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Future extreme precipitation may shift to
colder seasons in northern mid- and high

latitudes
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Despite high confidence in the intensification of the hydrological cycle due to global warming, the
future spatiotemporal patterns of extreme precipitation remain uncertain. Here we explore how climate
change influences the seasonal timing of extreme precipitation events, using daily output from the
Coupled Model Intercomparison Project Phase 6. We show that at latitudes between about 45°N and
75°N in Eurasia and North America, where extreme precipitation typically peaks in summer, climate
models project a substantial shift in the seasonal timing of extreme precipitation from summer into the
colder seasons, spring and autumn, or even into winter, by the late 21st century. We show that this shift
is associated with reduced moisture supply during strong updraft events in summer. These results
point towards a need for improved representations of processes determining the change in the
moisture availability and simulated vertical winds of the atmosphere as well as for adaptation to higher

flood risk in colder seasons.

Extreme precipitation events have increased across many regions of the
globe due to climate change'”, and are projected to become more frequent
and intense in the future">*"’. These changes are primarily driven by the
increased capacity of a warmer atmosphere to hold and transport moisture,
thus allowing for enhanced precipitation extremes"'"'”. Beyond annual
trends, observational studies confirm widespread increases in the seasonal
frequency of daily extreme precipitation events across large parts of the
contiguous USA™". Similarly, regional climate models project more fre-
quent extreme precipitation events across all seasons, particularly over
Northern Hemisphere land regions except for some arid areas. Notably, the
strongest increases are projected for autumn and winter in the extratropics
and high latitudes in response to global warming'*™"". These findings raise a
key question: Does a warming climate alter the seasonal timing of extremes,
rather than causing a uniform intensification throughout the entire seaso-
nal cycle?

While many studies have focused on the changes in the intensity and
frequency of extreme precipitation, an important but less explored aspect is
the shifts in the seasonal timing of extremes. Extremes occurring outside
today’s peak heavy rainfall season may alter flood regimes and exacerbate
hydrological hazards, including debris flows and soil erosion'®". Addi-
tionally, shifts in extreme precipitation events to colder seasons, coupled
with warming-induced snowmelt runoff, could increase the risk of more
severe winter and spring floods™. Seasonal shifts in extremes also have
strong implications for agriculture and terrestrial ecosystems'**". For

instance, as crop vulnerability varies throughout the year, precipitation
extremes of similar magnitude can cause disproportionately high damage
when occurring during planting or harvest seasons. Therefore, under-
standing the future timing of extremes is crucial for infrastructure planning
and long-term mitigation strategies.

Recent observational studies indicate that the seasonal patterns of daily
extreme precipitation events are already shifting, with statistical analyses
detecting changes in their timing'******. However, trends vary widely across
datasets and regions. Significant shifts of extremes to spring have been
observed at some stations, but no spatially consistent changes have been
detected across the contiguous USA'**’. At broader scales, extratropical
regions exhibit modest clustering of extremes, while global-scale analyses
reveal little change in average timing™**. Nevertheless, future projections
suggest that shifts in the average seasonality of extremes may become more
pronounced under high-emission scenarios, though these changes are
expected to remain regionally heterogeneous™.

Despite growing evidence of changes in the timing of future extremes,
to our knowledge, there is no rigorous inter-model assessment at the global
scale beyond shifts in the average seasonality™. We aim to bridge this gap by
evaluating the projected changes in the seasonal timing of extreme pre-
cipitation events using a large ensemble of global models. Additionally, we
investigate the underlying mechanisms driving inter-model differences,
providing new insights into model development and emergent constraints
for improving long-term climate projections.
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Fig. 1 | Illustrative example of the seasonal distribution of historical and future
extreme precipitation events. Dots and rose diagrams represent the Day of Year
(DoY) and monthly distribution, respectively, of extreme precipitation events in the
historical period (1950-1999, in blue) and the future period (2050-2099 under
scenario SSP5-8.5, in red) for a specific grid cell (34.7°E, 56.9°N) from the
HadGEM3-GC31-LL rlilp1f3 simulation. The mean timing of extremes and the
duration of the heavy rainfall season are depicted with dashed and solid lines with
arrows, respectively.

