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Abstract. This study investigates the scalability of extreme precipitation indices across the Mediterranean Basin and Europe
using 0.11° EURO-CORDEX regional climate model projections. A pattern-scaling framework is applied to assess whether
changes in extreme precipitation exhibit a robust relationship with increments in global mean temperature and to determine
the time of emergence of scalable patterns during the twenty-first century. Scaling relationships are derived for five extreme
precipitation indices using annual mean global temperature change from the driving global climate models.

A clear distinction emerges between ensemble-mean behavior and individual model responses. For most indices, the
ensemble mean converges toward the late-century pattern relatively early in the century, suggesting that large-scale
thermodynamic control linked to global warming governs the forced signal in precipitation extremes. Individual model
realizations, however, display substantially greater spread and often lack a stable scaling relationship until much later in the
century.

Projected changes reveal a pronounced north—south contrast across Europe, with increasing precipitation extremes in
northern regions and progressively drier conditions across much of the Mediterranean Basin and southern Europe. However,
the analysis shows that precipitation extremes do not conform uniformly to a linear scaling with global mean temperature. In
contrast to temperature-based metrics, a robust linear relationship for precipitation emerges only gradually and remains weak
or absent for the most extreme indices.

Crucially, the breakdown of linear scaling is not merely a limitation of the framework, but a physically informative signal
indicating a transition in the controlling mechanisms of precipitation extremes. The forced thermodynamic response
becomes clearly distinguishable from internal variability by around mid-century, but for the most extreme events, the
deviation from scalable behavior reflects an increasing dominance of regional circulation changes and large-scale dynamical
adjustments over thermodynamic constraints alone. In this regime, departures from scaling capture the growing influence of
atmospheric dynamics rather than uncertainty.

By the late century, projected changes in several indices remain broadly consistent with large-scale patterns of change, yet
the least scalable metrics highlight where dynamical processes override temperature-driven expectations. As a result, some

precipitation metrics can be linked to warming more directly than others. This distinction has important implications for
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pattern-scaled projections, as the breakdown of scaling provides insight into when and where atmospheric dynamics become
the primary control on European precipitation extremes, rather than representing noise around a simple thermodynamic
response.

Keywords: Climate change, regional climate modeling, extreme precipitation indices, EURO-CORDEX, Mediterranean

Basin.

1 Introduction

The IPCC ARG6 infers that anthropogenic global warming is modifying the global hydrological cycle, increasing its
variability and thereby amplifying both precipitation extremes and drought occurrence (IPCC, 2021). Climate model
projections indicate increasing mean precipitation at high latitudes, contrasted by widespread decreases across the subtropics,
including most of the Mediterranean Basin. An exception is found in northern Mediterranean areas, such as the Alpine
region, where winter precipitation is anticipated to rise. In contrast, warm-season precipitation is projected to decline across
the Mediterranean Basin, with the strongest reductions occurring during summer (Giorgi and Coppola, 2007; Mariotti et al.,
2015; Lionello and Scarascia, 2018; Andr¢ et al., 2024).

Multi-model assessments estimate an average decrease in Mediterranean precipitation of approximately 4% per 1 °C
increase in global mean temperature (Lionello and Scarascia, 2018), accompanied by a robust increase in interannual
variability, particularly in regions experiencing pronounced drying (Giorgi and Bi, 2005). Across Europe more broadly,
projections consistently indicate decreasing summer precipitation in southern regions and increasing precipitation in northern
Europe, alongside a widespread intensification of extreme precipitation events with regard to both frequency and magnitude
(Christensen and Christensen, 2007; Fischer and Schér, 2010; Rajczak and Schir, 2017; Matte et al., 2019; Di Sante et al.,
2021).

While atmospheric warming also intensifies global annual precipitation, significant uncertainties persist at both regional and
seasonal levels, especially regarding extreme weather events. Due to the serious environmental and economic impacts of
extreme precipitation events, future changes in extreme precipitation and their uncertainties have received considerable
attention. The intensity of extreme precipitation is regulated by atmospheric moisture and is anticipated to scale with
warming by about 6-7% per 1 °C of warming, regarding the Clausius-Clapeyron relationship under the premise of constant
relative humidity. (Allan and Soden, 2008; Allen and Ingram, 2002; Trenberth, 2011). In contrast, alterations in total
precipitation are controlled by the Earth’s energy balance, and at the global scale, changes in global mean precipitation are
relatively slow, with increases estimated at around 1-3% per degree of warming (Douville et al., 2021).

