropics

Subtropics

Temperate

Temperate
zone

Subtropics

Tropics:

Temperate
A - zone

AS [mon]

[SSP5-8.5]

Figure 2. Average projected changes in the characteristics of the extreme precipitation for the 2065-2100 period with respect to
the historical baseline (i.e. 1979-2014) under four emission scenarios (i.e. panels (a)-(d)). The bivariate circular palette is used to
concurrently display the shift in the seasonality (i.e. AS change in color) and the changes in the magnitude (i.e. AR change in
brightness). Positive (negative) percentages for the AR indicate an increase (decrease) in the intensity of the future extremes
compared to the past, while positive (negative) values for the AS indicate a backward (forward) potential shift in the seasonality.
Panels (al), (b1), (c1) and (d1) show the spatial distribution of these changes, while the scatterplots (i.e. panels (a2), (b2), (c2)
and (d2)) show where the pixel values are located within the bivariate circular plane.

median value tends to follow this drift toward pos-
itive AS values, passing from no-change for SSP1-
2.6 to 4 days for SSP3-7.0 and SSP5-8.5 (see table
S.2 for their numerical values). From a physical point
of view, this forward shift (i.e. extreme precipita-
tion occurring later in the season) might be the res-
ult of a seasonal delay in the precipitation annual
cycle, especially observed in the tropics (Biasutti and
Sobel 2009, Dunning et al 2018, Song et al 2023).

This delay was explained in terms of different mech-
anisms, including the cross-equatorial energy trans-
port, which is mostly associated with the increased
latent energy demand during the hemisphere’s sea-
sonal warming period (Song et al 2018), and a
reduced availability of moisture at the beginning of
the rainy season, related to an enhanced convect-
ive barrier mechanism (Seth et al 2011). For further
details, one can consult Song et al (2023). The changes
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Figure 3. Decoupled average projected changes in the magnitude (panel (a)) and seasonality (panel (b)) of the extreme

precipitation for the 2065-2100 period with respect to the historical baseline (i.e. 1979-2014) under four emission scenarios (i.e.
colors). Panel a shows the empirical cumulative distribution function (ECDFs) for the AR at different scenarios. Panel (b) shows
the circular density distributions for the AS at different scenarios. The circles, squares and triangles represent the values of some

percentiles (i.e. 10th, 25th, 50th, 75th and 90th) for AS.

in seasonality are particularly evident across the
Amazon Forest and southeastern Brazil, where there
are shifts ranging from ~15 d up to 2 months later
in the season, larger than what was shown in Marelle
et al (2018) (possibly because of different method-
ologies and model resolution); one possible explan-
ation for our results is the potential impact of cli-
mate change in the seasonal precipitation related to El
Nino Southern Oscillation (Grimm 2011). Focusing
on the African continent, the central and the west-
ern part of the Saharan region seems to exhibit the
largest changes in AS. The Sahel region is also charac-
terized by large seasonal changes that can reach two-
month delays. For both the Sahara and Sahel regions,
there is a clear dependence on radiative forcing, with
a clear transition from SSP1-2.6, where the signals
are almost indistinguishable, to SSP3-7.0 and SSP5-
8.5, which are characterized by the highest changes
in the timing of extreme precipitation. Finally, the
sub-equatorial Africa exhibits a behavior similar to

South America, with the precipitation extremes that
tend to occur later than the current timing. While
the general tendency is towards extremes to occur
later in the year, there are locations like Thailand, the
area contiguous to the Bay of Bengal, and Philippines,
where these phenomena are expected to occur earlier
(Marelle et al 2018, Ha et al 2020) (i.e. teal green
and bluish pixels in figure 2). The areas to the south
and east of the Caspian Sea exhibit the most spa-
tially widespread backward shift in seasonality, pos-
sibly driven by the projected anomalies in temperat-
ures (Zarrin et al 2021), leading to prolonged hot sea-
sons and alteration in the extreme precipitation tem-
poral patterns. We also stratified the AS for the trop-
ics, sub-tropics, and temperate zones (figure S.8) with
the tropical areas exhibiting the largest changes in the
shape of the distribution, with a large expansion of
the tail related to positive shifts, especially under the
SSP3-7.0 and SSP5-8.5. We also observe a drift toward
positive AS values for the medians, with delays up
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to two weeks for SSP3-7.0 and SSP5-8.5 (table S.2).
Similar expansions are evident for the sub-tropics,
although the distributions are in this case more sym-
metrical with respect to the no-change value and
characterized by lower variability. Finally, this vari-
ability is even smaller when looking at the densit-
ies related to the temperate areas, although the effect
of the increased greenhouse gas emission is present.
These results underscore the importance of global cli-
mate policies, which are needed to limit as much as
possible the effects of climate change.

4. Conclusions

We have analyzed the projected changes in the mag-
nitude and seasonality of precipitation extremes,
introducing a new approach based on circular-linear
copulae. Our findings point not only to an increase
in the magnitude of these phenomena, but also to
changes in their seasonality in some regions. In par-
ticular, we exclude all the areas where precipitation
extremes are evenly distributed throughout the year
since different weather systems can be considered
responsible for their genesis. However, long-term cli-
mate changes may also modify their timing and pat-
terns, and so future developments will be devoted to
also including these areas and quantifying the poten-
tial impacts across different sectors and spheres of our
lives. With this novel methodology, future applica-
tions might also analyze different variables, also in
the compound event framework, and how changes in
the seasonality and magnitude of extreme precipita-
tion events are captured when using different fixed or
percentile-based thresholds.

By using a bivariate circular-linear model we can
highlight that there are potentially large changes in
when extremes can be expected, especially for high
emission scenarios. We show that there could be an
overall delay in the extreme rainfall season in vari-
ous regions of the globe, especially in the tropics.
However, there are also areas characterized by pat-
terns where an advance in the seasonality is expec-
ted. This highlights the importance of conducting
studies at a regional level to better understand these
dynamics. We believe that these findings point to the
need to develop mitigation and adaptation strategies
that are flexible to account for the occurrence of
extremes for times of the year during which we
would not historically consider them likely to happen.
Moreover, based on the SSP projections, the intens-
ity of the precipitation extremes is expected to be
exacerbated from SSP1-2.6 to SSP5-8.5, emphasiz-
ing the importance that actual policies and behaviors
could have in addressing future climate change issues.
Joint changes in the magnitude and timing of pre-
cipitation extremes can lead to significant and cata-
strophic impacts, such as increasing flood risk, alter-
ing water resources planning and stressing the agri-
cultural systems. These changes can trigger ecosystem
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disruptions, affect infrastructure resilience, and com-
plicate disaster management efforts. Finally, these res-
ults point to the need to consider the characterist-
ics of precipitation extremes in a more holistic way,
accounting for their potential interdependencies.
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