Extreme precipitation shifts to colder seasons

We evaluate the mean timing of extremes in global climate models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6), computed as the
mean Day of Year (DoY) when precipitation extremes occur (see “Meth-
0ds”), i.e., the days when the historical all-day 98th percentile is exceeded
(Fig.1). We find that CMIP6 models generally agree with the spatial pattern
of the mean timing in the historical period covered by the observational
rainfall estimates on a gridded network (REGEN®, Fig. 2a, b). Furthermore,
there is good agreement on the duration of the “heavy rainfall season”,
which here refers to the part of a seasonal cycle covered by one standard
deviation (+10) of the DoY spread around the mean (Figs. 1 and 2¢, d). Even
though capturing the exact mean timing of extremes and the duration of the
heavy rainfall season is challenging, the agreement between the spatial
patterns of individual models and REGEN is good, with spatial correlation
exceeding 0.5 and 0.6, respectively, in more than 80% models. The spatial
correlation is even higher between the multi-model mean and observations
(0.66 for mean timing and 0.76 for the duration of the heavy rainfall season)
as internal uncertainties partially cancel out. The largest biases are found in
subtropical to mid-latitude regions such as central America, Central Eurasia,
and Northern Africa (Fig. 2e, f). This is partially due to mismatches in the
transition zones of seasonal extremes (mean-summer/winter extremes)
between models and REGEN observations, and a tendency of models to
overestimate the duration of the heavy rainfall season. This overestimation
likely reflects limitations in convective parameterizations and the repre-
sentation of small-scale processes, such as mesoscale convective systems.
Our results are broadly consistent with previous studies showing that cli-
mate models can reproduce the historical seasonality of precipitation
extremes relatively well, thus providing insights into future real-world
changes and the underlying processes™***"*.

Given the reasonable reproduction of spatial patterns in the seasonal
timing of extreme precipitation events, CMIP6 models are considered
informative for projecting future conditions (Figs. 2 and 3). Consistent
with the previous study based on CMIP5™, there are no coherent large-
scale changes in the mean timing of extremes in CMIP6 and patterns are
quite variable in space (Fig. 3a). However, we find a significant extension
of the heavy rainfall season at latitudes between about 45°N and 75°N in

Eurasia and North America, as indicated by all 37 CMIP6 models
(Fig. 3b). These regions typically experience a summer peak of extreme
precipitation in today’s climate, and the mean timing does not change
much in the future” (Figs. 2a, b and 3a). This implies that future
extremes shift from summer more often into the shoulder seasons of
spring and autumn, or even into winter. Here, this is expressed as a
reduction in the summer (June-August, JJA) fraction of extreme pre-
cipitation events (Fig. 3c). The most pronounced and robust change
occurs in central Eurasia (marked with a yellow box in Fig. 3b), where the
future heavy rainfall season is projected to extend by nearly 60 days. In
this region, 90% of the precipitation extremes in today’s climate occur
between late March and mid-November, in the future the corresponding
period is projected to extend from mid-February to early December.
This result remains robust whether events are defined using the
95th, 99th percentiles, or alternatively using Rxlday (Fig. S1). It also
holds if the extremes are defined as exceedances of the respective his-
torical and future 98th percentiles, and not only the historical percentile
(Fig. S1d).

Understanding model differences

In the following, we analyze this pronounced extension of the heavy pre-
cipitation season into spring and autumn over the selected region as a case
study to discuss potential mechanisms, before drawing conclusions about
hemispheric signals. The grid cells within the case study region exhibit
coherent seasonality of extreme precipitation events and are typically
associated with similar synoptic-scale circulation features such as extra-
tropical cyclones and cold fronts™”, making them suitable for a more
detailed regional analysis.

Models consistently project a future extension of the heavy rainfall
season into the colder seasons, although the magnitude of this extension
varies across models (Fig. $3). Notably, not all models reproduce the single
summer peak of extreme precipitation observed in REGEN. Some instead
show a bimodal distribution of extremes even in historical climate (Fig. 4).
These differences are discussed in the next section, where we examine the
underlying physical mechanisms. Despite substantial uncertainties in the
magnitude of projected seasonal shifts, model projections tend to cluster by
family (Fig. 4). For instance, UKESM1, HadGEM3, and ACCESS project a
reduced number of summer extremes in the future, with an average decrease
of about 19 percentage points in the fraction of extremes occurring during
JJA. EC-Earth models (EC-EARTH, EC-EARTH-Veg, EC-EARTH-Veg-
LR, EC-EARTH-CC), on the other hand, indicate a reduction in the JJA
fraction by less than 10 percentage points, even though the absolute number
of future summer extremes increases. The regional analysis focusing on the
DoY distribution highlights a reduction in the JJA fraction of extremes,
which leads to extended heavy rainfall seasons in the future. To investigate
the complexity of seasonal shifts across models, it is necessary to focus on
JJA precipitation extremes and the synoptic drivers behind these projected
changes.