Although models generally show agreement in the direction of future precipitation changes, they differ in magnitude owing
to uncertainties in external forcing, model climate sensitivity, and the internal variability of the climate system (Hawkins and
Sutton, 2009). To interpret such variations, Santer et al. (1990) introduced the pattern-scaling approach, which assumes a

linear link between regional climate change and global mean temperature. The method provides spatial projections of
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climate change per degree of warming and serves as a cost-effective alternative to high-resolution regional modeling
(Lustenberger et al., 2014; Herger et al., 2015), enabling the estimation of climate impacts for scenarios without requiring
direct simulations. Large international projects such as CMIP, PRUDENCE, ENSEMBLES, and CORDEX have advanced
its use. Studies show that pattern scaling performs reliably for temperature and, with some uncertainty, for precipitation (e.g.
Christensen et al. 2015), and is generally not strongly affected by the choice of emission scenario (Tebaldi and Arblaster,
2014; Christensen et al., 2019; Matte et al., 2019; Ozturk et al., 2023).

Christensen et al. (2019) demonstrated that the pattern-scaling method is a reliable approach for projecting temperature and
precipitation changes, showing robustness (i.e., consistency across models) across different projects such as PRUDENCE,
ENSEMBLES, and CORDEX and across a range of spatial resolution within CORDEX. Their study also found strong
agreement between model outputs and observation-based products, supporting the assumption of a linear relationship
between European temperature rise and global warming that could hold until the late century. However, since models need
time to reach equilibrium, and given that the reference period may be insufficiently separated in time, the emergence of this
linearity may be delayed, and the reliability of signals must always be judged in relation to inter-model variability.

A key question is whether this assumption remains valid for precipitation extremes. Unlike temperature, whose response to
external forcing is largely governed by thermodynamic processes and therefore exhibits a relatively smooth relationship with
global mean warming, precipitation is additionally influenced by changes in atmospheric circulation, moisture transport,
convection, and land—atmosphere feedback. These processes introduce substantial spatial heterogeneity and internal
variability, particularly in regions such as the Mediterranean Basin, where thermodynamic and dynamic influences may act
in opposing directions. Consequently, precipitation extremes provide a stringent test of the extent to which regional climate
responses can be represented as a simple and approximately linear function of global mean temperature change.

The pattern-scaling method has been applied not only to mean changes in climate variables but also to changes in extremes.
Lustenberger et al. (2014) examined extreme weather events using the pattern-scaling method, which employed daily
temperature outputs from 12 RCMs within the ENSEMBLES project. They tested two future time periods, scaling against
2021-2050 or 2070-2099 relative to 1961-1990, and showed that both performed well across most regions, even for
percentile-based indices. Since the study focused on RCMs, regional temperature changes rather than global warming were
used as the scaling parameter. The authors highlighted that uncertainties increase when the response period is near the
reference period due to shifts in the temperature distribution. Skill was higher for indices based on the upper tail of the
distribution.

Another study applied the pattern-scaling method to simulate changes in climate extreme indices, using the NCAR-DOE
CESMI1-CAMS (CESM) model (Hurrell et al., 2013) and the Large Ensemble (LENS) simulations (Kay et al., 2015).
Although the study mainly focused on error metrics, after testing simulation performance across a wide range of indices, it
concluded that the simple pattern-scaling approach is successful for most temperature and precipitation indices (Tebaldi et
al., 2020). Ozturk et al. (2023) applied scaling of extreme temperature indices with global mean warming and confirmed a

near-linear relationship between regional extremes and global temperature rise. Their results show that in Europe, the coldest
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night (TNn) warms more than the hottest day (TXx). The ensemble mean signal emerges as early as 2020, while individual
model scaled patterns for TNn and TXx become evident around 2040.

Bador and Alexander (2022) analyzed outputs from 29 CMIP6 models by using PRCPTOT and RX1DAY as measures of
total and extreme precipitation respectively. They show that the wettest day of the year is expected to become more intense
across land in the extratropical regions of the Northern Hemisphere, as well as during the monsoon over India, in all seasons.
Decreases in extreme precipitation intensity were expected in some subtropical regions, including large areas around the
Mediterranean Basin and southern Africa; however, these drying signals were not as pronounced in annual total
precipitation. To account for differences in warming levels across models, the future relative changes in precipitation indices
were normalized by regional mean temperature increase using the same 30-year climatology for historical and future periods.
As in Lustenberger et al. (2014), warming levels were calculated regionally rather than globally. The study demonstrated that
CMIP6 projections of future changes in both total and extreme precipitation scale with warming. Across all four seasons, the
intensification of both mean and extreme precipitation over land across the extratropics of the Northern Hemisphere was
emphasized as a thermodynamic response to rising surface temperatures (e.g., Bador et al., 2018; Pfahl et al., 2017).

In a study comparing CMIP3, CMIP5, CMIP6, and HighresMIP with ENSEMBLES and EURO-CORDEX datasets, changes
in precipitation were analyzed over different periods (Ritzhaupt and Maraun, 2023). Projected changes were expressed
relative to the European mean warming to minimize the impact of climate sensitivity and to facilitate comparisons across
forcing scenario generations. All ensembles assessed agreed on large-scale patterns of change in mean and extreme daily
precipitation, but significant inconsistencies remained at regional scales. Inconsistencies within and across ensembles were
most pronounced in summer. A notable discrepancy was found in the strength of Mediterranean drying, as CMIP5 and
EURO-CORDEX consistently produced less severe drying than the remaining ensembles. Another discrepancy was found in
Eastern Europe, where all ensembles except EURO-CORDEX projected a summer decrease in precipitation. According to
this study, regional climate models tend to shift global climate model outputs toward wetter changes (Ritzhaupt and Maraun,
2023). The increase was anticipated in daily extreme precipitation across much of Europe, but with varying magnitudes
across models and ensembles. The reliability of this signal was found to be low in the Mediterranean due to the few wet
days. The spread in projections of extreme precipitation, both within and across ensembles, was greater than for mean
precipitation, especially in summer.

Ritzhaupt and Maraun (2024) applied the pattern-scaling method to CMIPS5 and CMIP6 global climate model ensembles, to
separate uncertainties in extreme daily precipitation projections into thermodynamic and dynamic contributions. According
to the multi-model projection averages, dynamical factors account for most of total uncertainty, especially over tropical and
subtropical regions but uncertainties associated with thermodynamic processes are generally smaller. Relative to CMIPS5,
CMIP6 projections exhibited lower uncertainties in both thermodynamic and dynamic responses somewhat over mid- and
high latitudes, while significant reductions in dynamic uncertainties were found over the tropics and subtropics.

As the studies above demonstrate, pattern scaling has increasingly been applied to extreme climate indices. Nevertheless,

important uncertainties remain regarding its applicability to precipitation extremes, which are strongly influenced by
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atmospheric dynamics and internal variability. The present study therefore examines the extent to which changes in
European precipitation characteristics can be represented as scalable responses to global mean temperature change. To
provide a stringent test of the scaling assumption, the analysis focuses on simulations under strong radiative forcing, thereby
maximizing the forced signal relative to internal variability.

Specifically, we investigate three related questions: (i) whether changes in selected precipitation indices exhibit robust
scaling behaviour with global warming, (ii) whether different classes of precipitation indices show different degrees of
scalability, and (iii) when the climate-change signal emerges above internal variability and becomes robustly detectable. To
address these questions, we analyze five ETCCDI precipitation indices derived from the EURO-CORDEX ensemble using a

pattern-scaling framework based on global mean temperature change.

2 Materials and methods
2.1 Datasets

In this study, outputs from the EURO-CORDEX regional climate model projections (Jacob et al., 2014) are analyzed at a
horizontal resolution of 0.11° (~12 km) grid mesh. Daily precipitation from 60 global-regional model pairs is examined
under the high-emission scenario RCP8.5 for the period 1981-2100 (Fig. 1). The choice of a high-emission scenario is not
intended to represent a most likely future pathway, but rather to maximize the forced climate signal relative to internal
variability, thereby enabling a more robust assessment of scaling relationships and their structural stability across models. To
evaluate model performance and contextualize simulated changes, results are compared against observations from the ERAS

reanalysis dataset (Hersbach et al., 2023). ERAS daily total precipitation is used for the period 1951-2025.
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Figure 1: GCM/RCM Matrix.
2.2 Methodology
2.2.1 Extreme precipitation indices

Using the daily total precipitation outputs, five extreme climate indices defined by the ETCCDI (Alexander et al., 2006;
Klein Tank et al., 2009; Zhang et al., 2011) were computed. Changes in extreme precipitation indices were calculated
relative to 1985-2004. These indices have been widely adopted in the last decade (Sillmann and Roeckner, 2008; Sillmann et
al., 2013a, 2013b; Chen and Sun, 2014; Fischer and Knutti, 2014; Islam et al., 2015; Lee et al., 2020; Ntoumos et al., 2020,
Shawul and Chakma, 2020; Chervenkov and Slavov, 2021; Ozturk et al., 2021). The indices used in this study are the
following: PRCPTOT, the annual total precipitation on wet days; CDD, consecutive dry days, the maximum number of
consecutive days with precipitation < 1 mm; R95p, very wet days, annual total precipitation from days when daily
precipitation exceeds the 95th percentile of the reference period (1985-2004) in percentage of days, R10mm, heavy
precipitation days, the number of days when daily total precipitation > 10 mm, and PRMAX, the annual maximum

precipitation.
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2.2.2 The scaling approach

This paper investigated how changes in extreme precipitation indices respond to global warming, as obtained by their
corresponding driving global climate models, using a pattern-scaling approach. In this method, the scaled signal for each
index was computed by dividing its 20-year mean change (relative to the reference period, 1985-2004) by the respective
global mean temperature increase projected by the relevant GCM. This pattern-scaling approach assumes a direct,
proportional relationship between regional climate responses and global warming. The method first involves calculating the
20-year running-mean changes for each index from regional climate model simulations through the end of the century. These
regional changes were then divided by the associated 20-year mean global temperature change derived from the respective
GCM in the GCM-RCM pair. For instance, for the RegCM4.0 simulation driven by the HadGEM2-ESM-MR, the scaling
parameter was computed from the HadGEM2-ESM-MR global temperature trajectory. This approach enabled an evaluation

of how strongly changes in extreme precipitation indices correlate with an increase in global mean temperature.