It turns out that the subsets of models that show similar behavior in the
DoY distribution of extreme precipitation events correspond closely to
established climate model genealogies identified in the literature’*”. Models
within the same family show consistent DoY distributions in both historical
and future periods, while the most pronounced differences occur between
families (Fig. 4). This is particularly interesting, as it highlights how struc-
tural differences across model families govern the representation of pre-
cipitation extremes, especially their seasonal timing and projected future
changes. In the following section, we explore the underlying physical
mechanisms driving these inter-model differences.

Understanding the physical mechanisms

Moisture supply during strong updraft events is critical because both suf-
ficient atmospheric moisture and upward vertical motion are necessary to
reach saturation and condensate enough precipitable water and ultimately
generate extreme precipitation'’. While atmospheric warming increases the
potential for heavier precipitation through enhanced water-holding
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Fig. 2 | The mean timing of historical extremes and the duration of the historical
heavy rainfall season. The mean timing of historical extreme precipitation events in
a CMIP6 multi-model mean and b REGEN observational data. Duration of the

historical heavy rainfall season (in number of days) in ¢ CMIP6 multi-model mean
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and d REGEN observational data. Differences between CMIP6 multi-model mean
and REGEN observational data in e the historical mean timing of extremes and f the
historical duration of the heavy rainfall season (in number of days).

capacity (i.e., Clausius-Clapeyron relation), the actual intensity of extremes
depends on how much moisture can be lifted and reaches saturation during
the time and location of strong updrafts. By examining relative humidity
during strong updraft days, we evaluate how this joint condition, that is,
moisture availability coupled with updrafts, is represented across models.
This approach is supported by a recent study using convection-resolving
models, which emphasizes the importance of boundary-layer relative
humidity in modulating updraft strength and precipitation efficiency that
can influence convective precipitation extremes™.

In our analysis, we focus on changes in relative humidity during strong
updraft events in JJA at 850 hPa. This level shows the strongest and most
spatially coherent correlation with reductions in the JJA fraction of extreme
precipitation events, but results are also consistent with relative humidity
changes at the surface (Fig. S2). Strong updraft events in JJA are defined as
exceedances of the historical all-JJA-day 98th percentile of daily-mean
vertical wind at 850 hPa. We hypothesize that these events would produce
extreme precipitation if tropospheric humidity were sufficiently large'>*.
Under future warming, specific humidity during JJA strong updraft days
increases in both mean and spread of its distribution, broadly consistent
with the Clausius-Clapeyron relation that the saturation specific humidity of
water increases with warming. However, the distribution of relative

humidity conditional on these days indicates a robust future drying, the
magnitude of which is highly model-dependent (Fig. S4).

The HadGEM3 model, one of the models with the strongest fractional
reduction in JJA extremes, projects that the fraction of strong updraft days
with relative humidity higher than 90% (nearly saturated wet days) will
reduce by more than 30 percentage points in the future (from 41% to 11%,
Fig. 5). The MPI-LR model on the other hand suggests a weaker drying, with
nearly saturated wet days decreasing from 72% to about 54% yet showing a
minimal change in the median of the distribution (Fig. 5). The inter-model
differences in changes of relative humidity conditional on strong updraft
days in JJA can explain the varying changes of the JJA fraction of extremes
across model families. Models with strong drying of the tropospheric air
during updraft days show a pronounced reduction in the JJA fraction of
extreme precipitation, whereas models with weak drying and generally high
humidity during updraft days show little decrease in the JJA fraction of
extremes (Figs. 4 and 5). We compare the frequency of strong updraft events
during JJA and find that some models project fewer high-percentile updrafts
in the future (Fig. S5). However, this does not explain the inter-model
differences in the projected shifts of precipitation extremes. The decrease in
strong updrafts could result from a generally more stable atmosphere with
future warming,
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Fig. 3 | Future changes in the mean timing of extremes and the duration of the
heavy rainfall season. Future changes in a the mean timing of extremes and b the
duration of the heavy rainfall season (in number of days). Future changes in ¢ the
summer (June-August, JJA) fraction of the number of extremes and d relative

b Change in duration of the heavy rainfall season

%

humidity at 850 hPa during strong updraft events in JJA (in %). Stippling indicates
regions where more than 80% of models agree on the sign of changes. The case study
region marked with a yellow box in (b) is used for the analysis of relative humidity
and updrafts.