2.2.3 Signal-to-noise ratio (S/N)

The robustness of regional climate model outputs was assessed by calculating the signal-to-noise ratio (S/N). For each scaled

field, the S/N was computed as:
S/N = 5P (1)

osp
where (SP) represents the mean of the scaled patterns across all model outputs, and dgp is the inter-model standard deviation
of the scaled patterns (Christensen et al., 2019). This method assesses the reliability of the climate change signal. After
calculating the changes in 20-year moving averages, each 20-year mean was compared with the end-of-century average
(2080-2099). The purpose of this comparison is to determine the year when a potential linear or other relationship between

global temperature rise and changes in extreme precipitation indices first emerges.

3 Results

Future changes in five extreme precipitation indices were calculated from daily precipitation values from the EURO-
CORDEX simulations at ~12 km grid mesh for the period 1981-2100 under the RCP8.5 scenario. For each index, the
changes in the scaled patterns were first computed at the end of the century, then, throughout the century, the correlation
between the scaled patterns and the end-of-century signal was evaluated. All changes are represented relative to 1985-2004.

In all maps, gray shading indicates areas with S/N<1, showing the level of robustness of the scaled signal.

3.1 Simulations of PRCPTOT

3.1.1 Change in Scaled Patterns of PRCPTOT Index at the End of the Century
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The PRCPTOT index, representing the annual total precipitation on wet days, was computed by summing the daily
precipitation amounts for each year. Changes for every 20 years were calculated as a percentage relative to the reference
period and then scaled to account for global temperature increase. The end-of-the-century scaled signal is shown in the
multi-model outputs (Fig. 2). The scaled multi-model signal reveals a dipolar-like precipitation pattern, with pronounced
wetting over the interior of northern Scandinavia, the northern Baltic Sea gulfs, and northern Iceland, and weaker increases
extending across northern Germany, the Czech Republic, Poland, and northern Ukraine. The increase in precipitation over
the northern half of the domain appears robust, given the S/N ratio (no gray shading). The north of the Mediterranean Basin,
namely southern Europe, is shown as a transition region where change transforms from increase to no change and eventually
to decrease. It is also the region where the signal may be considered less robust, as gray shading indicates a low S/N ratio
due to almost no change in precipitation. The robust decreases are anticipated over the southern Mediterranean, most notably
over North Africa. Considering the S/N ratio, this reduction is robust and consistent across models. These findings have also
been stated in model-based projections of precipitation changes over Europe for both summer and winter (Christensen et al.,
2019).

PRCPTOT

60°N

~2__/

f—

20°E

Figure 2: Percentage change in the multi-model mean scaled patterns of the PRCPTOT index for 20802099 relative to 1985-2004.
The number in the upper-left corner shows the percentage of grid points where S/N > 1.

Seasonal means of the PRCPTOT index were also investigated to see the seasonal pattern of the scaled signal (Fig. 3). A
more pronounced increase over the northern portion of the region is anticipated in winter and spring, whereas drier
conditions are seen over the Mediterranean regions. Drying conditions are shifted toward the north, including France,

northern Italy, the Balkan countries, and even the southern part of the UK. The transition zone is also shifted north and
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narrowed in the summer. We note that the apparent increase over the Sahara is related to the very low overall precipitation

there, leading to very noisy fluctuations in relative precipitation changes, and should be discarded.

Figure 3: Percentage change in the multi-model mean scaled patterns of the seasonal PRCPTOT index for 2080-2099 relative to
1985-2004. The number in the upper-left corner shows the percentage of grid points where S/N > 1.

3.1.2 Emergence of the End-of-Century Scaled Pattern of the PRCPTOT Index

A video animation has been produced to illustrate the emergence of the scaled signal in the end-of-century changes of the
PRCPTOT index (SuppVideo 1). The results show that the late-century change signal is expected to appear as early as
around the year 2030. A robustness assessment indicates that, because the decrease in precipitation is not substantial, the
point at which the signal rises above the noise (S/N > 1) is expected to occur around 2050 over North Africa and in northern
and central Europe. Notably, over the Mediterranean, the signal remains too weak to be considered robust by the S/N metric.
The scaled end-of-century signal, characterized by a dipole of wet and dry conditions, begins to emerge even before it is
deemed robust according to this metric. To assess the temporal emergence of the end-of-the-century pattern for both the
multi-model mean and the individual model pair, spatial correlations relative to the end-of-the-century pattern were
calculated across the century (Fig. 4). Similar findings are reflected in the correlation graph of the PRCPTOT index, where

both the ensemble mean and individual model pairs demonstrate high correlations around 2040.
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Figure 4: Correlation between the 20-year moving averages of the scaled patterns of individual models and the multi-model mean
(black line) with the end-of-century (2080-2099) signal for the PRCPTOT index from 1990 onwards. For simplicity, only the
driving data are mentioned in the legend.

3.1.3 Investigation of Observed Changes in the PRCPTOT Index Using the ERAS Dataset

To assess whether the end-of-century-scale signal has already been observed in past conditions, changes in the total
precipitation index PRCPTOT were analyzed using the ERAS dataset. Figure 5 illustrates the change in the PRCPTOT index
for 20062025 relative to the 1951-1970 period, expressed both as a percentage (Fig. 5a) and in millimeters (Fig. 5b). The
spatial patterns of projected and observed changes show broad agreement for the PRCPTOT index. Notably, the anticipation
of wetter conditions in the northern portion of the region and drier conditions in the southern portion has already been
realized in observed conditions. Specifically, the UK, Iceland, Scandinavia, and central Europe experienced a marked
increase in annual total precipitation (Fig. 5b). In percentage terms, an increase of approximately 20% is observed over the
mentioned region (Fig. 5a). Even though this change does not match the magnitude of the scaled end-of-century model
pattern, it reflects a similar directional trend (Fig. 5).

Additionally, the observational data indicate that dry conditions have already been experienced in North Africa and the
Mediterranean, aligning well with late-century patterns. The multi-model signal also projects wetter conditions over Iceland
and the North Atlantic Ocean, consistent with the observed change in the region. Overall, although the late-century pattern is

not identical to observed conditions, it can reasonably be interpreted as projecting similar conditions.
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Figure 5: The change in PRCPTOT index in (a) % and (b) mm for 2006-2025 relative to 1951-1970 using the ERAS dataset.
3.2 Simulations of CDD Index
3.2.1 Scaled Patterns of the CDD Index at the End of the Century

The CDD index provides information on long-term drought and its severity. Results are presented as changes in the
255 maximum number of consecutive dry days in a year per unit increase in global temperature (Fig. 6). In the late century, the
scaled pattern shows positive changes or no change in CDD in almost all parts of the region, except for a few days of
decrease over Scandinavia and the northernmost part of the domain. Northern Europe is expected to experience no change in
CDD, which, together with the increase in PRCPTOT presented in the previous section, indicates that precipitation increases
are not distributed across more days, but rather arise from more intense events. However, the southern part of the domain is
260 expected to have longer consecutive dry days. A higher increase is anticipated as one goes further south. Most Mediterranean
countries will experience severe droughts, according to the projections. In the Mediterranean Basin, drought events are

expected to span 6 to 8 days longer per year per degree of global warming.
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Figure 6: Scaled pattern changes of the CDD index (in days/°C) for 2080-2099 relative to 1985-2004. The number in the upper-left
corner shows the percentage of grid points where S/N > 1.

3.2.2 Emergence of the End-of-Century Scaled Pattern of the CDD Index

The emergence of the scaled signal projected by individual model pairs and the ensemble mean of model results for the CDD
index by the end of the century was illustrated through a video animation (SuppVideo 2), which displays its temporal
evolution. Compared to the PRCPTOT index (SuppVideo 1), the change in the number of CDD emerges much earlier,
around 2010, for each degree of global warming. The increase in the CDD over the Mediterranean Basin, North Africa, and
Southern Europe is evident in model results from an early stage. Likewise, the projection of no change for the northern part
of the region also emerges very early. The spatial correlation between the 20-year running mean of the model average and
the end-of-century pattern yields similar results (Fig. 7). The model average (black line) reaches high values around 2010.
When examining the correlations of individual model pairs with their end-of-century patterns, a different picture emerges.

Although models produce similar results, their correlation values reach high levels only after around 2040 (Fig. 7).

12
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Figure 7: Correlation of 20-year moving averages of scaled patterns from individual models of the CDD index with the model
average (black line) and the end-of-century (2080-2099) levels, from 1990 to the end of the period.