We test this link between drying during updraft days and change in JJA
fraction of extreme precipitation over central Eurasia more systematically
across 17 CMIP6 models that provide daily data of relative humidity and
vertical wind (Fig. 6a). We find a remarkably robust correlation exceeding
0.83, suggesting that the different changes in the JJA fraction of future
extremes are directly related to the projected changes in relative humidity
over the selected Eurasian region. The MPI family (MPI-ESM1-2-HR, MPI-
ESM1-2-LR, and NESM3) projects a decrease by 7-12 percentage points in
the JJA fraction of extremes and a less than 10 percentage points reduction in
the median of relative humidity on days with strong updrafts in JJA. On the
other hand, UKESM1, HadGEM3, and ACCESS suggest a more pro-
nounced reduction, with decreases exceeding 15 percentage points in the
JJA fraction of extremes and more than 30 percentage points in the median
of relative humidity. Again, we observe clusters of models in each family and
large inter-family spread along the relationship (Fig. 6a).

In addition to explaining projected shifts of extremes, seasonal relative
humidity patterns help account for the bimodality found in some models’
present-day distributions (Fig. 4). For instance, models such as FGOALS-g3,
INM-CM4-8, and INM-CM5-0 show a persistent bimodal structure, which
can be primarily attributed to a pronounced dry bias in relative humidity
during JJA that limits the occurrence of summer extremes (Figs. 4 and S6).
In models like INM-CM4-8 and INM-CM5-0, the relative humidity cli-
matology shows a sharp drop in late August, aligning with a local minimum
in extreme event frequency. This relationship between the seasonal relative
humidity pattern and the DoY structure is consistent across time and space
within each model individually and becomes more evident in future pro-
jections. Under warming, enhanced JJA drying suppresses summer
extremes, while spring and autumn events become more frequent, together
contributing to the emergence or amplification of bimodal structures in the
future. Although inter-model variability exists, partly due to adjustments of
stronger vertical motion in drier models, relative humidity patterns strongly
shape the seasonal distribution of extremes and their projected changes in
each model.

Quantifying changes at global scale

Finally, we test whether the above relationship also holds across other regions
of the globe. Multi-model mean changes in the fractional extremes in JJA and
the median of relative humidity on JJA days with strong updraft events at
850 hPa show consistent reduction over Eurasia and central North America
(Fig. 3c, d), with the magnitude of which covariant across models
(Figs. S7 and S8). To test the relevance of drying, we calculate the same
correlation as in Fig. 6a for the entire globe using 3° x 3° latitude-longitude
grid boxes (7200 total). We find that the strong relation between changes in
the JJA fraction of extremes and the median of relative humidity during
strong updraft days holds across most land regions between about 45°N and
75°N (Fig. 6b). A particularly high correlation (above 0.8) is found over
northern Eurasia, eastern Canada and the western Mediterranean. Unlike the
former two regions that are characterized by more pronounced JJA extremes
and an extended heavy rainfall season in the future, precipitation extremes
over the Mediterranean occur mainly in winter in the historical period.
Hence, in this region the already low JJA fraction of extreme events is pro-
jected to further decrease due to even drier summers in the future, leading toa
future decrease in the duration of the heavy rainfall season (Fig. 3b). As seen
in central Eurasia, we observe similar patterns in the seasonality of extremes
and moisture conditions in JJA within groups of models over the yellow box
region in eastern Canada in Fig. S11b (Figs. S9 and S10). A consistent and
even more robust signal (a correlation coefficient reaching 0.92) is found
when aggregating over the yellow box region, which supports the universality
of the analysis (Fig. S11a). This correlation is slightly stronger than at the
3° x 3° grid-box level, likely due to spatial aggregation over a larger region that
helps to further reduce the internal variability™.

Our results are consistent with recent smaller-scale studies using
regional and convection-permitting models that have pointed out a less
distinct future summer peak in the frequency of sub-daily to daily
extreme events over Central US Plains, northeastern North America,
and Northern Europe, where in the past extreme precipitation pre-
dominantly occurred in summer'*”’**. Furthermore, our findings are in
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Fig. 4 | Day of Year distributions of extreme precipitation events for six CMIP6
model families. Results are shown for grid cells in the case study region of Fig. 3b.
Boxplots show the 5th, 25th, 50th, 75th, and 95th percentiles of the distributions.
Percentages refer to the JJA fraction of extremes, represented between the vertical
dashed lines, in the historical (in blue) and future (in red) periods. The areas under
the future distribution curves exceed 100%, as more events occur above the historical

percentile. From family a to f, models project a less pronounced reduction in the JJA
fraction of precipitation extremes. The panel with light blue shading on the top right
shows the historical distribution based on REGEN observations. Characteristic
models of each family, marked by gray shading, are used for the analysis of relative
humidity and updrafts in Fig. 5.