3.3 Simulations of R95p Index
3.3.1 Scaled Patterns of the R95p Index at the End of the Century

The very wet days index is defined as the percentage of annual precipitation that falls on days exceeding the 95th percentile
of the reference period. Model results state that the late-century scaled pattern projects positive changes in the R95p index
across most of the region, except for the Sahara (Fig. 8). The near-zero changes in the Sahara result from the region's already
arid conditions with little to no precipitation. Although the increase in very wet days is minor over the Mediterranean Basin,
it is projected to be larger over Northern Europe. Across most of the domain, very wet days are expected to increase by about
0.5% to 2.0% per degree of global warming by the late century. The projected response closely aligns with that obtained for
the PRCPTOT index.

13
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Very Wet Days

20°E

Figure 8: Scaled pattern changes of very wet days (R95p) index (in %/°C) for 20802099 relative to 1985-2004. The number in the
290 upper-left corner shows the percentage of grid points where S/N > 1.

3.3.2 Emergence of the End-of-Century Scaled Pattern of the R95p Index

The video animation shows the emergence of the scaled signal for the R95p index, as presented in SuppVideo 3. Throughout
the century, positive values indicating increased heavy precipitation have been observed in the region. By the late century,
the scaled pattern showing stronger increases in Northern Europe emerges around 2025 in the animation. In the animation,
295 the projected increase in magnitude changes over time. A smooth pattern of change is evident in the signal. This is also
clearly reflected in the correlation graph for the late-century scaled-pattern signal (Fig. 9). The average of all models has
been correlated with the late-century signal almost from the beginning (around 2005). However, the R95p index increases
more slowly than the global temperature change. For individual model pairs, high correlation values are observed for most
models around 2020, while by 2040, all models reach these values. Additionally, the correlation graph indicates that regional

300 climate model signals are GCM-driven (same colors, same path).
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Figure 9: Correlation of 20-year moving averages of scaled patterns from individual models of the R95p index with the model
average (black line) and the end-of-century (2080-2099) levels, from 1990 to the end of the period.

3.4 Simulations of R10mm Index
3.4.1 Scaled Patterns of the R10mm Index at the End of the Century

In the R10mm index, 10 mm daily precipitation is defined as a heavy precipitation threshold. The scaled changes in this
index in the late century, relative to global warming, are shown in Fig. 10. The region again exhibits a clear bipolar pattern
consistent with the PRCPTOT index. With each degree of global warming, the number of heavy precipitation days decreases
in the Mediterranean Basin and increases in Northern Europe. Particularly, decreases are more pronounced in the
Mediterranean coastal areas and the Iberian Peninsula, while increases in heavy precipitation days are clearly observed in

Scandinavia (Fig. 10).
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Figure 10. Scaled pattern changes of heavy precipitation days (R10mm) index (in days/°C) for 2080-2099 relative to 1985-2004.
The number in the upper-left corner shows the percentage of grid points where S/N > 1.

3.4.2 Emergence of the End-of-Century Scaled Pattern of the R10mm Index

The emergence of the scaled end-of-century pattern of the R10mm index was evaluated using an animation (SuppVideo 4)
covering changes throughout the century. The late-century pattern of heavy precipitation days, particularly the increases in
the north, appears as early as around 2010. Similarly, decreases observed in the Mediterranean coastal areas and the Iberian
Peninsula emerge around 2020. This is also clearly reflected in the correlation graph with the end-of-century signal (Fig. 11).
The model average (black line) shows high values starting around 2010. According to individual model results, almost all
models reach high correlations by 2040. Initially, models run with the CNRM dataset do not correlate, but they converge

with other model results around 2045.
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325 Figure 11: Correlation of 20-year moving averages of scaled patterns from individual models of the R10mm index with the model
average (black line) and the end-of-century (2080-2099) levels, from 1990 to the end of the period.

3.5 Simulations of the Annual Maximum Precipitation (PRMAX)
3.5.1 Scaled Patterns of the Annual Maximum Precipitation (PRMAX) at the End of the Century

A change in PRMAX projections for the late century is shown in Fig. 12. Across most of the region, an increase in PRMAX
330 is projected. The spatial pattern of change is consistent with results from other heavy precipitation indices (R95p, R10mm),
with a stronger increase in the northern part, as observed in this index. The projected change is strengthening across the
north. Although dry conditions are expected over the Mediterranean region, projections still indicate an increase in extreme
precipitation, reflecting a tendency for such events to intensify even in dry areas. The expected change in Northern Africa is

from a minor change to no change, consistent with the region’s already low precipitation regime.
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Figure 12: Scaled pattern changes of the annual maximum precipitation (in %/°C) for 2080-2099 relative to 1985-2004. The
number in the upper-left corner shows the percentage of grid points where S/N > 1.

3.5.2 Emergence of the End-of-Century Scaled Pattern of the Annual Maximum Precipitation (PRMAX)

The temporal evolution of the scaled end-of-century PRMAX pattern was investigated using an animation (SuppVideo 5).
340 Even though the ensemble mean of the model results shows emergence around 2040, consistent with the correlation graph
for the ensemble mean (Fig. 13), the individual regional climate model results show no correlation until the moving window
begins to overlap with the late-century window. Substantial inter-model variability persists, reflecting the high internal
variability for this index. The ensemble mean of the model projections tells a different story than the individual model pairs.

Low correlation values indicate that the assumption of a scalable response does not hold for the most extreme precipitation.
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Figure 13: Correlation of 20-year moving averages of scaled patterns from individual models of PRMAX with the model average
(black line) and the end-of-century (2080-2099) levels, from 1990 to the end of the period.

4 Discussion and Conclusion

Five extreme precipitation indices derived from daily total precipitation outputs of regional climate models were analyzed
for the period 1981-2100 under RCP8.5. Future changes in these indices relative to the 1985-2004 period were examined
using 20-year moving averages across the century. Model agreement was assessed using the signal-to-noise ratio, defined as
the ensemble-mean change relative to inter-model standard deviation. Signals were considered robust where S/N > 1.
Changes in each index analyzed were expressed as scaled patterns (change per global mean warming [°C]). This supports
pattern scaling as a first-order approximation for mean precipitation and some moderate extremes. However, the analysis
also reveals systematic and spatially coherent deviations from this behaviour, indicating that precipitation responses cannot
be understood by thermodynamic constraints alone. The relationship between extreme precipitation indices and global
temperature was diagnosed using 20-year moving averages and their correlation with end-of-century patterns. Scaled
responses emerge at different times across indices, with precipitation extremes generally lagging temperature-driven signals
by several decades.

The ensemble mean shows a strong correlation with late-century scaled patterns, indicating that large-scale forced signals are
robust across models. However, when looking at individual models, some pairs show a positive correlation by the end of the
century, while others do not. Thus, relying solely on the ensemble mean warrants careful evaluation. Moreover, when
applying the pattern-scaling method, early minor deviations in the pattern toward the late century can have a significant

influence, as the global temperature change used for scaling remains small at first (<1°C) and fluctuates year to year. Early
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differences in models, i.e., noise signals, appear in animations and correlation graphs. Even if the signal is initially absent, it
later demonstrates its relationship with the late-century values.

Since the ensemble mean of scaled patterns represents ratios that emerged early in the century, model results were compared
with observations from the ERAS dataset, selected for its high resolution and established suitability for climate analysis.
Daily total precipitation was calculated for the period 1951-2025, and changes were computed from 2006-2025 relative to
1951-1970. The last 20-year changes reflect strong recent warming and provide insights into end-of-century conditions.
Observed changes, while not identical to projections, show broad qualitative agreement with end-of-century scaled patterns,
particularly in terms of increased drying in the Mediterranean Basin, and enhanced precipitation in northern Europe.

The five precipitation indices can be grouped into wet and dry categories, with CDD representing the sole dry-condition
metric. Substantial increases in CDD are projected in North Africa, the Mediterranean Basin, and Southern Europe,
emerging early in the century. For total precipitation (PRCPTOT), results also indicate decreasing precipitation totals in
southern regions, consistent with a drying tendency. R95p, R10mm, and PRMAX represent wet conditions with increases in
extreme precipitation primarily in Northern Europe, and the strongest amplification is found in annual maximum
precipitation (PRMAX). Scaled precipitation patterns emerge later than temperature-based indices (Ozturk et al., 2023),
around the 2040 median year. Although the relationship with global mean temperature increase is weaker than for
temperature indices, it becomes evident by mid-century in the ensemble mean. Ensemble-mean signals emerge earlier than
those of individual model pairs, reflecting the damping of internal variability through averaging. PRCPTOT shows a
relatively strong correlation with late-century patterns, whereas PRMAX exhibits weak and inconsistent scaling across
individual model pairs. Taking the ensemble mean of the signal, especially for this index, suppresses the different individual
signals, particularly for PRMAX. When calculating the change in the number of days or the percentage of days, rather than
the change in intensity, individual model correlations with late-century patterns increase substantially after ~2040. The R95p
index is an exception, showing relatively strong agreement with late-century spatial patterns but weaker consistency in
scaling with global mean temperature. Time-evolution diagnostics indicate a visually smooth emergence of the signal; the
change signal is considered smooth and correlates well; however, the increase in the percentage of wet days greater than the
95th percentile of the reference period is not at the same rate as the global mean temperature increase. This indicates that
pattern scaling does not suit this index well.