line with previous studies indicating that thermodynamic processes, in
particular the limited moisture supply, can explain the projected changes
in the seasonality at high latitudes'***. Recent work has applied a physical
scaling to separately decompose summer and winter precipitation

extremes, and further shows that the changes in summer extremes over
the Northern Hemisphere extratropical land is correlated with decreases
in near-surface relative humidity in summer, which, in their diagnostic,
shows up as a negative dynamic contribution™.
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Fig. 5 | Distributions of relative humidity on JJA days with strong updraft events
at 850 hPa. Results are shown for grid cells in the case study region of Fig. 3b and for
the characteristic models HadGEM3-GC31-LL, INM-CM4-8, NorESM2-MM,
CNRM-CM6-1-HR, and MPI-ESM1-2-LR marked by gray shading in Fig. 4. Box-
plots below show the 5th, 25th, 50th, 75th, and 95th percentiles of the distributions.
Note the different y-axis for MPI-ESM1-2-LR.

Conclusions

Unlike the variable spatial patterns of changes in the mean timing of
extremes, we find a significant and robust extension of the heavy rainfall
season in the Northern Hemisphere’s high latitudes, except for some dry
areas and the oceans, across CMIP6 models (Fig. 3a, b). Conversely, mid-
latitude areas characterized by cold-season extremes, such as the western
Mediterranean, are projected to experience a shorter heavy rainfall season
with a more concentrated winter-peak distribution in the future.

Our analysis, conditional on the occurrence of strong updrafts, indi-
cates that the projected reduction in the JJA fraction of extremes is largely
driven by future decreases in low-level relative humidity during JJA days
with strong updrafts. The relationship remains robust across 17 models over
most land regions at latitudes between about 45°N and 75°N. This drying
during strong updrafts is consistent with the general tendency of mid-to-
high latitudes to experience pronounced future decreases in relative
humidity, which relates to the land-sea contrast of the surface energy budget
and moisture availability in the warm season®**. Additional reasons may be
that, with future warming, favorable conditions for warm-season extreme
precipitation events are likely to occur more evenly throughout the year
when temperatures exceed a certain threshold”.

The shifts in the seasonal timing suggest that more complex
mechanisms are involved beyond basic thermodynamic feedback leading to
an overall intensification of extreme precipitation”. They thus help
explaining why the thermodynamic contribution to the intensification of
precipitation extremes is below the Clausius-Clapeyron value over these
regions: due to the shift towards colder seasons, the associated warming on
the day of the events is smaller than it would be if the future extremes were to
occur on about the same day of the year as in the past. As a result, the
intensification of extremes is lower than expected compared to what would
be projected based solely on mean warming. This is consistent with a pre-
vious study®, in which smaller increases in vertically integrated saturation
specific humidity, conditioned on the occurrence of precipitation extremes,

were found compared to the annual mean over some northern extratropical
regions. The results presented here refer to the very-high-emission scenario
SSP5-8.5 and the second half of the 21st century, but qualitatively similar,
albeit smaller changes are obtained for lower emission scenarios and lower
warming levels. However, it should be noted that our study is limited by the
coarse CMIP6 model resolution and related uncertainties associated with
the parameterization of moist convection.

The CMIP6 multi-model ensemble provides clear evidence for sea-
sonal shifts in extremes, but narrowing uncertainties through improved
models and observational constraints is crucial for providing more robust
climate information for adaptation decisions. Future research will benefit
from examining the presented relationship in convection-permitting
models*. Further investigation is also needed to analyze the changes in
the seasonal timing of extremes at different timescales, such as hourly to
5-day extreme precipitation events. In spite of these limitations, the rea-
sonable representation of the seasonality of historical precipitation
extremes, as well as the robust and physically plausible link to summer
drying increase confidence in our main finding of an extended heavy rainfall
season over Northern Hemisphere land regions in a warmer future climate.