Pattern scaling seems less successful for extreme precipitation indices over Europe, particularly in the Mediterranean Basin.
Weak correlation, especially for the PRMAX index, indicates a significant limitation of the pattern-scaling approach for
extreme precipitation. For the PRMAX index case, correlation begins to increase as the time window approaches the late
century. The agreement with the end-of-century pattern is likely attributable to internal variability or noise rather than to a
clear signal of forced climate change. This behavior differs from that of temperature-based indices, which show an earlier
emergence of the late-century signal. Extreme precipitation indices often show a belated, less pronounced response to global
temperature increases. The PRMAX index stresses the limited pertinence of linear scaling to variables whose governing

processes are nonlinear and strongly influenced by regional dynamics.
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From a physical perspective, these results reflect the interplay between thermodynamic constraints, primarily governed by
the Clausius—Clapeyron relationship, and dynamically mediated changes in atmospheric circulation. While thermodynamic
scaling provides a useful baseline expectation for moisture availability, regional precipitation responses are strongly
modulated by changes in vertical motion, moisture convergence, and large-scale circulation patterns. The deviations
identified here can therefore be interpreted as dynamically induced departures from thermodynamic scaling.

Extreme precipitation over Europe, particularly in the Mediterranean Basin, is governed by both thermodynamic and
dynamic factors, whose relative effects vary in space and time. Unlike temperature extremes, which are solely controlled by
thermodynamics and consequently scale linearly with global temperature increases, extreme precipitation is modulated by
complex interactions among atmospheric moisture availability, circulation dynamics, and land-atmosphere feedback. Even
though global warming increases atmospheric moisture availability, depending on Clausius-Clapeyron scaling (6—7% °C™),
and enhances heavy precipitation, the occurrence and intensity of extreme precipitation events are heavily controlled by
vertical motion, storm-track variability, and convection, and orographic effects, which display internal variability and
nonlinear responses to climate forcing (O’Gorman and Schneider, 2009; Trenberth, 2011; IPCC, 2021).

Precipitation extremes are strongly affected by the interactions between soil moisture and the atmosphere over the
Mediterranean region. Future drying conditions are expected to lower evapotranspiration rates and alter the partitioning of
surface energy, increasing sensible heat flux relative to latent heat flux. This shift can lead to a warmer and more stable
boundary layer, which may prevent convective development even in a warmer atmosphere capable of holding more moisture
(Seneviratne et al., 2010; Giorgi & Lionello, 2008; IPCC, 2021). As a result, changes in surface conditions may offset
expectations of stronger precipitation extremes under warming, thereby weakening a simple linear relationship between
global temperature increases and regional precipitation intensity. In addition, changes in large-scale atmospheric circulation
also play an important role. Projected poleward shifts of midlatitude storm tracks, expansion of the subtropical dry zones,
and more persistent blocking patterns can influence where and how intense precipitation occurs, often independently of the
magnitude of global warming (Ulbrich et al., 2009; Shepherd, 2014; IPCC, 2021).

An implicit assumption underlying pattern scaling is the linearity of regional responses in relation to global mean
temperature. The present results suggest that this assumption holds to first order across large spatial scales but becomes
increasingly strained in regions where circulation changes intensify with warming. This highlights that strong forcing
scenarios not only improve signal detection but also provide a useful stress test of the linearity assumption itself.

A large part of the spread in precipitation extremes can be traced to dynamical factors and to how models handle convection.
Compared with temperature, precipitation is much more sensitive to these processes, making the results less consistent
across models. This is especially noticeable in the earlier decades, when the warming signal is still relatively weak and easily
masked by natural variability. For this reason, the relationship between scaled precipitation extremes and global temperature
does not appear particularly stable at first glance. The increase in correlation observed toward the end of the century,
therefore, likely reflects the gradual emergence of the thermodynamic signal above internal variability rather than a stable

linear scaling relationship throughout the entire period. Overall, these results suggest that pattern scaling is more reliable for
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temperature-related variables, whereas its application to precipitation extremes is more challenging. In regions like the
Mediterranean, where atmospheric circulation, surface conditions, and moisture availability are tightly linked, scaled
precipitation indices should therefore be interpreted carefully and supported by a physical understanding of the underlying
processes.

Here, we evaluated the applicability of pattern scaling to extreme precipitation using a large ensemble of global-regional
climate model simulations under RCP8.5. Large-scale precipitation responses show a first-order linear relationship with
global mean temperature, supporting the use of pattern scaling for mean changes and some moderate extremes. However,
this relationship weakens substantially for intensity-based extremes, particularly maximum daily precipitation, and in regions
such as the Mediterranean Basin.

Deviations from linear scaling are spatially coherent and reflect systematic differences in modeled atmospheric circulation
responses rather than random variability. These results demonstrate that precipitation extremes are governed by a combined
thermodynamic—dynamic framework, where circulation changes play a critical role in shaping regional outcomes. Overall,
pattern scaling is a useful but limited approximation: robust for large-scale signals but insufficient to represent the nonlinear

behavior of extreme precipitation in dynamically sensitive regions.
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