Methods

Extreme precipitation in CMIP6 and the REGEN

observational data

Climate model outputs from CMIP6 are analyzed, using all models that
provide daily accumulated surface precipitation data for the historical
period 1950-1999 and future period 2050-2099 under the SSP5-8.5 sce-
nario. These data are available for 37 models, with 16 models providing
multiple members of initial-condition ensembles (Table S1). Extreme pre-
cipitation events are identified on each model’s original grid for the his-
torical and future periods as exceedances of the all-day 98th percentile of
daily accumulated precipitation during all years of the historical period. The
DoY on which the extreme events occur is extracted to describe the seasonal
timing of extremes and their changes in the future. The mean timing of
extremes and standard deviation of the DoY are computed for each period
using the R package circular, which accounts for the circular nature of the
data. We introduce the concept of the heavy rainfall season, referring to the
part of a seasonal cycle covered by one standard deviation (+10) of the DoY
spread around the mean (in number of days, Fig. 1). All calculations are
performed on each model’s original grid, with the resulting fields inter-
polated to a 1°x 1° latitude-longitude resolution to calculate the multi-
model mean. Members of initial-condition ensembles are treated separately,
and are first averaged within each model to ensure equal contribution from
each model, regardless of the number of ensemble members. To evaluate
model performance on the seasonal timing of extremes, observational data
from REGEN are used for the period 1950-1999. REGEN provides area-
averaged precipitation estimates derived from merged archives of in situ
rain gauge data and covers global land areas with a 1° x 1° resolution. The
REGEN observational data are processed using the same methodology
applied to the model output. For both regional and global analyses, extreme
events are first identified independently at each grid cell, and the corre-
sponding DoY values are then pooled across all grid cells within the specified
box region prior to constructing the distributions. Model families are first
grouped based on similarities in the DoY distributions of extremes over
central Eurasia. These preliminary clusters are then validated using estab-
lished model genealogies’"”. Finally, clusters are refined (either expanded or
merged) based on model genealogy.

Synoptic conditions during strong updraft events in JJA

To explore the causes of the reduced JJA fraction of extreme precipitation
events and the associated inter-model differences, daily-mean specific
humidity, relative humidity, and vertical wind velocity at all available vertical
pressure levels are analyzed for the historical and future period under sce-
nario SSP5-8.5. These data are available for 17 models, 4 of which provide
multiple members of initial-condition ensembles (Table S2). Characteristic
models of each family, marked by gray shading, are selected based on variable
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Fig. 6 | Relationship between changes in the JJA
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the case study region of Fig. 3b, with a correlation 3 ry
coefficient of 0.83. Colors represent the model =
families as in Fig. 4. b Spatial map of the correlation g o :
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longitude grid. %5 -104 Jmm | W Uk family
° .
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b Correlation of precipitation extremes and relative humidity over the globe
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availability and the range of projected changes in the JJA fraction of extremes
(Fig. 4). Strong updraft events in JJA are identified on each model’s original
grid for both periods as days when the daily-mean vertical wind at 850 hPa
exceeds the all-JJA-day 98th percentile during all years of the historical
period. Specific and relative humidity values are extracted during these strong
updraft events to evaluate the synoptic moisture supply. For both regional
and global analyses, the corresponding values are pooled across all grid cells
within the specified box region prior to constructing distributions. Monthly
mean relative humidity at all available vertical pressure levels is also used to
evaluate its relationship with changes in the JJA fraction of extremes. In this
study, we focus primarily on the 850 hPa pressure level, as it exhibits both the
most pronounced decrease in relative humidity during JJA and the strongest
correlation with the projected reduction in the JJA fraction of extremes,
compared to the 500 hPa, 700 hPa, or surface levels. Changes in median
relative humidity during strong updraft events in JJA are used to summarize
synoptic moisture conditions and are correlated with model-specific changes
in the JJA fraction of precipitation extremes. While the correlation pattern
remains broadly consistent, it becomes less robust when using the 25th or
75th percentiles instead of the median. To calculate inter-model correlation at
the global scale, data are aggregated on a 3° x 3° latitude-longitude grid to
ensure adequate sample size at each location.

Data availability
The data that support the findings of this study are publicly available. The
CMIP6 output can be assessed via the Earth System Grid Federation (ESGF)

portals, for example, https://esgf-data.dkrz.de/search/cmip6-dkrz/. The
REGEN-LONG observational precipitation dataset is available at https:/
doi.org/10.25914/5ca4c2c6527d2*. The processed data used to generate the
figures in this study are available at https://doi.org/10.3929/ethz-b-
000745834%.

Code availability
The code used to process the data and generate the figures in this study is
publicly available at https://doi.org/10.3929/ethz-b-000745834".
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